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Chapter 1

Introduction

1.1. Introduction

Thin film technology is a large branch of the generic technology that has to do

with surface modifications and coatings. In the surface modification process the
properties of the surface of the substrate material is changed, as exemplified by

the hardening of steel surface by introducing carbon or nitrogen to the surface
or as in the doping of semiconductors to change its electrical conductivity. In

the process that involves the application of a coating, the substrate material and
the coating may be quite different, as exemplified by the deposition of alumi-

num or chromium on polymer surfaces or deposition of a hard coating of
titanium nitride on tool bits. There are a number of questions that one imme-

diately encounters in studying this subject. What types of phases form on the
surface and what is the science that underlies their formation? For example,
how does one form the polytype 6H or 4H in SiC that has over 150 polytypes?

Which face, either Ga or N, is the top face when GaN is grown epitaxially
perpendicular to its c-axis? How does one grow the low temperature polymorph

diamond cubic structure of tin at room temperature? What features of the
processes are important to form the desired modifications of the surface? One

has to consider the role of background pressure, concentration of impurities in
the vapor phase, kinetic energy of the incident particles, deposition rate, nature

of substrate material, temperature of the substrate and its surface cleanliness,
orientation and microstructure. All of these have an effect on the type of
microstructure of the film that is formed. The microstructure that forms can

also be influenced by external agencies, such as photon, electron and ion
bombardment. What is the relationship of the variables in processing to the

characteristics of the microstructure of films? The ability to control intervoid
networks in the growing polycrystalline film, the control of point defects,

dislocations and grain boundaries in films are all dependent on the control of
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process parameters and in some cases are possible only with certain deposition
processes. What type of properties do thin films exhibit? A low-resistivity film is

desired for interconnections in integrated circuits, a high critical current density
is required in superconducting films, a high breakdown voltage is the essential

feature for a dielectric film and so on. Each of these properties is sensitively
dependent on the defect structure of the film, which in turn depends on the

process used to obtain the film. The answers to these and other related ques-
tions require that we understand the details of the fundamentals of deposition
of films that form the substance of this book.

It is convenient to study the methods of thin film deposition in four stages

(Bunshah, 1994). In the first stage considered in the following chapters, we focus

attention on the principles and methods underlying the formation of the vapor

phase from the condensed phase and the properties of the vapor. Evaporation,

electron beam evaporation, sputtering, ion deposition and so on typify some
methods of vapor creation. The transport of atoms or molecules from the source

to the substrate constitutes the second stage. Techniques, such as reactive
evaporation, activated reactive evaporation, electron cyclotron resonance
plasma assisted growth and others focus on altering the evaporated atoms

before they reach the substrate. The third stage involves the deposition of
atoms on the substrate. The major area of thin film technology is concerned

with the ability to grow an epitaxial film on a substrate. This ability gives us an
unique control on the composition and structure and defects of the film that one

can form, as well as geometrical manner in which films can be deposited so that
fabrication of devices become easy and economical. The final stage involves

those processes that allow us to rearrange the atoms on the film or reconfigure
the geometry of the film to give the desired properties for the product. The

control of microstructure of thin films, the ability to place defects as desired or
eliminate them altogether, to control surface morphology, to induce the needed
crystallographic alignment, to etch features in a film as desired represent a short

list of attributes that are desired in the final microstructure of the film. Anneal-
ing of films to control grain growth, altering the stoichiometry of the film,

introducing dopants and oxidizing the film, inducing compressive stresses in
the film are some of the reasons for post-film deposition processing. Consider

for example thin films of high-temperature superconductors. In order to pro-
duce commercial products, it is necessary to identify and develop the techniques

that will allow the economical manufacture of large-area films of these mate-
rials. The nature of the movement of atoms from source to substrate will
determine the uniformity of the film that one can obtain. The actual properties

of the film depend on the substrate chosen and its surface preparation. The
microstructure of the films during growth depends on a variety of factors, such

as mechanism of nucleation and growth, effect of buffer layers, composition,
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temperature, cation disorder and so on. To obtain good superconducting prop-
erties of a material that contains up to five chemical elements and to have just

enough nanoscale defects in the film, to provide sufficient pinning necessary to
carry large superconducting currents, is a challenge of immense proportions.

The ability to make useful devices requires careful delineation of appropriate
geometries by etching the deposited film. As a side benefit, the knowledge that

one can gain can also be very useful in other complicated materials useful as
ferroelectrics, piezoelectric, magnetoresistance and nonlinear optical thin film
devices.

The technology of thin films covers a wide spectrum spanning the thicknesses

from a few nanometers to one micron. One considers thin films to act as the

bridge between monolayers and bulk structures. Thin films are useful in the
form of coatings, thin deposited films or self-supported shapes, such as foils,

tube, sheet, etc. This book deals with only thin films that are deposited on a
solid substrate (thick substrates, multilayer materials, patterned films), which

encompass virtually all the technological applications of thin films. There are no
rigid rules that permit one to classify films as thick or thin, but they have the
feature that at least one of its dimensions is small, so that the surface to volume

ratio increases, and at least some of the properties are no longer volume
independent. For some, thin films are those for which the dimension of the

film influences the properties of the film. We will be considering films as thin, as
long as we can create surface and near surface properties that are distinctly

different from the bulk properties, and give the engineer a new and important
design opportunity in the use of materials. The forces acting upon the atoms at

the surface are different from those of the bulk, the main difference being the
pronounced asymmetry stemming from the absence of neighbors on one side.

Energy states at the surface are substantially different from those of the bulk,
and one speaks of surface states. Polycrystalline thin films are typically not as
dense as the corresponding bulk material of the same composition. They are

frequently under a state of stress depending on the conditions of deposition.
The microstructure of thin films can be quite different than the bulk material

with respect to grain size and texture. Thin films can be fabricated to thickness
of one monolayer when the surface effects are predominant. Kinetic effects are

considerably different in thin films than in bulk. Thin film processes are essen-
tial to make nanometer materials, such as quantum dots, quantum wires and

super lattices. The consequence of all these makes thin film studies not only
more interesting, highly material and process dependent, but also provides
considerable challenges in gaining the physical understanding of phenomena.

Thin film behavior is closely associated with presence of surface when two solids
are in intimate contact with each other, where the properties differ from those

of the bulk properties, which it separates. The number of atoms along any line
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in a surface is typically around 1010 atoms=m. When two surfaces are close to
one another, the decrease in distance between the surfaces and their mutual

interaction results in the rise of a completely new phenomenon. A metal film on
top of a semiconductor substrate is the basis of a number of devices. The

concepts of surface science are extremely important for the tools used in
analyzing the surface. Interrelations of surface physics with other branches,

such as nanotechnology, electrochemistry, heterogeneous catalysis, vacuum
technology, semiconductor technology and devices, particle beam analysis,
computer synthesis of behavior of matter and processes makes the study of

thin films a very enterprising area of exploration.
Why are thin films important? One of the simplest reasons is that we desire to

produce properties in a material that are often conflicting in nature if we use one
homogeneous material. Semiconductor devices, for example, are fabricated on

a thin layer deposited on a semiconductor substrate. The integrated electronic
circuits depend on the confinement of electrical charges, which relies on the

interfaces between different materials with differing electronic properties.
There are also many occasions when the properties demanded for an engineer-
ing application involve features that are different for the surface than that are

for the bulk. Depositing metal films and patterning them on the surface are
relatively easy to secure electrical connection between semiconductor devices.

Creating a composite material, such as a bulk material with a coating of a thin
film, is a design flexibility that can achieve the desired properties. Sandwiches

made from semiconductor films of different semiconductors provide the geo-
metrical and structural requirements to fabricate lasers. Structural materials in

high-temperature applications rely upon the thin film technology to provide
suitable coatings to increase efficiency and prolong the lifetime of the materials

used. The surfaces and near surface properties are important in altering the
functionality of the material (catalysis, friction, deformation, electrical, elec-
tronic and optical properties) and extend service life (corrosion, wear, erosion,

etc.). Titanium nitride coatings on tool bits offer hardness, reduce friction and
provide a chemical barrier of the tool to alloying with the work piece. Epitaxial

films are required to fabricate many devices where the deposited atoms are
aligned with atoms in the underlying single-crystal surface. Optical interference

films, the deposition of transparent conducting films on glass is vital in altering
the functionality of the product. The deposition of films, such as chromium for

corrosion protection and titanium nitride for improving wear resistance are
important in improving product life. Thin films are a good alternative to
economic manufacture of products. Thin films by mechanical deformation of

bulk materials require excessive number of annealing stages to make their
preparation prohibitively uneconomical. Even when the bulk material can

perform a desired function, it may be necessary to use the material in a thin
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film form on some other suitable less expensive and widely available material.
This option in design eliminates the need to use costly material in bulk form,

thereby saving precious resources and conserve materials. Use of chromium
films on plastics is preferable to wasting resources by using stainless steel,

wherever the applications allow such a change. There are many applications
where the uniqueness of thin films is essential to the observed behavior. Ex-

amples include: super-lattice films, giant magnetoresistance films, thin film
superconductors, hetero-structure lasers, etc. Thin films offer a unique design

opportunity and flexibility to create products in a very cost-effective way. Many

micro-electromechanical systems (MEMS) are designed now to serve as actu-
ators and sensors. For example, thin film formation combined with lithography

and etching techniques are the backbone of semiconductor technology that
permit manufacture of a variety of geometries creating numerous devices in a

most economical manner. There are examples, such as coatings for lenses and
mirrors where thin film deposition techniques are the only method available for

obtaining the desired material combinations. Optical waveguide circuitry and
micro-mechanical device fabrication require thin film technology for implemen-
tation. Rapidly growing needs in commercial, space and military application

require reliable, high performance, low-cost, compact and versatile devices that
are driving the technology of thin films. We observe that thin films can be

deposited with very well-defined and controlled dimensions, down to unit cell
dimensions that enable us to create super-lattices. The devices can be fabricated

by lithographic, and dry etching techniques to make the manufacture of devices
within acceptable costs. Frequently, the deposition conditions are carried out so

far from equilibrium conditions that metastable phases can form and provide
the means to search for some unusual structures and phases in creative ways.

A successful thin film deposit requires solutions for a number of practical

problems. Some of these are answers to questions, such as: What is the require-
ment for the degree of cleanliness for any material deposition? How do we

supply energy to the material to be in the vapor phase? How to reduce the cost
of depositing thin films? What are the techniques to reduce the dissolved gases

in the source material from appearing in the film? How should one prepare the

substrate before a thin film deposition? How can we obtain a film of uniform

thickness? We will address many of the principles on which these questions may
be addressed in a systematic manner and try to appreciate the different material

synthesis methods and avenues for creating vapors and in the process become
familiar with techniques that afford greater processing capabilities.

It is useful to discuss the formation of thin films as belonging to the category

of physical or chemical deposition methods. We tentatively think of the deposit
to have the same composition as the source in a physical method, whereas the

chemical method alters the composition of the film from that of the sources.
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However, there are a number of bridges that use combinations of physical and
chemical methods, so that this classification is not altogether satisfying. This

classification, however, permits the discussion of a large number of useful
principles. A completely satisfactory classification of thin film deposition

methods is not available considering the number of different methods (Bun-
shah, 1994) that exist. Physical deposition methods are very general with respect

to either the material to be deposited or the specific substrate, so that it is useful
to become familiar with the principles in these methods.

The products of the electronic and storage industries have major advantages

in using thin films to achieve micro-miniaturization. Thin film technology has
also changed the paradigm by which products may be manufactured. Historic-

ally, one made the shape first from the material and assembled it later to make a
product. With the semiconductor-processing technology, a new paradigm in

manufacturing has been instituted. In this approach, thin layers of materials
are sequentially deposited, so that shaping and assembly occurs simultaneously

and incrementally. Thin films have a number of unique characteristics due to
their configuration and exhibit shape, stress and crystal anisotropies. Magnetic
anisotropy in certain amorphous films, such as gadolinium cobalt alloys can be

controlled by applied bias voltage in sputtering. These characteristics permit the
production of a variety of products. The thin film structures reveal a variety of

metastable structures from highly ordered structures to amorphous structures.
Controlled use of ion bombardment can result in the production of single-

crystal metastable semiconductors, such as (GaAs)1�xSix0(GaAs)1�xGex,
which exhibit good temporal and thermal stability with some unique physical

properties. In most of the devices, the thin films form an integral component of
the performance of the device as exemplified by tunneling devices, acoustic and

magnetoelectric phenomena. The uses of thin films permit the utilization of
high-field phenomena using low applied voltages. Aluminum films can carry
current densities of such a high value and remain in the solid state whereas the

same current density when applied to the bulk material would simply vaporize
the material. One can overcome many of the thermodynamic restrictions on

solubility when quenching the gas phase directly to form the solid phase or
when one alters the surface physically by processes, such as ion implantation

enabling the formation of some unique structures as exemplified by giant
magnetoresistance multilayers, thermal barrier coatings and functionally

graded materials.
A number of requirements to be met by thin films deposited by any method are

common from the point of view of manufacturing. Some of these are: choice of

substrate, growth rate, uniformity of deposit, wide window of processing, adapt-
ability to different conditions of operation, cost of ownership, compactness when

many machines are required, low generation of particulates so that the number of
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successful runs between cleaning cycles is large, reproducibility, throughput,
yield and reliability of the product and concerns about the materials used in the

reactor interfering with the process. In physical vapor deposition processes, the
major process control parameters in manufacturing are the substrate tempera-

ture, background gas pressure, the energy, flux and angle of incidence of the
depositing particles. From the point of view of the Materials Scientist and Engin-

eer, a number of features of the microstructure of the film are relevant. These
features of the deposit are: composition of the film, bonding among atoms, single-
crystal or polycrystalline or amorphous film, epitaxial nature, defect density, step

coverage, planarization, stress level and type, adhesion to substrate, pinhole
density, nucleation of phases, stability of interfaces, reproducible nucleation,

surface roughness, low contamination, nonreactivity with the substrate, stability
at temperatures of use and selective etchability.

The control of the growth and properties of thin films have benefited enor-
mously from advances in vacuum technology, development of surface sensitive

probes and techniques of electron diffraction. The vacuum available in practical
systems has improved to 10�10 Pa. The vacuum environment is complex and is
neither a void nor an inert medium. It is important to be aware of the effect of

the environment upon the vapor flux and the growing film. The benefit of this
high degree of vacuum is to lower the surface contamination prior to the growth

of a film, to avoid contamination of the growing film and to create films with
reproducible properties. Lower growth rates permit better control of the pro-

cess. A number of techniques for the growth of thin films have emerged. Among
them are pulsed laser deposition for the growth of complex superconducting

oxide films; ion beam assisted deposition, which induces crystallographic align-
ment of the growing film that is independent of the substrate; and improve-

ments in the more traditional techniques of physical vapor deposition. Most of
the studies of the surface relied for a long time on the interpretation of data
obtained from surface spectroscopy and diffraction studies. However, the tools

that have become available to image the surfaces and films in real space with
atomic resolution enable us to understand clearly the fundamental knowledge

of the growth of films at the atomic level. Among the areas of intense study are
the deciphering of the kinetic mechanism of film growth, ad atom diffusion to

various sites on the surface, nucleation and growth of films and mass transport
between layers. Techniques using synchrotron radiation permit the monitoring

of thin film growth in real time and may be expected to contribute significantly
to our understanding of thin film phenomena. The role of the substrate in the
formation of a film continues to attract researchers for its obvious technological

interest. The ability to grow a film that is coherent with the substrate, gives us a
new dimension in controlling the electrical, magnetic and optical properties of

films. The role of adsorbates on influencing epitaxy is complicated by surface
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reconstruction, segregation. The understanding of thin film growth enables us to
prepare a number of artificially structured materials. These are materials, the

composition and structure of which have been intentionally prepared that it is
quite different from what is normally available in nature. These structures are

highly nonequilibrium in nature and have properties that are not otherwise
achievable. Typically, they consist of a large number of interfaces between

epitaxially grown dissimilar materials. The types of materials for which such
artificial structures have been prepared have advanced highly among semicon-
ductor films, but other materials, such as oxides, polymers, biological materials

and composites promise more intriguing properties. Thus, the field covered by
thin film technology is vast, the opportunities are great and the potential to

make a difference enormous.
The technology of thin film deposition receives its impetus for growth from

the increased performance, reduced costs and control of properties different
than that of the substrate. These features have permitted the addition of and

development of entirely new products, provided additional features in design
and manufacturing, permits the achievement of improved functionality in the
products, conserve resources and materials and reduce the wastes encountered

in traditional manufacturing. The properties of materials as affected by the
quantum confinement of charge carriers have opened up the entire field of

nano-structures (Feynman, 1960). The electronic, magnetic and optical proper-
ties of thin films are the key to the convergence of computing, communications

and consumer electronics. It is therefore clear that thin films have an important
role to play in shaping society in the future. These advances are fundamentally

changing how we live, interact and transact business. Furthermore, new tools
are becoming available to examine materials over the entire spectrum of

materials including biological materials.

Problems

1.1. Select a particular surface modification and coating technology. For a
particular coating or film produced by this technology, list the type of

phase or phases that form, identify key steps in the process used to deposit
the coating, explain the differences if any between the film and the bulk

material on which the coating appears and list any unique characteristics
of the product produced?

1.2. What are the four steps involved in the technology of thin films? For each

of the four stages involved in the deposition of a thin film, state at least
one concern for which you would like to know the answer.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch01 Final Proof page 8 17.11.2005 8:03pm

8 Introduction



1.3. Give five examples of coatings or films used in the industry that span the
thickness ranges from a few nanometers to 1 mm. Each example should

identify the thickness used in actual practice. The example should differ
from one another on the thicknesses employed. Is there any reason to

employ a particular thickness in the examples you have given?
1.4. List at least five reasons to employ thin films in the industry. Give

examples in each case.
1.5. Distinguish between physical and chemical methods of thin film depos-

ition? Give illustrations for each method.

1.6. For each of the following film characteristics, give an example of an
industrial application: (a) miniaturization, (b) anisotropy, (c) metastable

phase, (d) active component of a device, (e) ability to permit high-field
phenomena to take place in the film and (f) properties that can be

obtained only in thin film form.
1.7. For a selected material of your interest, which is made in the form of a

thin film, list the following manufacturing requirements in as much quan-
titative detail as you can: (a) growth rate, (b) uniformity of deposit,
(c) window for processing, (d) amount of particulate generation and (e)

cost of ownership of the equipment.
1.8. For a selected material of your interest, determine the following from the

literature: (a) epitaxial or nonepitaxial, (b) single or polycrystalline or
amorphous deposit, (c) defect type and density, (d) step coverage, (e)

planarization, (f) stress type and level in the film, (g) adhesion to sub-
strate, (h) density of pinholes, (i) surface roughness, (j) contamination,

(k) reactivity with the substrate (diffusion or reaction), (l) stability with
temperature and time, (m) nucleation on substrate and (n) grain size and

grain orientation.
1.9. Draw a schematic sketch of: (a) an electronic device, (b) an optoelectro-

nic device and (c) a magnetic head. Point out the materials used and the

thickness and geometry of the films employed.
1.10. Prepare at least five sites in the Internet that according to you give the best

information on thin films or devices made from them.
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Chapter 2

Evaporation

2.1. Process of Thin Film Formation by Evaporation

Evaporation of a material and its subsequent condensation on a substrate is one

of the simplest processes for thin film deposition. In this method, the material to
be deposited is in the form of a solid or a liquid phase and requires thermal

energy for transformation into the vapor phase. Evaporation thus includes
sublimation when a solid directly transforms into vapor and vaporization

when the liquid transforms into vapor on thermal treatment. The vapor, by its
own nature, expands into an evacuated chamber that contains the substrate.

The vapor condenses on the substrate that is at a lower temperature than the
evaporation source.

It is convenient to start with a discussion of the various applications of
thermodynamic calculations to evaporation processes. This is followed by a
description of the kinetic theory of gases from which most of the important

formulae relevant to vapor deposition and vacuum technology may be derived.
The size of the atoms is explicitly included in the elementary discussion about

the collisions between atoms. We can account for differences in the individual
behavior of gases from the properties of their constituent particles by consider-

ing the classical theory of collision between particles.

2.2. Thermodynamics of Evaporation

The evaporation of a material and its subsequent deposition to obtain a thin

film is one of the oldest techniques to produce thin films (Faraday, 1857;
Nahrwold, 1887; Kundt, 1888). We begin with the discussion of a simple one-

component system and consider the equilibrium condition for a condensed
phase to coexist with its vapor. The Clausius–Clapeyron equation enables
one to compute the equilibrium vapor pressure of a substance at a given
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temperature. The thermodynamics of the reaction between the crucible and the
material to be evaporated helps one to select the crucible to hold the evapo-

rating material. In a condensed phase with many different components in a
solution, thermodynamic calculations enable the determination of the equilib-

rium composition of the vapor phase. Compounds that undergo decomposition
on evaporation require special considerations for the formation of stoichiomet-

ric films. Chemical reactions in the gas phase and on the surfaces of materials
play a critical role in many techniques used in the deposition of thin films.

2.2.1. Equilibrium Condition for Phase Transformation in
One-Component Systems

The formation of a film of a material on a solid surface involves a phase

transformation, such as condensation of a vapor onto a solid surface. A single-

component system can simultaneously exist in two phases a and b in equilibrium

at a specified temperature for a given pressure according to the Gibbs phase rule.

We shall explore the situation when one of the phases (a) is in the solid or liquid

form and the other phase with which it is in contact is in the vapor (b) form. The

temperature of the system and its surroundings are equal under equilibrium
conditions, otherwise heat will flow to eliminate temperature differences. Simi-

larly, the pressure of the system and the surroundings are equal to one another,
otherwise the system does work to eliminate pressure differences. These con-
ditions are equivalent to the assumption that the boundary dividing both the

phases is flat or the phases are infinitely large. We assume that atoms can
however transfer from one phase to another across their boundaries. We

determine the equilibrium condition for this process.
The total Gibbs free energy G of the system is

G ¼ naGa þ nbGb, (2:1)

where Ga and Gb are the Gibbs free energy per mole of the a and b phases,
respectively, and na and nb are the number of moles of the a and b

phases, respectively. We note that the total number of moles in a closed system

cannot depend on temperature and pressure so that

na þ nb ¼ constant, (2:2)

and therefore

dna þ dnb ¼ 0: (2:3)

Any change in the number of moles of atoms in one phase must be accompan-

ied by a corresponding change in the number of moles of atoms in the second
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phase, so that there is no net gain or loss in the number of moles of the
system. The total change in the Gibbs free energy G as a result of transferring

an arbitrarily small amount of a and b phases to one another at constant
temperature and pressure is obtained by taking the total differential of Eq.

(2.1) so that

dG ¼ dnaGa þ dnbGb þ nadGa þ nbdGb: (2:4)

According to the Gibbs–Duhem relationship (Callen, 1960), which is derived

from the requirement that the Gibbs free energy is an extensive quantity

for each phase, we have for the combined a and b phases the relationship

0 ¼ nadGa þ nbdGb: (2:5)

Therefore, utilizing Eq. (2.3),

dG ¼ dnaGa þ dnbGb ¼ (Ga �Gb)dna: (2:6)

Since the Gibbs free energy is stationary under equilibrium conditions, we must

have

dG ¼ 0: (2:7)

Therefore, since dna is arbitrary, we must have

Ga ¼ Gb, (2:8)

under equilibrium conditions. Consequently, when the two phases are in equi-
librium, the temperature does not change at a selected pressure and the amount

of each phase present is not important for determining the equilibrium. The
change in temperature at the selected pressure in a two-phase one-component

system in equilibrium is possible only if one of the phases completely disap-
pears.

Example 2.1

Show that for a system in contact with its surroundings, if the external param-

eters except volume are kept constant, the decrease in the Gibbs free energy is the

amount of work that the system can do.
Consider a system A, which is in contact with a reservoir A’ at constant

temperature T0, and pressure, P0. For the combined system and the surround-
ings, A*, which is an isolated system we have from the second law of thermo-

dynamics

DS* ¼ DSþ DS0 � 0:
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Since the surroundings is at constant temperature, T0, the entropy change of the
surroundings is

DS0 ¼ � Q

T0
,

where �Q is the heat absorbed by the surroundings. From the first law of
thermodynamics applied to the system A, we have

Q ¼ DU þ P0 DV �W*,

where W* is any other work done on the system A in the process other than the
work of expansion (e.g. chemical work, electrical work, etc.). U accounts for the

random translational, vibrational and rotational kinetic energy of molecules in
the system, as well as the potential energy stored in the chemical bonds, and the

energy of interaction between the molecules.
Hence,

DS* ¼ DS� Q

T0
¼ 1

T0
[T0DS�Q]

¼ 1

T0
[T0DS� (DU þ P0DV �W*)]

¼ 1

T0
[D(T0S�U � P0V)þW*]

¼ DG0 �W*

T0
,

where

G0 � U � T0Sþ P0V:

Hence,

�DG0 �W*:

Thus, if all the external parameters except its volume are kept constant, then

the condition of equilibrium is DG0 ¼ 0.

2.2.2. Clausius–Clapeyron Equation

A one-component system existing in two phases has one degree of freedom

according to the Gibbs phase rule. Therefore, maintenance of equilibrium
requires pressure and temperature to change in a very specific dependent

manner. The Clausius–Clapeyron equation determines the relationship be-
tween pressure and temperature changes to maintain equilibrium between

two phases in a single-component system.
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Since the Gibbs free energy of a one-component system depends upon
temperature and pressure, we can write the equilibrium condition in the

form

Ga(T, P) ¼ Gb(T, P): (2:9)

If we plot pressure as the ordinate and temperature as the abscissa, the above
equation represents a line as shown in Fig. 2.1. For the region above the line

Ga(T , P) < Gb(T , P), and the a phase is thermodynamically stable. For the
region below the line Ga(T, P) < Gb(T, P), and the b phase is thermodynam-

ically stable. Along the equilibrium line, the two phases a and b are in equilib-
rium and their respective Gibbs free energies per mole are equal. In Fig. 2.1, a is

the low-temperature stable phase and b is the high-temperature stable phase at
any given pressure.

Consider two neighboring points A and B along the equilibrium curve de-
noting the equilibrium coexistence of a and b. The point A corresponds to the

Ga=Gb

α phase region

Gα < Gβ

Gβ < Gα

P

P + dP B

A

β phase region

T T + dT

T

P

Figure 2.1: Pressure versus temperature diagram illustrating two-phase equilibrium in a

one-component system.
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temperature T and pressure P whereas the point B corresponds to the tempera-
ture T þ dT and pressure Pþ dP. We have for equilibrium

Ga(T þ dT , Pþ dP) ¼ Gb(T þ dT , Pþ dP): (2:10)

Subtracting Eq. (2.9) from Eq. (2.10), we obtain

dGa ¼ dGb: (2:11)

But we have from the thermodynamic relationships (Reif, 1965)

dGa ¼ VadP� SadT ¼ dGb ¼ VbdP� Sbdt: (2:12)

Simplifying,

dP

dT
¼ Sb � Sa

Vb � Va
¼ DSa=b

DVa=b
: (2:13)

The above equation is the Clapeyron equation. We note that

T(Sb � Sa) ¼ Ha=b � Hb(T, P)�H(T, P): (2:14)

A change in enthalpy DHa=b implies that the system absorbs (DHa=b > 0) or

ejects heat (DHa=b < 0) when a transforms to b. The transformation from a to
b results in changes in two distinct properties of the system, namely, volume and

enthalpy. Dissipation of heat of condensation may limit the rate of physical
vapor deposition on heat sensitive materials. Volume changes influence the
stress in the deposited film and porosity in the film. In evaporation, the incident

atom has energies less than at most 0.5 eV. The heat of evaporation of typical
metals is about 5 eV and is much greater than the kinetic energy of the incident

atom. The temperature rise at the substrate depends upon the cluster of atoms
that acts as the substrate and its thermal contact to the substrate (Seitz and

Koehler, 1956). We can write the Clapeyron equation in the form

dP

dP
¼ DHa=b

TDVa=b
: (2:15)

Example 2.2

Bismuth melts at 544.5 K. The density of solid and liquid bismuth at the

melting point is 9.72 and 10:047 g=cm3, respectively. Obtain the pressure change

required to alter the melting point by 1 K. The heat of fusion of bismuth is

11 300 J/mol.

V(Bi, s) ¼ 208:98 = 9:72 ¼ 1:5 cm3=mol: Atomic weight of bismuth ¼ 208:98

g=mol:V(Bi, l)¼ 208:98=10:047 ¼ 20:8 cm3=mol, DV(s� l)¼ V(Bi, l)� V(Bi, s)
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¼ �0:7 c m3=m o l, DP ¼ DH(s� l)DT= [TDV(s� l)]¼ 1 1 3 0 0(1)=(5 4 4:5 �
(�0:7) � 10�6) ¼ �29:65� 106 Pa ¼ �292:6 atm.

If pressure increases by 292.6 atm, the melting point of bismuth decreases by
1 K.

We can simplify Eq. (2.15) when a refers to a condensed phase as follows. We
observe:

DHa ¼ Ha(T, P)�H0, a(T , P ¼ 1 atm) ffi 0,

DSa ¼ Sa(T, P)� S0, a(T, P ¼ 1 atm) ffi 0,

DVa ¼ Va(T, P)� V0, a(T, P ¼ 1 atm) ffi 0:

(2:16)

The superscript zero denotes the thermodynamic quantity of the substance in

its standard state (i.e. pure substance at one atmosphere and at the temperature
of interest). For the vapor phase, which obeys ideal gas law, enthalpy is a
function only of temperature of the gas, and we write

DHb ¼ Hb(T, P)�H0, b(T, P ¼ 1 atm) ¼ 0: (2:17)

This is essentially a reflection of the assumption that the molecules in an ideal
gas do not interact with any potential energy. The entropy of the ideal gas,

however, depends upon pressure and we write

DSb ¼ Sb(T , P)� S0, b(T, P ¼ 1 atm): (2:18)

For an ideal gas at constant temperature, and utilizing Maxwell’s relations
(Reif, 1965):

dS ¼ @S

@P

� �
T

dP ¼ � @V

@T

� �
P

dP ¼ �R

P
dP ¼ �R d( ln P), (2:19)

so that

DSb ¼
ðT, P

T, P¼1 atm

dS ¼ �
ðP¼P

P¼1

R d( ln P) ¼ �R ln (P=1): (2:20)

where P (¼ P=1 atm) is the magnitude of the pressure in atmospheres. For the

volume changes, we introduce the approximation

DVa=b ¼ Vb(T, P)� Va(T, P) ffi Vb(T , P)� V0, a(T, P ¼ 1 atm)

ffi Vb(T , P),
(2:21)

since the volume of the condensed phase is negligible compared to the volume
of the vapor phase. Note that the volume of one mole of ideal gas at

standard temperature (273.16 K) and standard pressure (1:01325� 105 Pa) is
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22:41410 m3=mol. Hence, on substitution for volume from the ideal gas law and
entropy changes from Eq. (2.20) in Eq. (2.15), we obtain the expression

dP

dT
¼ P

DHa=b

RT2
: (2:22)

Therefore,

d ln P

dT
¼ DHa=b

RT2
, (2:23)

where

DHa=b ¼ Hb(T, P)�Ha(T, P) ffi H0, b(T , P ¼ 1 atm)�H0, a(T, P ¼ 1 atm)

¼ DH0, a=b:

(2:24)

and DHa=b in the so-called Clausius–Clapeyron equation refers to the enthalpy

change at the temperature and pressure under the chosen conditions. The
pressure dependence of DHa=b relative to atmospheric pressure is negligible.

Example 2.3

For silicon at room temperature the coefficient of volume expansion, bP, is

7:8� 10�6 K�1 and the isothermal compressibility, kT , is 1:012� 10�12 m2=N.

Calculate the effect of pressure, when the pressure decreases from 1 atm to

1 torr on the molar volume of the solid. Similarly, calculate the change in entropy

at a fixed temperature due to the pressure change given above. What is the change

in the enthalpy of silicon under the same conditions? Density of silicon is

2:33 g=cm3.
We have

@V

@P

� �
T

¼ �kTV,

so that

DV ¼ V(P)� V(1 atm) ¼ �kTVDP

¼ �1:012� 10�12m2=N� 10�6

2:33=28:086
m3=mol� 133� 1:01� 105Pa

¼ 12:3� 1012m3=mol:

Thus, molar volume of solid silicon is practically independent of pressure.
The change in entropy, at a fixed temperature, due to pressure change is

obtained from
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@S

@P

� �
T

¼ � @V

@T

� �
P

¼ �bPV,

DS ¼ S(P)� S(1 atm) ¼ �bPVDP

¼ �7:8� 10�6K�1 � 10�6

2:33=28:086
m3=mol� 133� 1:01� 105Pa

¼ 94:84� 10�6J=K=mol:

Thus, the effect of pressure on the entropy of the condensed phase is negligible.
The enthalpy change with pressure is given by

DH ¼ TDSþ VDP,

so that

H ¼ TDSþ VDP:

We have therefore

DH ¼ H(P)�H(1 atm) ¼ 298K� 94:84� 10�6J=K=mol

þ 0:00012054m3=mol��100867Pa ¼ 0:28� 12:16 ¼ �11:88 J=mol:

Thus, the enthalpy change with pressure, which is well within the error of

measurement of enthalpy changes, is also negligible.
The integration of the Clausius–Clapeyron equation assumes that we know

the dependence of the enthalpy difference of the phases on temperature. The
simplest approximation is to assume that the enthalpy change DHa=b is inde-

pendent of temperature and obtain

ln P ¼ �DHa=b

RT
þ constant ffi �DH0, a=b

RT
þ constant: (2:25)

The plot of ln P versus 1/T should yield a straight line and this is indeed the

case with many substances as shown in Fig. 2.2. The slope of the straight line
is�DH0, a=b=R from which one determines the enthalpy of transformation from

a to b by vapor pressure measurements. Since DH0, a=b is positive, the vapor
pressure of a substance increases with temperature.

Example 2.4

The vapor pressure of gallium over its liquid has been measured by Speiser
and Johnston (1953) and is given below:

T (K) 1230 1255 1274 1304 1327 1372 1385 1405 1425 1518

P

(atm)

1:588�
10�6

2:690�
10�6

7:678�
10�6

1:193�
10�5

1:395�
10�5

3:444�
10�5

4:142�
10�5

7:733�
10�5

9:301�
10�5

4:339�
10�4
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Obtain the enthalpy for vaporization of gallium liquid. Calculate the temperature

at which the vapor pressure of gallium liquid is 10�2 torr. What is the entropy

change of vaporization for gallium liquid?

Regression analysis of the data presented in the problem and using EXCEL

give the following relationship.

log P (atm) ¼ � 15360

T
þ 6:764:

The enthalpy of vaporization of Ga(l) is

H(l-g) ¼ (15360)� 2:3026� 8:314 ¼ 294049 J=g=mol:

The boiling point of gallium is 2520 K.

Hence, the entropy of vaporization of gallium is

S(l-g) ¼ DH(l-g)=Tbpt ¼ 294049=2520 ¼ 116:7 J=g=mol=K:

The temperature at which the vapor pressure is 10�2 torr is obtained from

log (10�2torr� 1:32� 10�3 atm=torr) ¼ � 15360

T
þ 6:764:

10

1.0

.1

.01

P
 (

to
rr

)

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

(1/T )/10−3 (K−1)

Figure 2.2: Equilibrium vapor pressure of mercury as a function of temperature.
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Solving for T one obtains T ¼ 1319 K.
Specific heat data for the phases a and b allow us to calculate the variation of

enthalpy of each phase with temperature. At constant pressure, we have from
Kirchhoff’s law

d
DHa=b

dT
¼ DCP ¼ Cb

P � Ca
P: (2:26)

If we use the empirical expression for the specific heat for each phase, then

DCP ¼ Daþ DbT þ DcT�2, (2:27)

where

Da ¼ ab � aa, Db ¼ bb � ba, Dc ¼ cb � ca: (2:28)

In the empirical expression for the specific heat, the constant ‘‘a’’ generally

represents a positive value reflecting the classical value for the specific heat
of solids at high temperatures according to Dulong and Petit law. The

constant ‘‘b’’ is positive and reflects the slight increase in the specific heat
at constant pressure with increase in temperature. The constant ‘‘c’’ is typically

negative reflecting the fact that at lower temperatures, some of the vibrations of
atoms are frozen out according to quantum mechanics and the specific heat

should decrease. Integrating Eq. (2.26), we obtain

DHa=b ¼ DH0 þ DaT þ 1

2
DbT2 � Dc

T
, (2:29)

where DH0 is an integration constant. Hence

d ln P ¼ DHa=b dT

RT2

¼ DH0 þ DaT þ 1

2
DbT2 � Dc

T

� �
dT

RT2

¼ DH0

RT2
þ Da

RT
þ 1

2

Db

R
� Dc

RT3

� �
dT: (2:30)

Integrating, we obtain

ln P ¼ �DH0

RT
þ 1

R
Da ln T þ 1

2R
DbT þ 1

2

Dc

RT2
þ I, (2:31)

where I is an integration constant. A plot of ln P versus 1/T is no longer a
straight line and has a curvature associated with it (Fig. 2.3). One can obtain the

constants I and DH0 in one of two ways: from vapor pressure data at different
temperatures or from published thermodynamic data.
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Example 2.5

Obtain the Gibbs free energy and entropy change for the melting of magne-

sium from appropriate thermodynamic data for the specific heats and heat of

fusion of magnesium at the melting point.

Consider the melting process of magnesium:

Mg(s) ¼Mg(l):

The specific heat of the solid and liquid phases of magnesium are given by

CP(Mg, s) ¼ 22:3þ 10:250� 10�3T � 0:431� 105T�2 J=mol=K;

CP(Mg, l) ¼ 22:05þ 10:904� 10�3T J=mol=K:

Hence,

DCP ¼ CP(Mg, l)� CP(Mg, s) ¼ �0:25þ 0:654� 10�3T þ 0:431� 105T�2:

The enthalpy change associated with the transformation from solid to liquid is
given by

DH0
s!l ¼

ð
DCP dT ¼ DH0 � 0:25T þ 0:327� 10�3T2 � 0:431� 105T�1,

17

16.5

16

15.5

lo
g 

(p
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15
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(1/T) � 103 (K−1)

Figure 2.3: Equilibrium vapor pressure of water as a function of temperature.
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where DH0 is an integration constant. The enthalpy of fusion of magnesium is
8954 J/mol at the melting point 922 K. Substituting these values above gives

DH0 ¼ 8953 J/mol. The Gibbs free energy change accompanying the fusion is
given by

@(DG0
s!l=T)

@(1=T)

� �
P

¼ DH0
s!l,

so that

DG0
s!l ¼ 8953þ 0:25T ln T � 0:327� 10�3T2 � 0:215� 105T�1 þ IT ,

where I is integration constant. At the melting point, since there is equilibrium,

the Gibbs free energy change is zero, so that substituting DG0
s!l ¼ 0 at

T ¼ 922 K, we obtain I ¼ �11:09. Hence

DG0
s!l ¼ 8953þ 0:25T ln T � 0:327� 10�3T2 � 0:215� 105T�1 � 11:09T:

Since,

DG0
s!l ¼ DH0

s!l � TDS0
s!l,

we obtain

DS0
s!l ¼ 10:84� 0:25 ln T þ 0:654� 10�3T � 0:216� 105T�2:

Note that DG0
s!l < 0 above T ¼ 922 K and DG0

s!l > 0 below T ¼ 922 K as

shown in Fig. 2.4. Hence, solid is the favored phase below 922 K and liquid is
the favored phase above 922 K.

The phase diagram for a one-component system can be constructed and
shown in Fig. 2.5, in pressure, temperature axes of coordinates. The enthalpy

of sublimation of solids is greater than the enthalpy of evaporation of liquids so
that the slope of the curve in the phase diagram for the solid–vapor equilibrium
is greater than the slope of the liquid–vapor equilibrium. The difference in

molar volume between solid and liquid is very small and is usually positive
(some exceptions are water, silicon, bismuth for which the slope is negative) so

that the slope of the pressure versus temperature line is very steep. Therefore,
the phase diagram divides the space into three regions. The solid phase is

thermodynamically stable at high pressures and low temperatures. The liquid
phase is stable at high temperatures and high pressures. The vapor phase is

stable at low pressures and high temperatures. Along each line in the phase
diagram, two phases are in equilibrium. The liquid/vapor line terminates at a

critical point, C, when the surface energy of the liquid/vapor boundary drops to
zero and the boundary between the liquid and vapor phase disappears. All the
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Figure 2.5: One-component phase diagram.
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three phases are in equilibrium at the triple point. It is evident from the phase
diagram that if the pressure of the vacuum system is below the triple point

pressure, then vaporizing the solid will be by sublimation, so that any attempt to
heat the material to form a liquid will only result in contaminating the entire

system by the vapor of the material. The one-component phase diagram is also
useful to figure out the pressures at which condensation occurs, which should be

avoided in vacuum pumps, as for example when water vapor has a tendency to
condense in a vacuum pump. As long as we are transporting and forming vapors
to fall on a substrate in a deposition system, it is necessary to maintain the

proper pressure to avoid condensation every place except where it is needed.
When a solid has more than one polymorphic phase, there are regions of

temperature and pressure where each solid phase is stable. This information is
of course of value when one is trying to obtain a phase of the film of a given

crystal structure. The detailed knowledge of the Gibbs free energy versus
temperature of both the solid phase and the vapor phase will assist in deter-

mining the temperature ranges at which the vapor has to be quenched in order
to obtain a desired solid phase.

The transfer of thermal energy into the material governs the following:

evaporation of a material, the processes that occur on the surface that leads
to the formation of the vapor phase and the transport of atoms or molecules

into the gas phase. In order for a molecule to leave the surface of a solid or
liquid to the vapor phase, it must overcome the attractive intermolecular forces

in the condensed phase. It is also essential that its kinetic energy corresponding
to a component of velocity perpendicular to the surface of evaporation be

higher than DHa=b. The kinetic energy of the molecule increases with tempera-
ture, so that increase in temperature increases the number of molecules that

can escape the condensed phase. The thermal energy input required for vapor-
ization of a material includes the following: the energy to raise the temperature
of the material to the phase transformation temperature where the vapor can

form, the latent heat of transformation from the condensed phase to the
vapor phase, and some extra energy that can impart kinetic energy to the

vaporized atoms. Since the evaporation of the molecule occurs at the expense
of the internal energy of the condensed phase, a decrease in temperature of

the condensed phase occurs, unless there is an external supply of energy. The
expansion in volume that occurs during the transformation to gaseous phase

requires molecules to do additional work.
The exponential dependence of the vapor pressure of substances on tempera-

ture requires extremely good control of temperature to maintain a constant

evaporation rate. One should also be aware that inaccuracies in the data of

DHa=b also influence the calculation of the vapor pressure. Generally, in situ

thickness monitors or complete evaporation of a fixed mass of evaporant
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material, are the means available to ascertain the thickness of the film in
processing.

In order to obtain reasonable deposition rates (100–1000 nm/min) at a dis-
tance of about 20 cm from the source, a recommended pressure is 1.333 Pa

(10�2 torr). The vapor pressure of a number of substances as a function of
temperature (Fig. 2.6) shows that the majority of substances have the desired

vapor pressure only when they are in the molten condition. A few substances,
such as chromium, silicon, antimony, cadmium, arsenic, carbon, selenium and
zinc are solid when they have vapor pressure of 1.333 Pa. The type of aggrega-

tion of matter in which the substance exists is clearly important for the tech-
niques that one should use to contain the evaporating material. Thus, the

Clausius–Clapeyron equation enables us to determine the equilibrium vapor
pressure over the condensed phase and the temperature required for achieving

a certain vapor pressure. Nearly all elements vaporize monatomically. Some
exceptions are carbon, beryllium, tin, arsenic, antimony, bismuth, selenium,

tellurium, boron, gallium, indium and thallium. In general, inorganic materials
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Figure 2.6: Equilibrium vapor pressure of selected materials as a function

of temperature.
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vaporize which result in decomposition or disproportionation of the compound.
The Clausius–Clapeyron equation can be used however for a select group of

compounds, such as TiO, SiO, MoO3, WO3, ZnS, PbS, NaCl, KCl, AgCl, MgF2

and CaF2 that vaporize congruently. Some substances, such as Si and Ge have

oxides SiO and GeO, which have a higher vapor pressure than the elements at
the same temperature. The evaporation rate of elements is not influenced by the

presence of oxide. However, depending upon the rate at which oxide forms on
the surface, it will contaminate the thin film deposit. Compounds that dissociate
may occasionally be deposited as stochiometric compounds by the technique of

flash evaporation. In this technique, particles of the compound are dropped on
to a hot surface, and the vapor evaporates in a flash and condenses on a cold

substrate, usually with the same composition as the source material. A more
modern version of flash evaporation utilizes the bombarding of the source

material with a laser pulse. The evaporation from solids is assumed to occur
from the surface only, so that bubble formation, as is common when liquids are

evaporated, is not observed. In order for bubbles to form during evaporation,
there needs to be a temperature gradient suitable for creating the vapor pres-
sure equal to the hydrostatic pressure. For metals, the thermal conductivity is

high enough that these conditions cannot be sustained. If the thermal conduct-
ivity is poor then it is possible for spitting of large aggregates by exploding

bubbles next to the surface.

Example 2.6

The vapor pressure of aluminum liquid is given by

log P ¼ � 16 380

T
� 1:00 log T þ 12:32,

where P is the vapor pressure of aluminum in torr. Calculate the Gibbs free

energy change for the vaporization process of liquid aluminum. Given the

temperature is 1000 K, calculate the vapor pressure of aluminum as a function

of the external atmosphere of pressure from 1000 torr to 10�6 torr. Plot the results

in a suitable graphical form.
The vapor pressure of aluminum is given by

log P ¼ � 16 380

T
� 1:00 log T þ 12:32,

or

ln P ¼ � 37 723

T
� 2:303 ln T þ 28:37:
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For the vaporization process,

Al(l) ¼ Al(g)

DG ¼ DG0 þ RT ln (aAl(g)=aAl(l)) ¼ G0 þ RT ln PAl:

DG0 ¼ �RT ln P
eq
Al ¼ þ313 629þ 19:15 ln T � 235:87T:

The Gibbs free energy for the vaporization process is

DG ¼ DG0 þ RT ln PAl,

where PAl is the vapor pressure of Al(g) above the liquid. Since P is to be
expressed in torr we write for PAl ¼ pressure in torr/760. The calculations are

plotted in Fig. 2.7. When DG > 0, condensation occurs. This is evident from
the figure when the vapor pressure exceeds 10�4 torr at 1000 K.

2.2.3. Source-Container Reaction

The material to be evaporated is invariably in contact with a container and with
the gaseous environment. Several types of changes can occur on heating that
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Figure 2.7: The Gibbs free energy changes versus vapor pressure of aluminum

at 1000 K.
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have a deleterious effect on the evaporation process. The evaporant material
can interact with the container or with the gaseous environment and bring

undesirable elements into the solution. The evaporant material may undergo
a phase transformation in the solid state before it has a vapor pressure deemed

suitable for carrying out the evaporation process. The phase change results in a
change in volume that affects the containment of the source material. Know-

ledge of the phase equilibrium information for the appropriate systems is
essential to assess these changes. The material to be evaporated may react
with the crucible material or with the environment and produce an undesired

product that has very low vapor pressure.
For any chemical reaction, the relationship of the Gibbs free energy of the

reaction to its enthalpy and entropy change is given by

DGT ¼ DHT � TDST : (2:32)

However, when no phase change occurs either in the reactants or products, we
can write

DHT ¼ DH298 þ
ðT

298

DCPdT and DST ¼ DS298 þ
ðT

298

DCP

T
dT: (2:33)

Hence, we write

DGT ¼ DH298 � TDS298 þ
ðT

298

DCPdT �
ðT

298

DCP

T
dT: (2:34)

The term involving DCP is usually small, and furthermore the last two terms in

Eq. (2.34) for many chemical reactions essentially cancel each other. It is
therefore possible to express to a good approximation

DGT ffi DH298 � TDS298: (2:35)

A similar equation can also be written for a reaction in which both the reactants

and products are in their standard states (that is, all the reactants and products
are at unit activity), so that

DG0
T ffi DH0

298 � TDS0
298: (2:36)

DGT as a function of temperature T, results in a straight-line plot if the

approximation is valid. The slope of the straight line is

@(DG)

@T
¼ �DS, (2:37)
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which is the negative of the entropy change that occurs because of the chemical
reaction. The intercept at T ¼ 0 K gives the enthalpy of the reaction.

Ellingham (1944) plotted the experimentally determined DG0 versus T rela-
tionships for a particular class of reactions, such as oxidation and sulfidation of a

series of metals. We will illustrate the nature of the plot and its usefulness with
specific examples.

Consider the oxidation reaction of a metal, such as aluminum at constant
total pressure given by the reaction

4
3 Al(s)þO2(g) ¼ 2

3 Al2O3(s): (2:38)

We shall assume for the sake of simplicity that both aluminum and aluminum
oxide are pure and that each is insoluble in the other. Furthermore, we shall

assume that oxygen is not soluble in either the oxide or the metal. We have
three phases (P ¼ 3, two solid phases and one gas phase) and two components

(C ¼ 2, metal and oxygen) so that according to the phase rule (F ¼ C þ 2� P)
there is one degree of freedom. When all the three phases coexist at any fixed

temperature, the partial pressure of oxygen reaches an equilibrium value. Alter-

natively, for a given partial pressure of oxygen, there is a temperature at which

equilibrium among all three phases can exist. Writing the Gibbs free energy

change for the reaction illustrates these facts clearly as follows:

DG ¼ DG0 þ RT ln P�1
O2
¼ DG0 � RT ln PO2

: (2:39)

At equilibrium, DG ¼ 0, and the pressure of oxygen is P
eq
O2

. Therefore

0 ¼ DG0 � RT ln P
eq
O2
: (2:40)

Notice that higher values of DG0 are associated with higher values of equilib-
rium oxygen pressure. Consequently, we write

DG ¼ RT ln P
eq
O2
� RT ln PO2

¼ RT ln
P

eq
O2

PO2

 !
: (2:41)

At any given temperature, if the oxygen pressure in the system is less than the
equilibrium oxygen pressure, then DG > 0, Al2O3 does not form and the system

has the tendency to increase its oxygen pressure by decomposing the oxide. The
decomposition stops on reaching the equilibrium pressure of oxygen. If the

actual oxygen pressure in the system is greater than the equilibrium oxygen
pressure, DG < 0, aluminum oxide forms until the pressure of oxygen reduces

to the equilibrium pressure or aluminum is completely oxidized and no more of
it is left.
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The Ellingham diagram for the oxidation of aluminum shown in Fig. 2.8, is a
plot of DG0 as a function of T. Ellingham wrote the Gibbs free energy of

formation of all the oxides by writing the oxide formation reaction so as to
always involve the disappearance of one mole of oxygen. The slope of the plot

of DG0 as a function of temperature is given by the negative entropy change for
the reaction Eq. (2.38), so that we have

DS0 ¼ 2
3 S0(Al2O3)� 4

3 S0(Al)� S0(O2): (2:42)

The entropies of solids are generally small compared to that of a gas, so that we

can write to a good approximation

DS0 ffi �S0(O2): (2:43)

Consequently, the entropy change of the reaction arises principally from the
disappearance of 1 mol of oxygen as the oxide forms from the metal. Since

entropies of substances are positive, the DS0 for the reaction is negative. The
slope of DG0 versus temperature T is �DS0. The slope of the Ellingham line for

the oxidation of aluminum has a positive value, as shown in Fig. 2.8.
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Figure 2.8: The Gibbs free energy for the formation of alumina as a function

of temperature.
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The straight-line plot of DG0 versus T for the oxidation of aluminum repre-
sents the equilibrium condition when all the reactants and products are in their

standard states. If the pressure of oxygen in the system at any temperature, say T1,
is greater than the equilibrium pressure of oxygen, then the oxide forms reducing

the oxygen pressure towards the equilibrium value. Therefore, the Ellingham

diagram line separates the two-phase region of metal and oxygen from the other

two-phase region that consists of metal oxide and oxygen. Above the line of DG0

versus T for the oxidation of the metal, the oxide and oxygen gas are stable; and
below this line, the pure metal and oxygen are stable phases. Therefore, if we had

a system in equilibrium at temperature T1, and we brought about a change in the
temperature to T2, then one changes the equilibrium condition. At the higher

temperature T2, DG0 is higher, or the equilibrium oxygen pressure is larger, so
that the oxide decomposes to the metal to give a larger partial pressure of oxygen.

Even though thermodynamic calculations favor the formation of aluminum
oxide at room temperature in air, aluminum is still stable since it contains a

thin layer of oxide that is impervious to the transport of oxygen through it and
prevents further oxidation from taking place. This example warns one of the
dangers of misconstruing changes predicted by thermodynamics as definitely

happening, since kinetic impediments may prevent these from occurring. On
the other hand, reactions for which DG > 0 will not occur.

Example 2.7

Obtain the relationship between the free energy for the formation of a com-

pound and the free energy change plotted in the Ellingham diagram.

The compound MmXn is formed from the reaction with 1 mol of X2(g) has the
free energy DG0

2

n
mMþX2(g) ¼ 2

n
MmXn:

The free energy for the formation, DG0
f of the compound MmXn refers to the

formation of 1 mol of the compound, so that we have

mMþ 1
2 nX2(g) ¼MmXn:

Hence,

DG0 ¼ 2

n
DG0

f :

For example for Al2O3, we have DG0
Al2O3

¼ (2=3)DG0
f (Al2O3).
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If we represent all the oxidation reactions of metals with 1 mol of oxygen as
the basis, then the entropy changes for all oxidation reactions will be similar.

The Ellingham lines for oxide formation reactions for different metals will be
parallel. As an example illustrating this feature (Fig. 2.9), consider two oxida-

tion reactions:

2Co(s)þO2(g) ¼ 2CoO(s), (2:44)

and

2Mn(s)þO2(g) ¼ 2MnO(s): (2:45)

In both of these reactions above, 1 mol of oxygen disappears on oxidation.

Since DG0 consists of DH0 and �TDS0, the latter contribution to both the
reactions is nearly identical. This is the advantage gained by writing all the
oxide formation reactions referred to 1 mol of oxygen. Therefore, the differ-

ences in DG0 come about primarily from enthalpy differences of formation for
the reactions. If DH0 is more negative, then the field of oxide and oxygen

enlarges and that of the metal and oxygen diminishes. Thus, the stability of
oxide increases. Another way to recognize this is to invoke

DG0 ¼ �RT ln K ¼ RT ln P
eq
O2
¼ DH0 � TDS0: (2:46)
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Figure 2.9: The Gibbs free energy changes for the formation of CoO and MnO

as a function of temperature.
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Therefore,

P
eq
O2
¼ exp

DH0 � TDS0

RT

� �
¼ constant� exp

DH0

RT

� �
: (2:47)

The equilibrium oxygen pressure depends exponentially on temperature, and
since DH0 is negative, it decreases, as the enthalpy of reaction becomes more

negative.
The Ellingham diagrams help us to determine the stability of one oxide in the

presence of the other as follows (Fig. 2.10). Consider the reactions

4
3 Al(s)þO2(g) ¼ 2

3 Al2O3(s), (2:48)

and

2Fe(s)þO2(g) ¼ 2FeO(s): (2:49)

The DG0 versus T straight line for the latter reaction lies at all temperatures

above that of the former reaction. At all temperatures, Al2O3(s) phase is stable
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Figure 2.10: The Gibbs free energy changes for the formation of alumina and FeO as a

function of temperature.
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relative to FeO(s). We can use this fact, to carry out the reaction in which
aluminum is used to reduce FeO to the metal, according to the reaction

4
3 Al(s)þ 2FeO(s) ¼ 2

3 Al2O3(s)þ 2Fe(s): (2:50)

If we have aluminum and iron oxide in a closed system then the aluminum

reduces iron oxide. We can write for the reaction in Eq. (2.48),

DG1 ¼ DG0
1 þ RT ln Q: (2:51)

where DG1 is the Gibbs free energy change for the reaction and DG0
1 is the

corresponding Gibbs free energy when all the reactants and products are in
their standard states. A similar expression for reaction in Eq. (2.49) is:

DG2 ¼ DG0
2 þ RT ln Q: (2:52)

The value of Q is the same for both the reactions in the same closed environ-
ment. We have therefore for the reaction in Eq. (2.50), the Gibbs free energy

change

DG ¼ DG� DG2 ¼ DG0
1 � DG0

2: (2:53)

From the Ellingham diagram, it is clear DG is negative, and favors the forward
reaction. Therefore, FeO(s) is not stable in the presence of aluminum. Alter-

natively, aluminum cannot be melted and evaporated from most ceramic cru-
cibles without contaminating the aluminum metal.

There are special reactions of interest in Materials Science and Engineering
that involve gaseous oxides, where one comes across the intersection of two

Ellingham lines (Fig. 2.11). An important example is the oxidation of carbon
according to

2C(s)þO2(g) ¼ 2CO(g): (2:54)

Since 2 mol of CO(g) appear for every mole of O2(g) that disappears, the
above reaction results in positive change in entropy unlike all the other metal
oxide formation reactions. Consider now the Ellingham diagrams for the oxi-

dation of nickel given by the reaction

2Ni(s)þO2(g) ¼ 2NiO(s): (2:55)

It is clear in analogy with the previous calculation that for the reaction

2C(s)þ 2NiO(s) ¼ 2CO(g)þ 2Ni(s), (2:56)

thermodynamics favors the forward reaction only above a certain tempera-

ture TE. In other words, carbon reduces NiO(s) to pure nickel only above 720 K.
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We have thus far excluded any reference to phase transitions in either the

reactants or the products in an oxidation reaction. This is unrealistic, and we
now examine the consequences of such a phase transition. The significance of

any transition for the Ellingham diagram is that there is an abrupt change in the
slope of the Ellingham line at the transition temperature. The nature of the

direction in which this change in slope occurs depends on whether the trans-
formation is occurring in the product or the reactants. Figure 2.12 shows two
different situations. It is clear, that the change in the slope involved is relatively

minor when condensed phase transitions occur, but the change in slope is more
dramatic when phase transformation results in a gaseous phase.

One infers the stability of a class of compounds, such as oxides if one plots the
standard Gibbs free energy per gram-mole of oxygen as a function of tempera-

ture. Stability of one oxide with respect to another follows the difference in
their standard enthalpies of formation at any temperature. A metal that forms

an oxide with a highly negative enthalpy of formation per gram-mole of oxygen
will tend to displace other metals from their solid oxides that have higher

enthaplies of formation. From thermodynamic data, we conclude that con-
tainers of gold, platinum, iridium and palladium can melt several low-melting
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oxides. The elements molybdenum, tantalum, tungsten with 5–20% rhenium

(alloyed to improve its ductility) and graphite containers are successful as
crucibles to melt materials. These materials are chosen because of their high

melting temperature, low vapor pressure and ability to alloy very minimally
with most metals. They are easy to shape in the form of a container and are inert
to many materials. BeO, ThO2, ZrO2, Al2O3 and MgO are among the oxides

that can serve as crucibles to melt a variety of metals because of their relative
stability to attack by metals at high temperatures.

A similar thermodynamic analysis is possible for other classes of compounds,
particularly carbides and nitrides. Nitrides are generally resistant to oxidation.
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Figure 2.12: The Gibbs free energy versus temperature for oxide formation when

(a) the reactants show a phase transformation and (b) when the products show

a phase transformation.
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BN appears to enjoy widespread technical interest as crucible material. The
thermodynamic analysis considered here would also be valuable when we

consider the adhesion of films on substrates. For example, aluminum in contact
with silica is able to reduce it to silicon, so that an adhesive film forms between

aluminum and silicon since silicon always has a thin layer of silicon dioxide
when exposed to air. However, when gold is deposited on silica, it is unable to

reduce the silica to get to silicon and thus the adhesion of gold to silicon is very
poor. Sometimes, it is possible to vaporize alloys to promote adhesion. For
example, if one evaporates copper gold alloys, the first deposit will be rich in

copper and is preferred when films have to adhere to polymer films. Subsequent
deposits will be rich in gold, which is valuable from the point of view of

improving corrosion resistance as well as for making electrical contact.
Some metals, such as chromium, forms oxide that is reduced by carbon.

Hence, if carbon is in the environment, or deliberately added to chromium,
the oxide film is reduced increasing the evaporation rate of chromium. In

addition, if the metal diffuses through the oxide evaporation is not impeded.
Oxides that form on a metal are porous if the ratio of the volume of the oxide
produced by oxidation to the volume of the metal consumed by oxidation is less

than unity. Evaporation of such metals should be done rapidly to prevent oxide
contamination. Oxidation of metals can be prevented if the partial pressure of

oxygen is less than the equilibrium vapor pressure. If the equilibrium vapor
pressure is very low then it is extremely difficult to deposit films without

contamination by oxygen. In such cases deposition of the desired film is pre-
ceded by the deposition of metals, such as titanium that have a high affinity for

oxygen, and when done, just prior to deposition of the desired film, it will clear
the system of the last traces of oxygen until diffusion from outside will contam-

inate the vacuum chamber again. Another technique is to close the shutter and
deposit the highly reactive metal so that the remaining metal getters the oxygen
in the system.

The support material to hold the evaporant must be capable of being used at
high temperature with negligible interaction to insure low order of film con-

tamination. Refractory metals and refractory ceramics are used for this pur-
pose. Besides high-temperature engineering, considerations require attention to

such properties as thermal conductivity, thermal expansion, electrical conduct-
ivity and wettability of the support structure.

Crucibles are useful because they can hold a large amount of evaporant. If the
material to be evaporated is heated directly, as with electron beam heater, then
a water-cooled copper crucible is an excellent choice. Copper crucibles that are

water-cooled are useful, because the molten material may form a crust near the
crucible walls, so that the material itself acts as its own crucible. On many

occasions, it is necessary to coat the copper crucible with some ceramics, such as
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alumina to enable higher temperatures to be reached. Graphite crucibles con-
tained in a cooling jacket enveloped by copper are also utilized in evaporation

systems.
Aluminum is also used as a standard material for interconnection in elec-

tronic technology by virtue of the protection that the oxide offers from further
oxidation. However, the limitations posed on aluminum as an interconnect

material have come from the necessity to alloy it with other elements to
improve its electromigration resistance. The resistance of the aluminum in-
creases with the introduction of the alloying elements so that this begins to

affect the speed with which signals can be transmitted between devices. A
search for alternative materials involves the selection of materials like copper,

silver and gold. However, the oxidation of copper and silver pose serious
problems whereas the ability of gold to attach to silicon covered with a thin

layer of oxide is difficult. Possible schemes to introduce the low-resistivity
materials, such as copper in electronic devices are being pursued.

Example 2.8

Argon gas is passed through a furnace containing titanium. If it is desired to

reduce the oxygen content in argon gas to less than 10�24 atm, what should be the

temperature at which titanium should be heated in the furnace?

Titanium oxidizes according to the reaction

Ti(s)þO2(g) ¼ TiO2(s):

The standard Gibbs free energy change for the reaction above is

G0 ¼ �940982þ 177:569T J;

G ¼ G0 þ RT ln Q ¼ G0 þ RT ln
1

P(O2)

� �
:

We have for equilibrium, DG ¼ 0, P(O2) ¼ 10�24 atm, so that the equilibrium

temperature is obtained from

0 ¼ �940982þ 177:569T0 þ RT0 ln
1

10�24

� �
:

The above equation may be solved by trial and error for T0 and the equilibrium

temperature is T0 ¼ 1477 K. Thus, at temperatures less than 1477 K, the oxygen
content of argon will be less than 10�24 atm. While lower temperatures are

preferable, as high a temperature as possible, not exceeding 1477 K should be
used because the oxidation is promoted by the kinetics of the reaction at higher
temperatures.
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Example 2.9

Calculate the partial pressure of oxygen in equilibrium with any metal/metal

oxide system.

The Gibbs free energy associated with the process is given by the reaction

O2(g, 1 atm) ¼ O2(g, P atm);

and is represented by

G ¼ RT ln P(O2):

The Gibbs free energy change associated with the formation of oxide in the
Ellingham diagram is for the reaction

2

n
mMþO2(g) ¼ 2

n
MmOn:

and is given by

�G 0 ¼ RT in P(O2):

We note that DG ¼ 0 at T ¼ 0 regardless of the partial pressure of oxygen.
Richardson and Jeffe (1948) denoted this pivotal point in the Ellingham dia-

gram by the letter O. For any particular value of P(O2), DG is directly propor-
tional to T and is given by a straight line on the Ellingham diagram drawn

through the point O. Richardson and Jeffe used this fact to prepare a nomo-
gram so that P(O2) pressures can be read directly from a chart as shown in

Fig. 2.13. Since the equilibrium value of P(O2) also corresponds to a definite
ratio of P(H2O)=P(H2) and/or P(CO)=P(CO2), two other charts of nomograms
can be prepared to obtain the ratio of partial pressures of water vapor and

hydrogen or of carbon monoxide and carbon dioxide that can give the same
partial pressure of oxygen.

2.2.4. Changes in Composition During Alloy Evaporation

We shall consider now the vaporization of a solution consisting of N compon-
ents. Our first task is to find the equilibrium condition. Then it is necessary to

determine the composition of the vapor that is in equilibrium with the con-
densed phase.

Consider a system consisting of N components. We assume that there are no

chemical reactions, and the only transformation is the transfer of components
from one part of the system to another. Hence, the equilibrium condition refers

to the redistribution of components between the separate phases of the system.
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Figure 2.13: Ellingham diagram for oxide formation with nomograms for determining

equilibrium oxygen partial pressure.
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The system is in equilibrium if during all the processes preserving a constant
value of the entropy, volume and total amount of matter, the internal energy

remains constant or increases. Such a system is called a closed system. There-
fore, we write for the equilibrium condition

(dU)S, V, n1, n2, ..., nN
� 0: (2:57)

In short, if the entropy of the system is conserved, the system evolves in such a

way as to decrease the energy and eventually minimize the energy, so that any
virtual change of internal energy of the system from its equilibrium state will be

accompanied by an increase in internal energy. In order to obtain the equilib-
rium condition in terms of intensive variables, we introduce the functions F as

follows:

FS ¼ Sa þ Sb þ � � � þ Sr � CS ¼ 0,

FV ¼ Va þ Vb þ � � � þ Vr � CV ¼ 0,

F1 ¼ na
1 þ nb

1 þ � � � þ nr
1 � C1 ¼ 0,

:::::::::::::::::::::::::::::::::::::::::::::

FN ¼ na
N þ nb

N þ � � � þ nr
N � CN ¼ 0,

(2:58)

where CS, CV , C1, . . . , CN are constants. If there is r phases in the system, then
the equilibrium condition may be written in the form

Xr

j¼1

(dUj)
S, V, n1, n2, ..., nN

� 0: (2:59)

Let us construct the function

F ¼ U þ lSFS þ lVFV þ l1F1 þ � � � þ lNFN , (2:60)

where lS, lV , l1, . . . , lN are the Lagrange multipliers, to find the minimum of F

under the restrictive conditions in Eq. (2.58). The technique of Lagrange

multipliers allows us to determine when a function of several variables is a
maximum or minimum where the variables are not independent but connected

by one or more functional relations. We have to have

@F

@Sj
¼ Tj þ lS ¼ 0,

@F

@Vj
¼ �Pj þ lV ¼ 0,

@F

@n
j
r

¼ mj
r þ lj ¼ 0:

(2:61)
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Hence, for a N-component, r-phase system, the equilibrium conditions are

Ta ¼ Tb ¼ � � � ¼ Tr,

Pa ¼ Pb ¼ � � � ¼ Pr,

ma
1 ¼ m

b
2 ¼ � � � ¼ mr

1,

::::::::::::::::::::::::::::::::

ma
N ¼ m

b
N ¼ � � � ¼ mr

N :

(2:62)

Therefore, the equilibrium condition is that the chemical potential of a com-

ponent k is the same in all the phases that are in equilibrium. The chemical

potential is given by the derivative of the Gibbs free energy with respect to the
number of particles of a given type at constant temperature and pressure. It

represents the work that has to be done in order to change the number of
particles of a given type in the phase by unity. In other words, when two phases

are in equilibrium, they tend to exchange atoms until the composition of each
component attains a constant value in each phase. The composition of each

constituent in the phases that are in equilibrium is generally quite different from
one another because the surroundings of atoms are different in each phase.

Thermodynamic analysis is utilized to provide the means with which one can
establish the relationship between various properties, especially as they are
influenced by temperature, pressure and composition that prevail under equi-

librium conditions.
The equilibrium condition between the liquid phase and the vapor phase

requires the chemical potential of component k be identical in both the phases.
We therefore write

ml
k(P, T , xl

k) ¼ m
g
k(P, T , y

g
k), (2:63)

for all the components k where xl
k and y

g
k are the mole fractions of the component

k in the liquid and gas phases, respectively. For the liquid solution, we write

ml
k(P, T, xl

k) ¼ m
0, l
k (P, T)þ RT ln al

k ¼ m
0, l
k (P, T)þ RT ln (gl

kxl
k), (2:64)

where al
k is the activity, gl

k the activity coefficient of component k in the liquid
phase. For the vapor phase, we write

m
g
k(P, T, y

g
k) ¼ m

g
k(T, P)þ RT ln a

g
k ¼ m

g
k(T, P)þ RT ln y

g
k, (2:65)

where we have assumed that the vapor behaves like an ideal gas. Hence, at

equilibrium, we have

RT ln
y

g
k

al
k

� �
¼ m

0, l
k (P, T)� m

g
k(P, T): (2:66)
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We observe

m
g
k(P, T) ¼ m

0, g
k (P ¼ 1 atm, T)þ RT ln P: (2:67)

Hence, writing m
0, g
k (P ¼ 1 atm, T) as m

0, g
k (T)

RT ln
y

g
k

al
k

� �
¼ m

0, l
k (P, T)� m

0, g
k (T)� RT ln P: (2:68)

We rewrite

m
0, l
k (P, T)� m

0, l
k (P 0

k, T)þ m
0, l
k (P 0

k, T)� m
g
k(P, T)

¼ m
0, l
k (P, T)� m

g
k(P, T): (2:69)

However, for pure liquid k in equilibrium with its vapor we have

m
0, l
k (P 0

k, T) ¼ m
0, g
k (P 0

k, T): (2:70)

Hence,

m
0, l
k (P, T)� m

0, l
k (P 0

k, T)þ m
0, g
k (P 0

k, T)� m
0, g
k (T)

¼ m
0, l
k (P, T)� m

0, l
k (P 0

k, T)þ m
0, g
k (T)þ RT ln P 0

k � m
0, g
k (T)

¼ m
0, l
k (P, T)� m

0, l
k (P 0

k, T)þ RT ln P 0
k ffi RT ln P 0

k:

(2:71)

Therefore,

RT ln
y

g
k

al
k

� �
¼ �RT ln Pþ RT ln P 0

k: (2:72)

Thus, we have

Py
g
k ¼ al

kP 0
k ¼ gl

kxl
kP 0

k, 1, 2, 3, . . . , N: (2:73)

There are as many equations in Eq. (2.73) as there are components. Note that
P 0

k is a function of temperature only. Since the variables are T, P, xl
k, y

g
k, there

are (N � 1) vapor mole fractions and (N � 1) liquid mole fractions for a total of

2N variables. Therefore, 2N independent variables are related by N equations.
If one specifies N variables one can solve for the other variables. If the assump-

tion of an ideal gas is not valid, the left hand side of Eq. (2.73) should be written
f

g
ky

g
kP where f

g
k is known as the fugacity coefficient of component k in the gas

phase. In general, we need the relationship of f
g
k as a function of (T, P, y

g
k) and

the activity coefficient gl
k as a function of (T, P, xl

k). Much of the thermo-

dynamic work is in obtaining this information through experiment, estimation
or empirical or semi-empirical methods. In obtaining alloy films where each

element has widely different vapor pressures, it is preferable to use separate
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sources and control the temperature of each source. Alternatively, one can
deposit layers one after another and by diffusion, one may obtain the desired

composition of the alloy.

Example 2.10

Assume the system Fe–Ni forms an ideal solution. At 1900 K, plot a graph

showing the total pressure P versus mole fraction of iron in the liquid and mole

fraction of iron in the gas phase.

For iron, the vapor pressure is given by (pressure in torr)

log PFe ¼ �
19710

T
� 1:27 log T þ 13:27:

For nickel, the vapor pressure is given by

log PNi ¼ �
22400

T
� 2:01 log T þ 16:95:

At 1900 K,

log P sat
Fe ¼ �1:2677; log P sat

Ni ¼ �1:4298:

Assuming Raoult’s law,

y
g
FeP ¼ xl

FeP sat
Fe ; y

g
NiP ¼ xl

NiP
sat
Ni :

Since,

y
g
Fe þ y

g
Ni ¼ 1,

we obtain

P ¼ xl
FeP sat

Fe þ xl
NiP

sat
Ni :

Substituting

xl
Ni ¼ 1� xl

Fe,

we obtain

P ¼ xl
FeP sat

Fe þ (1� xl
Fe)P sat

Ni ¼ P sat
Ni þ xl

Fe P sat
Fe � P sat

Ni

� �
:

Therefore, P versus xl
Fe is a straight line as shown in Fig. 2.14. For a given xl

Fe

and a pressure P we have

y
g
Fe ¼

xl
FeP sat

Fe

P
:
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The line P� xl
Fe represents the phase boundary of saturated liquid. The line

P� y
g
Fe represents the state of saturated vapor. The region between the two

boundaries represents a two-phase region of vapor and liquid. At constant
temperature, if one reduces the pressure of an alloy of Fe–Ni of known com-

position from the region of subcooled liquid, the first gas appears when the
composition, representing the vertical line intersects the saturated liquid curve.

The bubbles of gas form at this point and so this curve is called the bubble line.
If the vapor pressure is reduced further, more and more liquid will become gas

until the last trace of liquid to evaporate will occur when the composition
vertical line intersects the saturated vapor curve. Hence, this line is also called
the dew point line. In between the dew point line and the bubble line, there is a

region consisting of two phases of liquid and vapor. For any pressure within
this region, the composition of the two phases that are in equilibrium can be

obtained from the diagram by drawing a pressure horizontal and observe where
it intersects the bubble line and the dew point line. Once all of the liquid

has evaporated, further reduction in pressure will take one to the region of
superheated vapor phase.

Pressure vs. mole fraction of Fe−Ni system
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Vapor + Liquid

Superheated vapor

Tempertaure = 1900 K

Figure 2.14: The vapor pressure versus mole fraction phase diagram for iron–nickel

system at 1900 K.
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Knowing the composition of the liquid phase xl
k and the temperature T, one

calculates P and y
g
k. We have

P ¼
X

k

xl
kgl

kP 0
k: (2:74)

From P, one obtains y
g
k from Eq. (2.73). Calculations are easy if we assume ideal

solution behavior for the liquid solution, in which case the activity coefficients are
unity.

If we know y
g
k and temperature T, we obtain P and xl

k. We write

xl
k ¼

y
g
kP

gl
kP 0

k

: (2:75)

Since, X
k

xl
k ¼ 1 ¼ P

X
k

y
g
k

gl
kP 0

k

, (2:76)

so that

P ¼ 1P
k

y
g
k=(gl

kP 0
k)
: (2:77)

Knowing P, one obtains xl
k. Thus, we compute the composition of the source

material that gives a desired vapor pressure or calculate the vapor pressure

knowing the composition of the source material. The experimental information
about the activity coefficients is often unavailable in the literature so that semi-

empirical methods of estimation of these quantities are in vogue.

Example 2.11

Calculate and plot the temperature versus mole fraction diagram for the system

in Example 2.10 when the total pressure is 6 Pa.

When the pressure P is fixed, the temperatures vary along xl
Fe and y

g
Fe. Since

temperature T enters through vapor pressure equation, we cannot explicitly solve

for T. An iterative solution may be useful here. However, for a given pressure, the
temperature is bounded by the two saturation temperatures Tsat

Fe and Tsat
Ni , which

are the temperatures at which the pure species exist as vapor at the pressure P.
It is convenient to select temperatures between Tsat

Fe and Tsat
Ni , and calculate

P sat
Fe and P sat

Ni for these temperatures. We can then evaluate

xl
Fe ¼

P� P sat
Ni

P sat
Fe � P sat

Ni

and ysat
Fe ¼

xl
FeP sat

Fe

P
:

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 47 18.11.2005 11:55am

Evaporation 47



A phase diagram plotting T � xl
Fe and T � y

g
Fe can now be obtained. For the

case of Fe–Ni for a pressure P of 6 Pa, Tsat
Fe and Tsat

Ni are 1884.8 and 1914.6 K,

respectively. The values of temperature and xl
Fe and y

g
Fe are provided in Table

2.1 and plotted in Fig. 2.15.

Temperature vs. composition of Fe−Ni system
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Figure 2.15: The temperature versus mole fraction phase diagram for iron–nickel

system at total vapor pressure of 6 Pa.

Table 2.1: Iron–nickel phase diagram data at P ¼ 6 Pa

Temperature (K) Mole fraction (liquid) Mole fraction (gas)

1884.6 1.0 1.0

1885 0.9943 0.9962

1890 0.8120 0.8641

1895 0.6361 0.7187

1900 0.4661 0.5591

1905 0.3016 0.3889

1910 0.1421 0.1918

1914.6 0 0
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2.2.5. Stability of Compounds and Non-Stoichiometry

The complications in depositions of compounds as thin film are due to the fact
that compounds seldom vaporize directly without dissociation. A variety of

reactions are possible between the source and the vapor phase (Table 2.2).
Deposition of a stoichiometric compound must satisfy special conditions. Indi-

vidual materials of technological importance are useful illustrations of these
special conditions.

Extensive studies made of binary compounds of one of the Group III elem-

ents aluminum, gallium and indium with one of the Group V elements, such as
phosphorus, arsenic and antimony provides useful examples. Studies are avail-

able on II–VI compounds, such as HgCd, and many oxides (Kroger, 1964).
Many of these compounds form extensive solid solutions with virtually no

change in the lattice constant. By changing the composition, one is able
to change the energy gap as well as the refractive index of these materials.

Molecular beam epitaxy is a technique to create perfectly flat interfaces with
abrupt changes in composition. These features give the designer an opportunity
to change the carrier concentrations and their type, and permit simultaneous

management of electrical carriers as well as electromagnetic radiation (visible,
infrared, and microwave frequencies).

Table 2.2: Different types of decomposition of compounds to vapors

Evaporation without

dissociation

AB(s or l) ¼ AB(g) SiO, MgF2, PbTe, B2O3,

GeO, SnO, CaF2

K ¼ PAB

Evaporation with

dissociation

AB(s, 1) ¼ A(g) þ 1/2B2(g) CdS, CdSe, CdTe, NH4Cl

K ¼ PAP
1=2
B2

P ¼ PA þ PB2

P is minimum if the vapor

composition is stoichiometric

Evaporation with

partial dissociation

AB2(s) ¼ AB(g)þ 1=2B2(g) Al2O3, In2O3, SiO2, CuCl2

K ¼ PABP
1=2
B2

Evaporation with

complete

dissociation

AB(s) ¼ A(s)þ 1=2B2(g) AgCl

K ¼ P
1=2
B2

AB(s) ¼ A(1)þ 1

n
Bn(g)

K ¼ P
1=n
Bn
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The growth of III–V compounds in thin film form requires epitaxial film of
high quality. In particular, the indigenous point defect concentration should be

very low (<1017 cm�3), since they limit the efficiency of optical emission by
enhancing non-radiative recombination of electron–hole pairs and lower the

mobility and velocity of current carriers by increasing the scattering. Attain-
ments of low point defects imply that the concentrations of group III and Group

V atoms should be equal to within a part per million or so.
The dependence of vapor pressure on temperature means the control of the

flux of atoms to better than �1% accuracy is difficult. Consequently, depend-

ence on controlling the stoichiometry of the compound by controlling the vapor
pressure is not a practical solution. When certain thermodynamic characteristics

are present, it is possible to grow stoichiometric compounds over a wide range
of flux ratios of III/V beams and it is to these we turn our attention.

The main thermodynamic features that enable the growth of III–V compounds
are as follows. One of the elements should have extremely low volatility whether

or not it is incorporated into the crystal. Therefore, this element once adsorbed
on the surface will not easily desorb from the surface. The second element should
have high volatility but should be nonvolatile if it is in the crystal. One can grow a

stoichiometric crystal when the volatile constituent is in excess. This is because
the more nonvolatile species sticks to the surface whereas as much of the volatile

species as necessary will stick to form stoichiometric compound.
A number of compounds, KI (infrared optic material), CaF, CeF and MgF2

(antireflection coating) are sufficiently stable to be evaporated as compounds.
Certain sub-oxides, such as SiO can also be evaporated. Loss of oxygen on

deposition occurs in several oxides. In some cases introducing a partial pressure
of oxygen (typically 10�4 torr) or oxygen ion bombardment during deposition

will give a stochiometric oxide. On some occasions, the compound may be
stabilized by intentionally adding impurities, such as zirconia stabilized by
titanium oxide. Oxides and nitrides may be deposited in a gaseous atmosphere

of oxygen or nitrogen where one has to obtain from thermodynamics the
favorable temperature at which reaction occurs.

Example 2.12

Determine the temperatures at which stoichiometric GaAs can be grown from

appropriate vapor pressure data.

In order to grow stoichiometric GaAs, the individual constituents must have
the following properties. One of the elements, such as Ga must be involatile at

the growth temperature whether it is in the form of free Ga or incorporated in
GaAs. This ensures that Ga has a low probability of desorbing from the surface

regardless of whether it is within the bulk or on the surface of GaAs. The other
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element should be volatile if it is not incorporated in the crystal and involatile if it
is in GaAs. Stoichiometric compounds can then be grown if excess As is supplied.

However, in order for us to determine the temperatures where these condi-
tions are satisfied we need the vapor pressure data given below:

Vapor pressure of Ga over GaAs. Ga(s) ¼ Ga(g)

Vapor pressure of Ga over GaAs. Ga (in GaAs) ¼ Ga(g)
Vapor pressure of As over As. 2As(s) ¼ As2(g)
Vapor pressure of As over GaAs. 2As (in GaAs) ¼ As2(g)

The ln (vapor pressure) versus T are plotted in Fig. 2.16.

In the temperature range of 600–650 8C, the vapor pressure of Ga over Ga,
Ga over GaAs and As over GaAs are in the 10�7 torr range. The vapor pressure

of As over As is in the range 103 torr. The vapor pressures are indicative of the
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Figure 2.16: The vapor pressure versus temperature diagram for determining the

substrate temperature to deposit GaAs.
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desorption rates from the material. These should be compared with the adsorp-
tion rates, which are determined, by the incident gallium and arsenic vapor

pressures. The pressure at the substrate temperature of the incident gallium is
typically in the range 10�7 to 10�6 torr in MBE. At the temperature range of

600–650 8C the vapor pressure of incident Ga is greater than the vapor pressure
of Ga over pure Ga or of Ga over GaAs. Hence the desorption of Ga from the

surface is negligible regardless of whether Ga is in the form of free Ga or
incorporated in GaAs. On the other hand for As, the situation is different.
Only when As is located in GaAs, it will have a low enough vapor pressure so

that it won’t desorb. The unincorporated As has a very high vapor pressure and
readily desorbs form the surface. Hence only as much As sticks to the surface as

is necessary to satisfy stoichiometry. Hence, one cannot grow As rich GaAs.

Example 2.13

TiN is considered as a diffusion barrier for Al. Determine its stability in this

configuration and if not stable what can we do about it?

The determination of the stability of TiN–Al couple requires us to examine

the ternary phase diagram of Ti–Al–N (Fig. 2.17). According to the phase rule

N

TiN

Ti Ti5Al2
TiAl TiAl3 Al

AlN

Figure 2.17: Isothermal and isobaric section of the ternary phase diagram of Ti–Ni–Al.
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for a ternary system at a given temperature and pressure, there can be three
phases in equilibrium each having a fixed composition. Thus in an isothermal

isobaric section of the ternary diagram the three phases that are in equilibrium
are represented by the vertices of a triangle. First, we determine the binary

compounds in each of the systems Ti–N, Ti–Al and Al–N. Assuming that there
are no ternary compounds in the system, we can proceed to investigate the

stability of certain pairs of reactants by obtaining the Gibbs free energy of
reaction. For example, the various possible reactions that can occur between
TiN and Al are the following:

TiNþ 4Al ¼ TiAl3 þAlN,

TiNþ 2Al ¼ TiAlþAlN,

5TiNþ 7Al ¼ Ti5Al2 þ 5AlN,

TiNþAl ¼ TiþAlN:

The Gibbs free energy change for these reactions, if available, should deter-

mine the most stable reaction as the one having the lowest value of Gibbs free
energy. In the absence of such information, one can prepare couples of Al and
TiN and bring it to the appropriate temperature to see what the equilibrium

phases are at any given temperature. Experiments like this reveal that Al–AlN
and TiAl3 are the equilibrium phases in the system. We thus conclude that TiN

is not stable when it is present over Al. On the other hand, it is seen TiN, AlN
and TiAl3 are in equilibrium with each other. Hence, in order to utilize TiN, it

will be necessary to put some mixture of AlN and TiAl3 so that TiN can exist as
a stable phase.

2.2.6. Chemical Reactions and Equilibrium

Gaseous products can form in vacuum chamber due to of chemical reactions
between the solid and other species. The species may be present as part of the
environmental gas or of the container material or may have been introduced

purposely. Such cases need to be addressed and treated individually by thermo-
dynamic analysis.

Chemical reactions between species in the gas phase and between the gas
phase and the surface of the material play a crucial role in the processing of thin

films by a variety of processes. For example, the type and presence of radicals
and free ions in a plasma system requires that we have an understanding of the

various equilibrium processes involving these species of ions and radicals. The
concentration, energy distribution of the species govern the etch rates, select-
ivity of etching and anisotropies of etching. Thermodynamic analysis requires
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that equilibrium conditions be maintained. Even though this condition of
equilibrium is far from reached in many processes, nevertheless the direction

and extent of a reaction can be of immense benefit for an actual appraisal of the
situation in any given process.

Every chemical reaction is accompanied by the absorption or emission of
heat. If the reaction occurs at constant pressure, the enthalpy change deter-

mines the amount of heat evolved or absorbed. DH < 0 implies heat is released
or the reaction is exothermic and DH > 0 implies the reaction is endothermic or
absorbs heat. Physically, DH accounts for the random translational, vibrational

and rotational kinetic energies of the molecules in a system, the potential
energy stored in the chemical bonds in the molecule and the interaction be-

tween the molecules. We assume that for all elements, in their stable state at
atmospheric pressure and standard temperature, the enthalpy is zero. The

formation of a compound generally occurs when the enthalpy of the compound
is lower than that of the elements from which it forms. Hence, for the formation

of most compounds the enthalpy change is negative. However, in unusual cases
when the formation of a compound involves high entropy change, then it is
possible to form a compound even though the compound has positive enthalpy

of formation. This is because the governing factor for predicting the formation
of a compound is the decrease in the Gibbs free energy for the formation of the

compound. For example, the standard enthalpy for the formation of SiO2 is
written in the form (standard temperature is 298.16 K)

Si(s)þO2(g) ¼ SiO2(s), DH298 ¼ �910:9 kJ=mol: (2:78)

If the standard enthalpies of compounds are known, then the standard
enthalpy change for any reaction can be calculated as illustrated below.

SiO2(s)þ F2(g) ¼ SiF4(g)þO2(g) (2:79)

DHreaction ¼ DH(O2)þ DH(SiF4)� DH(F2)� DH(SiO2)

¼ 0� 1614:9� 0þ 910:9 ¼ �704 kJ=mol:
(2:80)

We have for the reaction of silica with chlorine the reaction

SiO2(s)þ 2Cl2(g) ¼ SiCl4(g)þO2(g): (2:81)

The enthalpy change for the reaction is �657� (�910:9) ¼ 253:9 kJ=mol and

whether the reaction is favored to occur or not is determined by the change in
the Gibbs free energy of the system. In plasma processes, it is common to find

many radicals and ions for which the enthalpy is not often available, and has to
be estimated from the enthalpy associated with each bond in the molecule.

The direction and extent of a chemical reaction is governed by the changes
in the Gibbs free energy of a reaction. For a single chemical reaction containing

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 54 18.11.2005 11:55am

54 Evaporation



n1 moles of species A1, n2 moles of species A2, . . . , nr moles of species Ar, we
can write the chemical reaction in the form

Xr

i¼1

niAi ¼ 0: (2:82)

The vi are the so called stoichiometric numbers which are taken to be positive
for products and negative for reactants, and govern the balance of mass of each

atom in the reaction. The increments of stoichiometric coefficients must satisfy
the relationship

dn1

v1
¼ dn2

v2
¼ � � � ¼ dnr

vr
¼ dj, (2:83)

where j is known as the extent of the reaction.

Example 2.14

Consider the reaction

H2(g)þ CO2(g) ¼ H2O(g)þ CO(g):

Write the number of moles of each species as a function of the extent of reaction.
We note

A1 ¼ H2; A2 ¼ CO2; A3 ¼ H2O and A4 ¼ CO:

v1 ¼ �1; v2 ¼ �1, v3 ¼ 1 and v4 ¼ 1:

dn1

�1
¼ dn2

�1
¼ dn3

1
¼ dn4

1
¼ dj:

After the reaction has completed to an extent j, we have

ðn1

n01

dn1 ¼ �
ðj
0

dj;

ðn2

n02

dn2 ¼ �
ðj
0

dj;

ðn3

n03

dn3 ¼ þ
ðj
0

dj;

ðn4

n04

dn4 ¼ þ
ðj
0

dj:

Therefore n1 ¼ n01 � j; n2 ¼ n02 � j; n3 ¼ n03 þ j and n4 ¼ no4 þ j:

Thus, the number of moles of species in the mixture that is reacting in terms
of the number of moles of the species originally present in the system and the

extent of reaction is given by

ni ¼ n0i þ jvi:

At constant temperature and pressure the criterion of equilibrium is

DG dj � 0, (2:84)
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where dj is any virtual variation of j in the field of equilibrium states and may
be positive or negative. Since the sign of DG is arbitrary, the equilibrium is

attained when

DG ¼ 0: (2:85)

Hence if DG < 0, dj must be positive and the reaction will proceed ‘‘for-

ward’’ or more products will form. If dj is negative, the reaction will proceed
‘‘backward’’ and the reactants form from products. So, the extent of the reac-

tion is governed by the condition for which dj is zero or the Gibbs free energy
of the reaction is a minimum. The change in the Gibbs free energy of a reaction
is written as

G ¼ G0 � RT ln Q, (2:86)

where Q is the activity quotient defined by

Q �
av1

1

� �
av2

2

� �
� � � avk

k

� �
akþ1

v

� �
akþ2

v

� �
� � � (avr

r )
: (2:87)

At equilibrium Q is defined as K, and DG is zero, so that

G0 ¼ �RT ln K: (2:88)

To determine the direction of the reaction we evaluate

DG ¼ RT ln
Q

K

� �
: (2:89)

DG0 is the Gibbs free energy change between the products and the reactants

when special defined conditions exist. The values of DG0 depend upon tem-
perature, the chemical equation to which it refers and the type of standard

states chosen for the reactants and products. The common standard states
chosen are for a gas, the ideal gas at one atmosphere and the temperature of

interest, and for a condensed phase, the pure condensed phase at one atmos-
phere and the temperature of interest. The term RT ln Q is the Gibbs free
energy needed to transform the reactants and products from their standard

state condition to a given set of states with known activities. RT ln Q in addition
to depend on all the factors that DG0 depends upon also depends upon pressure

and composition. If Q < K the reaction is favored to proceed as written,
otherwise the reaction is favored to proceed backward as written.

Example 2.15

Consider the reaction of silicon dioxide by chlorine at 298.15 K as given in Eq.
(2.81). Let the number of moles of gas be nCl2 , nO2

and nSiCl4 . Does chlorine etch

SiO2?
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The mole fraction of each of these gases is given by xCl2 , xO2
and xSiCl4 . The

final state is given by nCl2 � 2j, nO2
þ j and nSiCl4 þ j, where j is the extent of

the reaction. Let N0 be the total number of moles of gas in the initial state, so
that nCl2 ¼ N0xCl2 , nO2

¼ N0xO2
and nSiCl4 ¼ N0xSiCl4 . The equilibrium constant

can be written in terms of mole fraction of the gases present is as follows:

K ¼ xO2
þ j=N0ð Þ xSiCl4 þ j=N0ð Þ

xCl2 � 2j=N0ð Þ2
¼ e�DG0=(RT)

¼ e�239:6�1000=(8:314�298:15) ¼ 1:06� 10�42:

(2:90)

If initially, only chlorine was present in the gas phase, xCl2 ¼ 1, xO2
¼ xSiCl4 ¼ 0

and we obtain j=N0 ¼ 1:01� 10�21 � 1. Hence, very little etching of silica

occurs from chlorine.
We can obtain from thermodynamics the dependence of equilibrium on

temperature and pressure changes. These are summarized below:

p change ag > 0 ag ¼ 0 ag < 0

p # products " no change products #
p " products # no change products "

(2:91)

where ag is the sum of gas phase stoichiometric coefficients. The variation with

temperature depends upon the enthalpy of the reaction as given below:

T change DHr < 0 DHr > 0

T " products # products "
T # products " products #

(2:92)

Thermodynamics of reactions that occur simultaneously as well as reactions
between reactants that are not in their pure form requires extensive work and

are available in the literature (Rao, 1985). The composition of gases in equi-
librium at any pressure and temperature in a vacuum system can be calculated

from minimizing the Gibbs free energy of all the gaseous species in the
system. This requires the determination of the minimum number of compo-

nents in the system, application of the phase rule and evaluating the Gibbs free
energy as a function of the extent of the various reactions between the gases in

the system.
Chemical reactions are utilized to form compound layers between two layers

of films, such as the formation of silicides between a metal layer and the
underlying silicon substrate. The control of the phase that forms among many
possibilities, the behavior of metastable phases, such as the transition from

amorphous to crystalline silicon, prevention of compound formation as in
superlattice structures built from different films are of immense interest in

thin film technology and are treated separately.
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2.3. Kinetic Theory of Gases

One of the most original thoughts in human history is the notion that all matter
consists of atoms that move around in perpetual motion, attracting each

other when they are a little distance apart, but repelling when they are close
to one another. This idea superseded the concept that matter is continuous and

remains homogeneous on division, however fine the division may be. The

atomic theory provided the opportunity to explain and predict macroscopic

properties of matter from the properties of their microscopic constituents.

The initial success of atomic theory was in accounting admirably for a number
of experimental facts in chemistry, such as the weights of atoms and molecules

and the way atoms combine with one another. It was also found experimentally
that gases of the elements combine chemically in simple proportions by volume

as well as weight. The first success of the kinetic theory based on atomic
hypothesis was in predicting the well-established properties of one of the

simplest states of matter, namely ideal gases. In this model, gas consists of a
very large number of atoms (or molecules) that are continually in motion and
obey the laws of mechanics according to Newton. The size of the molecule is

negligible in relationship to the volume of the container that the gas occupies.
Molecules are colliding with other molecules and with the walls of the container

in elastic collisions. In the kinetic theory, one is content with statistical results,
since we cannot possibly follow every molecule and calculate its exact path. The

average properties of the gases are calculated by utilizing statistical methods for
computation. The kinetic theory of gases enables the derivation of all known

experimental laws of ideal gas behavior listed in Table 2.3. The term kinetic

Table 2.3: Laws of ideal gas behavior

Boyle’s law P1V1 ¼ P2V2 N, T constant

Charle’s law V1=T1 ¼ V2=T2 N, P constant

Ideal gas law PV ¼ nRT n is number of moles

P1V1=T1 ¼ P2V2=T2

Avogadro’s law P1=N1 ¼ P2=N2 T, V constant

Amonton’s law

(Gay–Lussac’s law)

P1=T1 ¼ P2=T2 N, V constant

Dalton’s law Pt ¼ ntkBT ¼
P

i

nikBT ¼
P

i

Pi Pt ¼ total pressure

Pi ¼ partial pressure of i

Nt ¼ total density of molecules

Ni ¼ partial density of i

Graham’s law
effusion rate of Ma

effusion rate of Mb
¼ Mb

Ma

� �1

Average translational energy of a molecule ¼ (3=2)kBT.

kB ¼ Boltzmann constant.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 58 18.11.2005 11:55am

58 Evaporation



indicates that it is the motion of the molecules and not the forces between them
that dominate their macroscopic behavior. The results of this theory enable us

to understand not only thin film deposition process by evaporation but also
many other relevant aspects of vacuum technology. The term vacuum is gener-

ally used to denote a region in which the pressure of the gas is less than that of
the atmosphere (1:013� 105 Pa).

2.3.1. Calculation of Pressure

The simplest description from the kinetic theory of gases is an explanation of the

pressure exerted by a gas on the walls of its container. Bernoulli (1738) advanced
the idea that the pressure exerted by the gas is due to the continued motion of the

molecules, which move, by assumption, with a constant average velocity at a

given temperature. Consider a gas enclosed in a cylinder fitted with a piston of

cross-sectional area A as shown in Fig. 2.18. If we imagine the piston can move
without friction, we inquire the force acting on the piston from the fact that there

are atoms or molecules enclosed in the cylinder. Assuming there is vacuum on
one side of the piston, each time a molecule hits the surface of the piston, it

must move and eventually be pushed out of the cylinder. An applied external
force F as shown in Fig. 2.18 keeps the piston from moving. Therefore, the
pressure P exerted from the outside to keep the piston from moving is

P ¼ F

A
: (2:93)

The force necessary to keep the piston static must be equal to the momentum

per second delivered to the piston by the colliding molecules. We can cal-
culate this by obtaining the momentum delivered by one atom in collision with

the piston wall and multiplying it with the number of collisions per second those

atoms hit the wall. The background pressure in a vacuum system is important

P = F
A

Figure 2.18: Pressure exerted by a gas due to molecular collisions with

the walls of the container.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 59 18.11.2005 11:55am

Evaporation 59



because it affects the concentration of impurities that are incorporated in the
films deposited in that chamber.

We assume that gas consists of basic particles called molecules that remain
unchanged in all forms in which the gas exists. The molecules may comprise

of single atoms, such as inert gas atoms or small molecules, such as
H2O, CO2, C2H6, etc. The only thing we change in the gas as we go from one

situation to another will be the mutual arrangement of the molecules. Mol-
ecules collide with each other and behave like material points obeying the laws
of classical mechanics. The nature and the inner structure of the molecules are

irrelevant in the simple model of the kinetic theory of gases.
We assume collisions of molecules with the walls of the vessel are elastic, that

is, there is no loss of kinetic energy by the colliding molecule. That is, the
molecules remain unchanged in their inner constitution after collision since no

transfer of kinetic energy to potential energy occurs in elastic collisions. Let us
suppose the velocity of the molecule is~uu and its component along the axis of the

cylinder, taken as the x-axis, be ux. The momentum of the incident molecule is
mux and that of the reflected molecule is �mux, so that the change in the
momentum (Fig. 2.19) in one collision is 2mux.

Let us assume that there are a total of N molecules in a volume V, so that the
number density of molecules, n, is given by

n ¼ N

V
: (2:94)

u uy

uy

uz

ux

uz

ux

u

uxt

Æ

Æ

Figure 2.19: Molecules impinging the walls of the container exchanging momentum.
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Among these molecules, only molecules that are at a distance uxt from the
wall can hit the cylinder’s face in a given time t. The number of atoms that will

hit the piston is therefore n(uxt)A. The force F exerted by the molecules in 1 s is

F ¼ (nuxtA)(2mux)

t
¼ 2nmu2

xA: (2:95)

Hence, one obtains the pressure exerted by the gas due to molecules with a
velocity ux on the piston by taking the average (denoted by the symbol hi)

Px ¼
1

2

Xn

i¼1

2nmu2
ix ¼ nm u2

x

	 

: (2:96)

We note, on the average, only half of the total number of molecules travel
towards the piston along x-direction, the other half traveling along the �x

direction. Let the gas consist of several different types of molecules with mass
mi and densities ni. The pressure of the gas may still be calculated by using Eq.

(2.96) where the summation is over all different kinds of molecules. Thus, the
pressure of a mixture of two or more ideal gases is simply the sum of the pressures
that they would exert if each occupied the same volume by itself. This behavior is

known as Dalton’s law of partial pressures. The law is quite useful in assessing the
role of impurity gases in vacuum environment. The concentration of impurities in

the vapor phase determines the impurity content in the films that are deposited.
We also note under equilibrium conditions, the average velocity of molecules

in each direction is the same in the absence of any external forces. Therefore,
we write for the average of the square of velocity hu2i

u2
x

	 

¼ u2

y

D E
¼ u2

z

	 

¼

u2
	 


3
: (2:97)

Therefore, the pressure of the gas is

P ¼ 2

3
n

mu2

2

� �
¼ 2

3
hK:E:i, (2:98)

where the average kinetic energy hK:E:i of the gas is

hK:E:i ¼ n
mu2

2

� �
: (2:99)

Table 2.4 lists the pressure of an ideal gas in many different forms for
convenient reference. For a monatomic gas, the internal energy U of the gas

is purely kinetic energy and is given by

U ¼ N
mu2

2

� �
: (2:100)
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Hence,

PV ¼ 2⁄3 U: (2:101)

Equation (2.101) is an expression of Boyle’s law, since the kinetic energy of

an ideal gas depends only on temperature. From the ideal gas law at one
atmosphere and 300 K, the kinetic energy of the molecule is roughly 0.04 eV.

Even in a head-on collision between two molecules, the transfer of maximum
energy will be too small to promote the molecule into an excited state, since the

electron energy levels of molecules have energy separations that are much
larger than 1 eV. We can thus safely conclude that the original assumption

ignoring the conversion of kinetic energy into potential energy of atoms is a
satisfactory assumption. The model that treats the atoms as hard spheres is thus

a reasonable one.
The unit for pressure in SI units is Pascal (Pa), and is in N/m. There are a

number of other units still in common use. The bar is the CGS unit of pressure and

is equal to 105 Pa. Two other units based on measurement techniques of pressure
are popular. One of these is atmosphere and is very close to 105 Pa. The mmHg or

torr is a unit that is equivalent to 1:33� 102 Pa. The atmosphere is clearly

Table 2.4: Pressure, P

P ¼ F

A
¼ force

area
¼ [newton]

[meter2]
¼ N=m2 � Pa

P ¼ rgh ¼ (density)(acceleration due to gravity)(height)

¼ [kg]

[m3]

[m]

[s2]
[m] ¼ [kg]

[m � s2]
¼ [kg �m]

[m2 � s2]
¼ N=m2 ¼ Pa

P ¼ nkBT ¼ (number density)(Boltzmann constant)(temperature)

¼ [molecules]

[m3]

[joule]

[molecule �K]
[K] ¼ [joule]

[meter3]
¼ [N �m]

[m3]
¼ N=m2 ¼ Pa

P ¼ 1

3
nm �uu2
	 


¼ (number density)(mass)(mean square speed)

¼ 1

3

[molecules]

[meter3]

[kilogram]

[molecule]

[meter2]

[second2]
¼ [kg �m2]

[m3 � s2]
¼ [kg �m]

[m � s2]
¼ N=m2 ¼ Pa

P ¼ 1

2
r �uu2
	 


¼ 1

3
(density)(mean square speed)

¼ 1

3

[kg]

[m3]

[m2]

[s2]
¼ [kg]

[m � s2]
¼ Pa
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dependent on the acceleration due to gravity at the specific location and the torr is
dependent on the temperature at which the measuring instrument is located.

These two units are generally known as noncoherent units and will probably
eventually go out of usage. All the different units in which pressure is expressed

and the inter-conversion factors are listed in Tables 2.4 and 2.5, respectively.
The specification of the pressure of a system at any given temperature enables

one to compute the number density of molecules. In thin film deposition systems,
our interest lies in the space from which gas or air has been removed creating a
vacuum. The amount of gas that one has to remove depends on the application.

An useful account of our ability to remove more and more gas from a given
system to the basis of technologies it has provided has been well documented,

and is an impressive one (Madey and Brown, 1984). The degree to which we have
to reduce pressure in a system requires us to understand the nature of movement

of molecules within the system. It is convenient to discuss vacuum systems in
several ranges based upon pressure as shown in Table 2.6.

Since pressure is force per unit area, the use of vacuum as a means to exert
force is taken advantage of in many applications. These include suction used as a
means to hold objects, forming of polymers materials by using vacuum as a force

in vacuum forming, transporting matter by the use of force as in vacuum cleaners
and pneumatic transport systems. The number of molecules per unit volume is of

importance in many applications in the medium vacuum range. The electric light
bulb operates in the presence of a low molecular density, which helps the

avoidance of chemical contamination. Evaporation of a material is facilitated
by the removal of the gas without unduly heating the material as in the case of

freeze-drying. Low density of molecules is also accompanied by low heat con-
ductivity, which is exploited in the manufacture of thermos flask. The average

distance traveled by the gas molecules between collisions is important in this
pressure range corresponding to high vacuum. In television, X-ray and gas

Table 2.5: Conversion factors for pressure units

Unit torr pascal dyne/cm2 bar
Atmosphere
(standard)

1 torr (08C) 1 1:332� 102 1:332� 103 1:332� 10�3 1:3158� 10�3

1 pascal 7:5006� 10�3 1 10 1:0� 10�5 9:8692� 10�6

1 dyne=cm2 7:5006� 10�4 0.1 1 1 9:8692� 10�7

1 bar 7:5006� 102 1:0� 105 1:0� 106 1 0.98692

1 atmosphere 760 1:0133� 105 1:0133� 106 1.0133 1

1 pound=inch2 5:1715� 101 6:8948� 103 6:8948� 104 6:8948� 10�2 6:8047� 10�2
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discharge tubes, electron microscopes and particle accelerators and purification
of metals by vacuum melting these pressure ranges are important. The ultrahigh

vacuum range relies on the fact that the surface collisions of the molecules are
more important than the molecule–molecule collisions. The time it takes to form

a monolayer must be long to do useful surface analysis work. Surface analytical
tools, molecular beam epitaxial processes exploit this range of pressure.

The main constituent of gas that has to be removed from any system to go to
low pressures is air. The composition of air is given in Table 2.7. An important
variable in the composition is the partial pressure of water vapor, which changes

constantly. One way to represent the partial pressure of water vapor is by
specifying the relative humidity, PH2O=P sat

H2O where P sat
H2O is the saturated

vapor pressure of water at the temperature of interest. One significant fact to
note is the change in composition of air at different pressures.

The background pressure that is of concern in film deposition can be in two
distinct regimes. In the first case, the pressure is high enough (typically greater

than 10�8 torr), so that the surface of the substrate is covered with chemically
adsorbed atoms or molecules. Usually it is the chemically adsorbed layer, such

as oxygen or carbon which when adsorbed on the surface prevents further
primary bonding to the substrate. This may render the substrate unable to
provide the template for epitaxy. An unclean substrate present at the start of

the deposition may result in the film deposit to be independent of the substrate

Table 2.6: Classification of vacuum systems

Physical basis Pressure range (Pa) Objective Typical uses

Pressure as a

force

103 < P < 105 low

vacuum

To exploit pressure

differences

Holding, vacuum

transport, forming

Low molecular

density

10�4 < P < 103

medium vacuum

Removal of active

contaminants

Remove

occluded gases

Decrease

heat transfer

Lamps, sintering,

packaging drying,

dehydration, freeze

drying insulation,

microbalance, space

simulation

Long mean

free paths

10�7 < P < 10�4

high Vacuum

Avoid collisions

between

molecules

Electron tubes, X-ray

tubes, TV tubes,

electron microscopes

Long monolayer

formation

time

10�10 < P < 10�7

ultra high vacuum

To obtain clean

surfaces

Characterization

techniques for surface

analysis, MBE, space

research
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material. For example, the texture of the crystalline film deposited on such a
substrate tends to exhibit no relationship to the substrate. For pressures much

less than 10�8 torr, it is possible to produce and maintain the surface of the
substrate that is not restructured and in which the dangling bonds are not

terminated by impurity atoms. Any precursor gas used in the deposition system
should be free from impurities. Carbon dioxide, oxygen, hydrogen, nitrogen,

water vapor, methane and other organic molecules are among the impurities
that are commonly encountered in precursor gases. These gases can introduce
impurity in the film, which can be incorporated as either substitutional or

interstitial impurities. At the temperatures involved, these impurities are
immobile. They can produce supersaturated solutions, pin boundaries and

dislocations as well as bind vacancies in the deposited film. These impurities
and the associated stress in the film can affect many other properties of the film.

Example 2.16

The composition of air is as given in Table 2.7. Calculate the following: volume

of one mole of air at standard temperature and pressure; mean molar mass;

density of air; number of gas molecules in 1 cm3 at standard temperature and

pressure; mean distance between molecules.

The volume of one mole of air can be calculated from

V ¼ nRT

P
:

Table 2.7: Composition of atmosphere at sea level

Gas Percent by volume Partial pressure (torr)

N2 78.08 5:95� 102

O2 20.95 1:59� 102

Ar 0.93 7.05

CO2 3:3� 10�2 2:5� 10�1

Ne 1:8� 10�3 1:4� 10�2

He 5:24� 10�4 4:0� 10�3

Kr 1:1� 10�4 8:4� 10�4

H2 5:0� 10�5 3:8� 10�4

Xe 8:7� 10�6 6:6� 10�5

H2O 1.57 1:29� 10

CH4 2:0� 10�4 1:5� 10�3

O3 7:0� 10�6 5:3� 10�5

N2O 5:0� 10�5 3:8� 10�4
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For n ¼ 1 mol; T ¼ 273:16 K; R ¼ 8:314 J=mol=K; P ¼ 1:013250� 105 Pa

V ¼ 1 mol� 8:314 J=mol=K� 273:16 K

1:013250� 105 Pa

¼ 2241:35� 10�5 m3

¼ 22:4135 L=mol:

The atomic or molecular weights required are (103 kg=mol) as follows:

N2 ¼ 82:0134; O2 ¼ 31:9988; CO2 ¼ 44:01; Ne ¼ 20:183; He ¼ 4:0026; Kr ¼
83:80; H2 ¼ 2:0158; Xe ¼ 131:30; H2O ¼ 18:0153; CH4 ¼ 16:0428; O3

¼ 47:9982; N2O ¼ 44:0128.

The average molar mass hMi is given by

hMi ¼ niMiP
i

ni
¼
X

i

ciMi,

where Mi is the molar mass, ni is the number of moles and ci is the mole fraction
of component i and is given by

ci ¼
niP

i

ni
¼ Wi=MiP

i

Wi=Mi
¼ piV=(RT)P

i

piV=(RT)
¼ piP

i

pi
¼ pi

p
,

where Wi is the mass of component i. We have from Dalton’s law

p ¼
X

i

pi ¼
X

i

ni
RT

V
¼
X

i

xiRT,

where xi is the volume fraction of component i.

The average molar mass ¼ (1=100)�103� (78:08�28:034þ20:95� 31:9988þ
0:93� 39:948þ 3:3� 10�2 � 1:8� 10�3 � 20:183þ 5:24 � 10�4 � 4:0026þ 1:1�
10�4�83:80þ5:0�10�5 � 2:0158þ8:7�10�6 � 131:30þ1:57 � 18:0153þ2:0�
10�4� 16:0428þ7:0�10�6�47:99825:0� 10�5�44:0128)¼ 29:2460�103 kg=mol.

Density of air ¼ molar mass/volume ¼ 29:2460� 103 kg=mol=22:4135 L=mol

¼ 1:3048� 103 kg=m3.
The number of gas molecules in n ¼ (N0=R)(P=T) where N0 ¼ 6:022 �

1023 molecules=mol.
Hence, n ¼ 2:687� 1025 molecules=m3. This value is known as Loschmidt’s

number. The average distance between molecules is given by n�1=3 ¼
3:387� 10�9 m.
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2.3.2. Distribution of Molecular Velocities

The kinetic theory of gases was formulated from the works of Bernoulli,
Clausius, Maxwell and Boltzmann. An individual molecule in a gas is inces-

santly in motion. Each collision changes the velocity of each of the colliding

molecules, so that one can expect to find individual molecules moving in all

directions with speeds varying from zero unto values many times the average

speed. The properties of a gas, such as its temperature, pressure is dependent on
the mean square of the molecular speeds and not on the manner in which the

molecular velocities vary among themselves.
To obtain a description in mathematical form for the distribution of velocities

(Maxwell, 1860), let us focus attention on a single molecule in a gas, which has a
mass m, momentum~pp and is at the position~rr. Ignoring its potential energy, the

kinetic energy of the molecule is its internal energy and is given by «:

« ¼ ~pp 2

2m
: (2:102)

We can describe the motion of the molecules in a gas only in statistical terms.
We therefore give the state of the molecule by specifying its location in the

volume element d3~rr between~rr and~rr þ d~rr, within a momentum space of volume
d3~pp which is between ~pp and ~ppþ d~pp. The superscript three denotes the three
dimensional nature of the volume elements as well as momentum space. A

single point in six-dimensional phase space (x, y, z, px, py, pz) represents each
particle. In classical mechanics, the knowledge of a particle in phase space

permits the prediction of its position and momentum at any other time. In
order to utilize statistical methods to treat a large number of particles in a

gas, we inquire about the probabilities that a gas particle will have a certain
momentum between~pp and~ppþ d~pp and position within a certain range of values

between~rr and~rr þ d~rr. The molecule is in equilibrium with all the surrounding
molecules at a constant temperature and obeys the conditions for a canonical

ensemble (Gibbs, 1948). According to statistical mechanics, the probability
P(~rr, ~pp)d3~rr d3~pp of finding a molecule with position between ~rr and ~rr þ d~rr, and
momentum in the range ~pp and ~ppþ d~pp is

P(~rr, ~pp) d3~rr d3~pp / exp �b
~pp 2

2m

� �
d3~rr d3~pp, (2:103)

where

b � 1

kBT
: (2:104)
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The physical origin of the above formula referring to the equilibrium distribu-
tion of molecules stems from the fact that it represents the maximum number of

ways of arranging a group of molecules among available energy states main-
taining the same total energy for the system as a whole. In terms of velocity

~uu ¼ ~pp

m
, (2:105)

we can write

P0(~rr, ~uu) d3~rr d3~uu / exp � 1

2
bmu2

� �
d3~rr d3~uu: (2:106)

where P0(~rr, ~uu) is the probability of finding a particle in the phase space volume

element d3~rr d3~uu around the phase point (~rr, ~uu). If we define f (~uu) d3~uu as the
probability of molecules per unit volume, which have a velocity between ~uu

and ~uuþ d~uu regardless of its position, we obtain

f (~uu) d3~uu ¼ P0(~rr, ~uu) d3~rr d3~uu

d3~rr
: (2:107)

We ignore the dependence of f (~uu) on time, since we are dealing with a gas in

an equilibrium condition. Using a proportionality constant C, we write

f (~uu) d3~uu ¼ C exp � 1

2
bmu2

� �
d3~uu: (2:108)

The proportionality constant C is determined by the requirement that when

we integrate f (~uu) d3~uu over all possible velocities and over the entire volume V,
the result must yield the total number of molecules N. Henceð

all~rr

d3~rr

ð
all ~uu

f (~uu) d3~uu ¼ N: (2:109)

Therefore,

C

ð
all~rr

d3~rr

ð
all ~uu

exp � 1

2
bm~uu2

� �
d3~uu ¼ N: (2:110)

The integral over all possible~rr yields the volume V of the container of the gas.

The integration over d3~uu represents three identical integrations, one for each
axis of coordinates. Hence

CV

ð1
�1

exp � 1

2
bmu2

x

� �
dux

2
4

3
5

3

¼ N: (2:111)
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We note

ð1
�1

exp � 1

2
bmu2

x

� �
dux ¼

p

(1=2)bm

� �1=2

: (2:112)

Therefore,

C ¼ N

V

bm

2p

� �3=2

: (2:113)

Consequently, and also noting that f (~rr, ~uu) does not depend on~rr, we obtain

f (~uu) d3~uu ¼ N

V

� �
bm

2p

� �3=2

exp � 1

2
bmu2

� �
d3~uu: (2:114)

f (~uu)d3~uu is the mean number of molecules per unit volume with velocity between~uu

and~uuþ d~uu. The original derivation of the above expression was due to Maxwell
(1860). Boltzmann’s (1877) derivation of the same distribution function using
the conditions of dynamical equilibrium utilized the effects of collisions

between molecules upon the distribution of their velocities. Therefore, one
refers to the result in Eq. (2.114) as the Maxwell–Boltzmann distribution func-

tion of velocities in a gas. This distribution function made it possible to develop

connections between the motions of the microscopic constituents and the macro-

scopic properties of the gas.
A more useful quantity, since the energy of the particle depends upon its

speed and not on its velocity, is the mean number of molecules per unit volume
with a speed u ¼ ~uuj j between u and uþ du. We obtain

F(u) du ¼
ð

f (u) d3~uu, (2:115)

where the integration is carried over all velocities satisfying the relationship

u < ~uuj j < uþ du: (2:116)

All the velocities that satisfy the above requirement terminate within a

spherical shell of inner radius u and outer radius uþ du as shown in Fig. 2.20.
The volume of this spherical shell is 4pu2 du. Therefore

F(u) du ¼ 4pu2 du f (j~uuj): (2:117)

Hence,

F(u) du ¼ 4pn
m

2pkBT

� �3=2

u2 exp � mu2

2kBT

� �
du, (2:118)
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where n is the number of molecules per unit volume. It is common to refer the
above expression as the Maxwell distribution of speeds. Figure 2.21 is a plot of

the function F(u) du as a function of u for several gases at the same tempera-
ture. Figure 2.22 is a plot of the same function as a function of speed for the

same gas at different temperatures. Several important features are evident. The
average speed is proportional to (T=m)1=2 so that an increase in temperature or
decrease in mass causes an increase in speed. The distribution is quite broad so

that not all the molecules have the same speed. There is a peak in the average

u

u + du

ux

uy

Figure 2.20: Velocities with speeds between u and u þ du.
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Figure 2.21: F(u) du as a function of u for several gases at 258C.
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speed of the molecules at any given temperature. This peak shifts to higher
speed and the distribution of speeds broadens with increase in temperature.

Boltzmann provided a more thorough proof for Maxwell’s intuitive arguments
in obtaining the velocity distribution function. There was also the question of

whether the distribution function found by Maxwell is the only such distribution
function that describes the velocities of molecules in a gas at equilibrium. Fur-

thermore, the question arises if there is a tendency for the equilibrium distribution
of velocities to return if one did not already exist. Boltzmann answered both of

these concerns. He showed that the Maxwell distribution of velocities is the only
one in equilibrium that can describe the distribution of velocities of the molecules
in a gas. Furthermore, any deviation from the Maxwell’s distribution will even-

tually change so as to approach Maxwell’s form. The celebrated theorem called
the ‘‘Boltzmann-H theorem’’ (Boltzmann, 1872) contains these results.

Example 2.17

How does the number of energy states available for an ideal gas depend upon

the number of molecules and volume?

Consider the case of an ideal gas enclosed in a container of volume V. The

energy, E, of the system is due to the kinetic energy of each molecule, so that

E ¼ 1

2m

XN

i¼1

~pp2
i ,

1.0
T = 0 �C

25�C Air

400 �C

F
(u

)  d
u

0.8

0.6

0.4

0.2

0
0 500 1500 20001000

Velocity (m/s)

Figure 2.22: F(u) du as a function of u for air at different temperatures.
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where ~ppi is the momentum of the ith molecule. According to classical physics,
the number of states V(E) lying between energies E and Eþ dE is given by the

number of cells in phase space contained between these energies. Hence,

V(E) ¼
ðEþdE

E

� � �
ðEþdE

E

d3~rr1 d3~rr2 � � � d3~rrN d3~pp1 d3~pp2 � � � d3~ppN :

We have for each gas molecule

d3~rri ¼ dxi dyi dzi and d3~ppi ¼ dpix dpiy dpiz,

The integration to evaluate V(E) must be over all the coordinates that lie in the
range E and Eþ dE. We observe ð

d3~rri ¼ V,

where V is the volume of the container. Hence,

V(E) ¼ VN

ðEþdE

E

� � �
ðEþdE

E

d3~pp1 d3~pp2 � � �d3~ppN :

We observe

2mE ¼
XN

i¼1

X
a¼x,y,z

p2
ia,

where

~pp2
i ¼ p2

ix þ p2
iy þ p2

iz:

For constant energy E, a sphere of radius R satisfies

R(E) ¼ (2mE)1=2,

where every point in phase space is along the circumference of this sphere and
contributes to the integral over the momentums. Therefore, V(E) is propor-

tional to the volume of phase space contained in the shell between R(E) and
R(Eþ dE). The total number of states F(E) of energy E less than E is propor-

tional to

F(E) ¼ (2mE)3N=2,

where 3N is the total number of dimensions. The number of states V(E) lying
between E and Eþ dE is obtained from
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V(E) ¼ V(Eþ dE)�V(E) ¼ @F

@E

� �
dE / E(3N=2)�1

By neglecting one in comparison with 3N/2, we can write

V(E) ¼ BVNE3N=2,

where B is a constant independent of V and N.

2.3.3. Calculation of Averages Using the Distribution Function

One obtains the average values of a quantity Q as follows. If we know the

probability function f(x) that a variable x has values between x and xþ dx, then
our first task is to express Q in terms of x (i.e. Q(x) ). The average value of Q is
then denoted by hQi and is obtained by evaluating the integral

hQi ¼
ð

dxQ(x) f (x), (2:119)

where the integration is over all possible values of x. The probability function

should satisfy normalization requirement so thatð
f (x) dx ¼ 1, (2:120)

when integrated over all possible values of x. We can apply this method to
calculate a number of average properties of the gas that will be useful.

Calculations of a number of important properties of the gas utilize the Maxwell
distribution of speeds. For example, the mean speed of a molecule is given by

hui ¼ 1

n

ð ð ð
f (j~uuj)u d3~uu ¼ 1

n

ð1
0

F(u)u du

¼ 1

n

ð1
0

f (j~uuj)u 4pu2 du ¼ 4p

n

ð1
0

f (j~uuj)u3 du

¼ 4p
m

2pkBT

� �3=2 ð1
0

exp � mu2

2kBT

� �
u3 du ¼ 4p

m

2pkBT

� �3=2 1

2

� �
m

2kBT

� ��2

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

mp

r
: (2:121)
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Therefore, the average speed of a gas molecule is

hui ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

mp

r
¼ 4:602

T

M

� �1=2

m=s, (2:122)

with T in K and M is kg/mol. The average speed is useful when the molecules of

the gas directly influence the process by their velocity as in the flow of gases.
The speed of the gas molecules is quite high at room temperature, sufficient to

travel across a room virtually instantaneously. However, gas molecules
only travel a short distance at this velocity before they are directed in a new

direction by the collision with other gas molecules.
One calculates the mean square speed as follows:

hu2i ¼ 1

n

ð
f (j~uuj)u2 d3~uu ¼ 4p

n

ð1
0

f (j~uuj)u4 du ¼ 3kBT

m
: (2:123)

The root mean square speed is

urms ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3kBT

m

r
¼ 4:994

T

M

� �1=2

m=s: (2:124)

with T in K and M is kg/mol. The root mean square speed is important when the
kinetic energy of the molecules influence the process. The particles incident at
any point on a substrate have kinetic energy. The mass and the temperature of

the source producing the vapor determine the kinetic energy, whereas the
direction in which the particle hits the substrate depends on its velocity.

We can also determine the most probable speed, by finding the value of ~uu for
which F(u) is a maximum or for which

@F

@u
¼ 0: (2:125)

Differentiating F, we obtain

2u~ exp � mu~2

2kBT

� �
þ u~2 �mu~

kBT

� �
exp � mu~2

2kBT

� �
¼ 0: (2:126)

Hence,

u~2 ¼ 2kBT

m
: (2:127)

The most probable speed u~ is therefore

u~¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2kBT

m

r
¼ 4:077

T

M

� �1=2

m=s: (2:128)
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with T in K and M is kg/mol. Hardly any phenomenon is directly dependent on
the most probable speed.

A typical value of the root mean square velocity for nitrogen gas at 300 K is
500 m/s. The connection between the various speeds is according to

urms: hui: u~¼
ffiffiffi
3
p

:

ffiffiffiffi
8

p

r
:
ffiffiffi
2
p
¼ 1:224: 1:128: 1: (2:129)

We can calculate the mean kinetic energy of the molecules in the gas as follows:

hKEi ¼ 1

2
m

m

2pkBT

� �3=2 ðþ1

�1

dm

ð2p

0

df

ð1
0

du u4 exp � mu2

2kBT

� �

¼ 3

2
kBT:

(2:130)

Note that the average kinetic energy is independent of the nature of the gas
and depends only on the temperature, a result obtained in the previous section

by an elementary argument which assumed that all the molecules travel with a
constant average velocity at a given temperature.

Example 2.18

Calculate the distribution function to obtain the velocity of the gas molecules

in the x-direction and obtain the average velocity of the molecules moving along the

x-axis.

Let g(vx) dvx be the probability of the x-component of the velocity of

the molecule to be between vx an vx þ dvx irrespective of the position of the
gas molecule.

g(vx) dvx ¼
ð
vy

ð
vz

f (~vv) d3~vv

¼ n
m

2pkBT

� �3=2 ð
vy

ð
vz

e�m=(2kBT)(v2
xþv2

yþv2
z) dvx dvy dvz

¼ n
m

2pkBT

� �3=2

e�mv2
x=(2kBT) dvx

ð1
�1

e�mv2
y=(kBT) dvy

ð1
�1

e�mv2
z=(kBT) dvz

¼ n
m

2pkBT

� �3=2

e�mv2
x=(2kBT) dvx

2pkBT

m

� �

¼ n
m

2pkBT

� �1=2

e�mv2
x=(2kBT) dvx:

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 75 18.11.2005 11:55am

Evaporation 75



We note that

ðþ1
�1

g(vx) dvx ¼ n:

Hence,

hvxi ¼
1

n

ð1
�1

g(vx) dvx ¼ 0,

since the integrand is an odd function of vx.
We have also

u2
x

	 

¼ 1

n

ð1
�1

g(ux)u2
x dux ¼

kBT

m
:

2.3.4. Maxwell Velocity Distribution Function in a Force Field

In the presence of an external force field, each molecule experiences a force

that depends in some way upon the position and other characteristics of the
molecule. In the absence of external forces, the molecules of a gas are distrib-

uted uniformly throughout the container. The forces that we shall consider are
derivable from a scalar potential, so that the potential energy of the molecule

depends only upon the position of the molecule. We can write for force ~FF
the expression

~FF ¼ �r~c, (2:131)

where c is the scalar potential. It is necessary to inquire the modification of

Maxwell’s law of distribution of velocities in the presence of a force field.
We shall first consider a simple example in which the force field has an

influence on the spatial distribution of the molecules. Consider a gas contained
in a right circular cylinder with cross sectional area dA and a height dz shown in

Fig. 2.23. The mass of the gas contained in the cylinder is r d A dz, where r is
the density of the gas. If the potential energy per unit mass of the gas is c, the

component of force normal to the face of the cylinder on a unit mass is �@c=@z.
The force normal to the face is

�r dA dz
@c

@z
¼ �r dA dc, (2:132)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 76 18.11.2005 11:55am

76 Evaporation



where dc is the difference in potential at z and zþ dz. There is a balance of

force by an equal and opposite force arising from the pressure of the surround-
ing gas on the surface of the cylinder. Therefore

p dA� (pþ dp) dA ¼ �dp dA: (2:133)

We must have therefore a balance of the forces given by

dp ¼ �r dc: (2:134)

Therefore,

dp ¼ �r dc: (2:135)

If we know a relationship between r and c, we can integrate the above

expression.
If the temperature T is uniform, then for an ideal gas

p ¼ RT, (2:136)

so that

RT dp

p
¼ �dc: (2:137)

Integrating the above, we obtain

p ¼ p0 exp � c

RT

� �
, (2:138)

where p0 is the pressure at the point for which c is zero. By writing

N0kB ¼ R, (2:139)

P + dP

z + dz

dz

z

P

dA

Figure 2.23: Volume element of an ideal gas in a gravitational field.
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we write for gravitational potential gh per unit mass at height h, the expression

p ¼ p0e�mgh=(kBT): (2:140)

Consider now two parallel planes so close together that a molecule can cross
from one plane to next without suffering any collision. The Maxwell’s distribu-

tion of velocities is valid at the lower plane where the density of gas molecules is
n1. Molecules moving in the z-direction will have lost kinetic energy equal to

the potential energy increase, which is mg(dz) and thus influences only the z-
component of the velocity. Therefore

1

2
mV2

z ¼
1

2
mV2

z �mg dz: (2:141)

Since the other components of velocity of the molecule are unaffected, we can
write the Maxwell’s law of distribution of velocities in the form

n1 exp �mg dz

kBT

� �
m

2pkBT

� �3=2

V
02
z exp �mV

02
z

2kBT

 !
dV

0

z: (2:142)

Hence, the Maxwellian distribution remains with a new value for the density of

molecules given by n1e�mgdz=(kBT).

Example 2.19

Plot the normalized density versus height (km) above the surface of the earth

for (a) hydrogen and (b) oxygen. Assume the atmosphere is isothermal at 300 K.
What is the average potential energy?

The number of molecules, n(h), at height, h, above the surface of the earth is

given by

n(h) ¼ n0 exp �mgh

kBT

� �
,

where n0 is the number of molecules when the height is zero; for hydrogen,

m ¼ 2:015� 103=(6:0221367� 1023) kg=molecule; for oxygen, m ¼ 31:99998�
103=(6:0221367� 1023) kg=molecule; g ¼ acceleration due to gravity¼ 9:8066

m=s2; kB ¼ 1:38065� 10�23 J=K; T ¼ 300 K.
The plot of n(h)=n0 is given in Fig. 2.24. From the plot, it is clear that at great

heights in the atmosphere, light molecules like hydrogen dominate. The actual

quantities differ from the calculations shown in the figure since the atmosphere is
not isothermal and there is considerable agitation in the atmosphere due to wind.
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The average energy of the molecules in a cylinder of unit cross sectional

area is

Ð1
0

mgzn0 e�mgz=(kBT) dz

Ð1
0

n0 e�mgz=(kBT) dz

¼ kBT:

2.3.5. Number of Molecules Striking a Surface

The molecules of a gas constantly strike the walls of the container that holds the
gas. It is important to be aware of the number of molecules that strike a unit

area in unit time. Let us suppose dA is an element of area of the wall of the
container. If we select the z-axis normal to the element of area, we wish to find

out how many molecules will strike the area chosen. We focus our attention on
a number of particles with velocity ~uu that makes an angle � with the normal to
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Figure 2.24: Fraction of molecules of hydrogen and oxygen as a function of height

above the earth’s surface in the gravitational field.
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dA as shown in the Fig. 2.25. In an interval of time dt, the molecule with velocity
~uu traverses a distance ~uu dt. All the molecules lying within a cylinder of base

area dA and height ~uuj jdt cos u will strike the wall. The number of molecules
in the velocity range between ~uu and ~uuþ d~uu is f (~uu) d3~uu. Therefore, the number

of molecules of this type that will strike the wall in time dt is
f (~uu) d3~uu(dA~uuj j dt cos u). The flux of atoms (molecules):

F(~uu) d3~uu ¼ f (~uu)~uu cos u d3~uu: (2:143)

If we write F0 as the total flux of molecules that strike a unit area of the wall

in unit time, regardless of the velocity of the molecules, we must evaluate

F0 ¼
ð

uz>0

d3~uu f (~uu)u cos u, (2:144)

since there are no collisions with the wall for molecules with uz < 0. We note in

spherical coordinates as shown in Fig. 2.26

d3~uu ¼ u2 du sin u du df: (2:145)

Hence,

F0 ¼
ð

uz>0

u2 du sin u f (u)u cos u du

ð2p

0

df

¼
ð1
0

f (u)u3du

ðp=2

0

sin u cos u

ð2p

0

df

¼ p

ð1
0

f (u)u3du:

(2:146)

z

da

u  dt

q

→

Figure 2.25: Particles of the gas with a certain velocity that will collide with the walls of

the chamber.
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We observe,

uh i ¼ 1

n

ð
d3uf (u)u ¼ 1

n

ð1
0

u2 du f (u)u

ðp
0

sin u d u

ð2p

0

df

¼ 4p

n

ð1
0

f (u)u3du:

(2:147)

Therefore,

F0 ¼ 1
4 nhui: (2:148)

The molecular impingement rate depends on the number density and mean

speed. Substituting for hui from Eq. (2.122), we obtain

F0 ¼
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p , (2:149)

an expression first derived by Hertz (1882), and is one of the consequences of

the kinetic theory of gases and the Maxwell’s distribution of velocities. The flux
of molecules hitting a surface is the first step in the calculation of the rate of

growth of a film. It can be used to determine the time it takes for a monolayer to
form on the substrate. In addition, one can determine the interval of time that
one can maintain a surface clean at any pressure that is important in the study of

surfaces. The ambient gas flux striking a surface at 1:332� 10�4 Pa (10�6 torr) is
large enough (1015 molecules=s=cm2) to cover a surface of typical atomic dens-

ity in 1 s. At 1:332� 10�6 Pa (10�8 torr) there is at least about 102 s available
before a monolayer adsorbs on the surface. Therefore, the attainment of a high

X

f
f

Z

r P(r, q, f)

Y

Q

q

Figure 2.26: Spherical coordinates.
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vacuum is a prerequisite for the study of surfaces and to obtain pure films.
Furthermore, the flux of each species bombarding the film significantly affects

its microstructure. For example at low temperatures of the substrate and at
higher deposition rates one incorporates more defects in the film. At higher

temperatures of the substrates, these defects enhance the driving force for grain
growth and grain coalescence, which serve to remove some of the defects. Often

the material of the film and the inert gases are present together in a deposition
system and the ratio of the fluxes can be influential in determining whether one
obtains an amorphous or crystalline film, together with the state of stress in the

film. Deposition rates influence the type of zone structure one obtains as well as
the method of growth of film in epitaxial growth since the deposition rate

determines the time between the depositions of successive monolayers. If
impurities are present in the gas system the rate at which they are incorporated

in the film can be obtained. These impurities can either alter the manner in
which microstructure develops in the film or can become incorporated in the

film itself in amounts far exceeding their solubility limits in the film. Note that
the flux of contaminants, which competes, with the flux of film material for
incorporation during deposition is strongly dependent on base pressure, pump-

ing speed and the design of the vacuum system. If p is in Pa, T in K and M in
kg/mol, we can write Eq. (2.149) as:

F0 ¼ 8:333� 1022 � pffiffiffiffiffiffiffiffiffi
MT
p molecules=m2=s: (2:150)

If the number of molecules in a monolayer is nm(atoms=m2), then the time to
form one monolayer is nm=F0 assuming all the molecules stick to the surface. It

is frequently necessary to know the mass of gas incident on unit area per unit
time. This is obtained from

G ¼ mF0 ¼
mnhui

4
¼ rhui

4
¼ 0:1383� p

M

T

� �1=2

kg=m2=s: (2:151)

with M in kg/mol, T in K and p in Pa. The total amount of evaporated material
is obtained from evaluating the integralð

t

dt

ð
Ae

G dAe, (2:152)

where Ae is the area of the evaporating source surface. Epitaxial films can be
obtained from evaporation at low deposition rates and high substrate tempera-

ture that can promote surface diffusion. If the deposition rate compared to the
surface diffusion rate is larger, one can expect to find a rough film surface,
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whereas smooth films can be obtained by keeping the surface diffusion rate
higher than the deposition rate (by heating the substrate).

Example 2.20

Calculate the number of molecules per m2 on the (1 1 0) plane of a FCC crystal

of aluminum with a lattice constant of 0.40496 nm. Obtain the time that elapses

between collisions of gas molecules at 10�6 torr and 25 8C with the surface of the

aluminum crystal. Repeat the calculations for 10�8 and 10�10 torr. Assume the

molecular weight of air to be 28:98� 10�3 kg=mol.

The (1 1 0) plane of an aluminum single crystal has a planar density of

rs ¼
4 corners� (1=4)þ 2 faces� (1=2)

a0a0

ffiffiffi
2
p ¼ 2

a2
0

ffiffiffi
2
p ¼

ffiffiffi
2
p

0:40496 2 � 10�18 m2

¼ 8:62� 1018 m�2;

where a0 ¼ 0:40496 nm. The surface energy in a growing film depends on the

number of bonds that adsorbed atom forms with the substrate. This depends on
the crystallography of the surface face and on the type of site occupied.

Hence, if 8:62� 1018 collisions/m2/s occur, each atom on the surface will be

hit on the average once each second.
The flux of molecules hitting the surface is given by F0 where

F0 ¼ 8:333� 1022 Pffiffiffiffiffiffiffiffi
TM
p ,

T ¼ 25þ 273:16 ¼ 298:16 K; M ¼ 28:98� 10�3 kg=mol; P ¼ 10�6 torr

¼ 1:013� 105

760
� 10�6 ¼ 1:33� 10�4 Pa:

F0 ¼
8:333� 1022 � 1:33� 10�4

298:16� 28:98� 10�3ð Þ1=2
¼ 3:77� 1018 molecules=m2=s:

The elapsed time between collisions ¼ 8:62� 1018=(2� 3:77� 1018) ¼ 1:145 s,

assuming dissociation of diatomic molecules.
Similarly, at 10�8 torr, t ¼ 114:5 s ¼ 1:91 min.
At 10�10 torr, t ¼ 11450 s ¼ 3:18 h.

It is clear that unless the pressure is reduced to below 10�10 torr, there is not
much hope of keeping a surface clean for a reasonable time to start and finish

the experiment.
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2.3.6. Evaporation

Hertz, Langmuir and Knudsen applied the kinetic theory of gases to interpret
evaporation phenomenon. Consider a simple evaporation reaction such as

M (condensed phase) ¼M (gas): (2:153)

The rate at which atoms enter the gas phase may be written as dN/dt such that

dN

dt
¼ JvA, (2:154)

where Jv is the flux of molecules from unit area of the evaporation surface,

and A is the area of the evaporating surface and we assume that the vapor
consists of only the gaseous species. Let us denote by J0

v the flux of vapors if

the condensed phase vaporizes at constant temperature in vacuum, implying
that no vaporizing molecules return to the evaporating surface. If the vaporiza-
tion is occurring in a closed environment, some of the vapor will undoubt-

edly condense on the vaporizing surface at a rate proportional to the vapor
density (N/V) and area A. At any given instant, we can write

Jv �
1

A

dN

dt
¼ J0

v � kc
N

V

� �
, (2:155)

where kc is a rate constant. Assuming kc and J0
v are not dependent on vapor

density, we can integrate Eq. (2.155) to obtain

Jv ¼ J0
v exp � kcAt

V

� �
: (2:156)

It appears from the above that Jv tends to zero when t tends to infinity. At
equilibrium Jv ¼ 0, so that, in principle, one would require infinite amount of

time to establish equilibrium. In practice, equilibrium is achieved relatively
rapidly, so that we can write

J0
v ¼ kc

N

V

� �
eq

: (2:157)

One has therefore the relationship of vacuum evaporation rates to the con-
densation rates.

If we assume that all the incident flux of molecules condense on the surface,
then

kc
N

V

� �
¼ JI, (2:158)
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where JI is the incident flux, which depends on pressure P. In an analogous
manner at equilibrium, when the vapor pressure is PE, then

kc
N

V

� �
eq

¼ Jeq � J0
v : (2:159)

Therefore, as concluded by Langmuir (1913) the vaporization flux J0
v is equal

to the incident equilibrium flux. Condensation and evaporation could thus be

viewed as two independent processes that are in balance at equilibrium. The
flux of evaporating molecules should remain unchanged from the equilibrium

flux if evaporation occurs in a vacuum.
Between the conditions of evaporation into vacuum and equilibrium, if we

assume that every incident molecule condenses, we can write for the vaporiza-
tion flux

Jv( max ) ¼ Jeq � JI ¼ (PE � P)(2pmkBT)�1=2: (2:160)

The above expression represents the maximum possible evaporation rate,

since more molecules cannot condense than are incident on the surface. P is
the equivalent vapor pressure at the surface temperature that will yield the

gross condensation flux as controlled by the conditions of the experiment.
Therefore, a liquid or a solid has a specific ability to evaporate and cannot

exceed a certain maximum rate at a given temperature, regardless of the
amount of heat one can supply. The hydrostatic pressure of the evaporant in

the gas phase is usually very small in vacuum evaporation and can be ignored.
Knudsen (1915) found experimentally that the pressures calculated from

weight loss measurements were lower than those pressures measured under

proven equilibrium conditions. He introduced the vaporization coefficient aV,
to account for the fact that some of the molecules hitting the surface reflect or

otherwise not reach equilibrium condition on the surface. aV is the ratio
between an observed vaporization rate and the maximum rate calculated

from the kinetic theory of gases and the equilibrium vapor pressure of the
material. Hence the vaporization flux Jv is

Jv ¼ av (PE � P)(2pmkBT)�1=2: (2:161)

The above equation is the Hertz–Langmuir–Knudsen equation. When kc and
J0

v are not independent of the vapor density, the vaporization coefficient will be

smaller than it really is (Rosenblatt, 1965).
The evaluation of the coefficient av from first principles, which can range in

value from 0 to 1, is the subject of many investigations. These studies appear in
reviews by Hirth and Pound (1963), Searcy (1970) and by Heist and He (1994).
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The calculation of the value of av requires the postulation of a mechanism for
evaporation and the nature of the atomic structure of the evaporating surface.

One gauges the sensitivity of evaporation rate to temperature fluctuations as
follows. We rewrite Eq. (2.161) in the form

ln Jv ¼ ln
avffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkB

p
� �

þ ln (PE � P)� 1

2
ln T: (2:162)

If we write Clausisus–Clapeyron equation in the form

ln PE ¼ C � B

T
, (2:163)

where

B � DHa=b

R
: (2:164)

and C is a constant, we obtain on differentiation,

dJv

Jv
¼ B

T2
dT � 1

2

dT

T
¼ dT

T

B

T
� 1

2

� �
: (2:165)

Changes in temperature thus determine the evaporation rate. For example, a 1%
change in temperature at 1830 K for aluminum that has DHa=b ¼ 3:586� 104 J,

results in a 19% change in the evaporation rate. Generally, one can recognize two
distinct areas of physical vapor deposition: one where the growth rate is given by

the impingement rate and occurs at a high supersaturation ratio and low substrate
temperatures where the evaporation rate is much smaller than the impingement

rate and another at low supersaturation and at near equilibrium conditions where
defect free monocrystalline films are generally grown.

Example 2.21

Determine the rate of loss of MgO by evaporation when exposed to a tempera-

ture of 2000 K.

MgO(s) ¼Mg(g)þO(g):

The Gibbs free energy or the above reaction may be obtained from the Gibbs

free energies for the formation of MgO(s) and the dissociation of O2(g). The
Gibbs free energy is given by

DG0 ¼ 1008229:6� 282:2038T J:

The equilibrium constant for the above reaction is given by

K ¼ PMgPO

aMgO
:
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For pure MgO the activity is 1. Since MgO must maintain stoichiometry when it
evaporates, we must also have

nMg

nO
¼ 1 ¼ mMg

N0

N0

mO
:

The mass of atoms evaporating per unit area per unit time is given by

mF ¼ m
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p ¼ Pffiffiffiffiffiffiffiffiffi

2rR
p

ffiffiffiffiffi
M

T

r
:

Hence,

mMg ¼
PMgffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRT
p

ffiffiffiffiffiffiffiffiffiffi
MMg

T

r
and mO ¼

POffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRT
p

ffiffiffiffiffiffiffiffi
MO

T

r
:

Therefore,

nMg

nO
¼ PMg

PO

ffiffiffiffiffiffiffiffiffiffi
MO

MMg

s
¼ 1:

We have therefore,

PO ¼ PMg

ffiffiffiffiffiffiffiffiffiffi
MO

MMg

s
:

We have also

K ¼ PMgPO ¼ P2
Mg

ffiffiffiffiffiffiffiffiffiffi
MO

MMg

s
¼ P2

Mg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
15:9994

24:305

r
¼ 0:811P2

Mg:

The equilibrium constant is

K ¼ exp �DG0

RT

� �
¼ exp � 1008229:6� 282:2038� 2000

8:314� 2000

� �
¼ 2:5594� 10�12:

Hence,

PMg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MO=MMg

p
s

¼ 1:7761� 10�6:

The loss of mass per unit area per unit time is given by

mMg þmO ¼
PMgffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRT
p

ffiffiffiffiffiffiffiffiffiffi
MMg

p
þ

ffiffiffiffiffiffiffiffiffiffi
MO

MMg

s ffiffiffiffiffiffiffiffi
MO

p !
¼ 1:3896� 10�10 kg=m2=s:
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2.3.7. Effusion

We consider now phenomenon that depends in a large measure on the distri-

bution of molecules in space such as the flow of molecules from one place to

another in a gas. A gas enclosed in a container at a temperature T is in
equilibrium. A small hole of diameter d in the walls of the container allows

some of the molecules of the gas to escape from the container. If the molecules
escaping through the opening in the container are to be representative of the
equilibrium state of the gas, the diameter of the opening should be small. The

molecules that are in the vicinity of the opening should escape to the vacuum
outside without suffering any collisions among themselves. The molecules

spend a time roughly equivalent to d=�uu near the vicinity of the hole. The time
between successive collisions in a molecule are of the order of l=�uu where l is

the mean free path (see Section 2.4.1). Thus, in order to leave the molecule in
the gas essentially undisturbed from the equilibrium condition, we must have

d

�uu
� l

�uu
, (2:166)

or

d� l: (2:167)

Effusion is the escape of molecules through an opening of a container without

disturbing the equilibrium condition of the gas in the container (Fig. 2.27). This
requires that we calculate the flux of molecules impinging as a function of the
polar angle u.

Consider an effusion cell heated to a temperature T. The area of the effusion
cell is assumed to be DA. The velocity distribution of the molecules in the

effusion cell is the same as the equilibrium distribution and is

f (ux, uy, uz) dux duy duz ¼
m

2pkBT

� �3=2

exp �
(1=2)m(u2

x þ u2
y þ u2

z)

kBT

" #
dux duy duz:

(2:168)

In terms of spherical coordinates, the distribution of velocities is given by

f (u)u2 sin u du df du ¼ m

2pkBT

� �3=2

exp � (1=2)mu 2

kBT

� �
u 2 sin u du df du: (2:169)

If we take z-axis as the symmetry axis of the effusion cell, the atoms with
a positive z-component of velocity can leave the effusion cell. Hence, the
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numbers of particles that exit the effusion cell through the area DA in time Dt

with a velocity between u and uþ du is given by

dn(u)jDA ¼ dn(u)
DADtuz

V
]

¼ Nf (ux, uy, uz) dux duy duz
DADtuz

V

¼ DADt

V

m

2pkBT

� �3=2

e�mu2=(2kBT)(u cos u)u2 sin u du df du

¼ DADtN

V

m

2pkBT

� �3=2

e�mu2=(2kBT)u3 cos u dV du,

(2:170)

where

uz ¼ u cos u, (2:171)

and

dV ¼ sin u du df: (2:172)

The flux of atoms over the solid angle dV is a result of integration over all

velocities and division by DA and Dt so that

Isothermal
enclosure with
a small orifice
of area A
Surface area of the
evaporant inside the
enclosure is large
compared to the area
of the orifice.

An equilibrium vapor
pressure P* is
maintained inside
the enclosure.

Figure 2.27: Gas evaporating from a Knudsen cell.
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dJV ¼
ð1
0

N

V

m

2pkBT

� �3=2

e�mu2=(2kBT)u3 cos u dV du

¼ 1

4p

N

V
�uu cos u dV,

(2:173)

where

�uu ¼ 4p

ð1
0

uf (u)u2du: (2:174)

The total flux J after the effusion is

dJV ¼ J2p

dV

p
cos u: (2:175)

The above equation known as the cosine law of vapor emission is important in
calculating the thickness uniformity of deposits for a given geometry of the

reactor. The presence of u3 in the flux expression means that high speeds are
relatively common among the molecules that escape. The above result shows

that the flux of atoms out of the effusion cell is not isotropic and has its

preferential direction along the symmetry axis of the effusion cell. Note that

ð
2p

dJV ¼ J2p

ð2p

0

df

ðp2
0

1

p
cos u sin u du ¼ J2p: (2:176)

Example 2.22

Use the cosine law of vapor emission to show that a uniform deposit can be

obtained on a spherical surface.

Consider the area upon which the evaporant is condensed as shown in

Fig. 2.28 and this is given by

dA ¼ r2 dV

cos c
:

The flux of evaporant atoms per unit area of condensation surface is given by

dJV

dA
¼ J2p

dV

p
cos u

1

dA
¼ J2p

cos u cos c

pr2
:

By depositing on a perfectly spherical surface as shown in Fig. 2.28, we have
from geometry
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cos u ¼ cos c ¼ r

2r0
,

where r0 is the radius of the spherical surface. Hence,

dJV

dA
¼ J2p

pr2

r

2r0

� �2

¼ J2p

r2
0

:

The above expression is a constant and independent of r. Hence, the flux is

uniform over the spherical surface and thus the thickness of the film should
be uniform. Knudsen tested this fact by using a spherical glass bulb to deposit
the film. In modern vacuum system, one has the design of a planetary system

that accomplishes the same purpose to deposit a uniform thickness film.

2.3.8. Emission Characteristics of Vapor Sources

Evaporated films are often required to follow a certain specified thickness
distribution over a substrate. This means that it is necessary to engineer the

arrangement of the vapor source relative to the shape of the surface on which
the deposit has to be made. The thickness distribution of the film deposited by

evaporation sources reflects the angular dependence of flux emitted from the

r0

q

Y

r

K cell

Figure 2.28: Deposition geometry on a spherical surface.
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sources. For evaporation carried out under conditions where the collisions
between molecules is negligible, and neglecting the collisions between the

vapor molecules in the vicinity of the source, we have the conditions reminis-
cent of effusion for which the cosine law distribution is valid. We are thus

interested in knowing how much of the evaporant strikes the substrate.
Consider an elemental area dAs on the evaporation surface of a material as

shown in Fig. 2.29. The molecules travel in all directions as they evaporate.
According to Knudsen’s cosine law of evaporation the mass flux of the evapo-
rant molecules at a distance r from the source is cos u=r2 where u is the angle

between the normal to dAs and the direction in space of the evaporating flux.
Let us suppose there is an infinitesimal area dAr that receives the flux. The

projected area of dAr normal to the flux direction forms a solid angle
dV ¼ dAs=r2 at the source. Let f be the angle made by the normal to dAr

and the direction of the evaporant flux. The ratio of the projected receiving area
to the evaporating area is given by da, where

da ¼ K
cos u cos f

r2
dAr, (2:177)

where the constant K depends on the geometry of the source. Thus, deposition
for the evaporation process is dependent on the material being evaporated, the

type of evaporation source and the position and orientation of the substrate
surface. For example, K is 1=4p for a point source, since a point source emits in

all directions over a solid angle 4p steradians. For an evaporating surface such
as a boat, K is 1=p.

dAr

K cell

dAs

rq

f

Figure 2.29: Differential geometry of evaporating and substrate surfaces.
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The mass of evaporant arriving at the receiving surface is

dG ¼ G da, (2:178)

where G is the total evaporant mass flux.

Let us assume that the receiving surface is a planar surface parallel to the
source surface at a distance h from the source as shown in Fig. 2.30a .We see,

f ¼ u and K ¼ 1=p for this geometry. If the origin of the receiving surface is dso

where the direction of the normal to the source meets the receiving surface, we

can obtain the mass flux as a function of x. We note at x ¼ 0, (f ¼ 0)

dG ¼ G da, (2:179)

At some distance along the x-axis

dG ¼ m

p

cos2 u

r2
dAr ¼

mh2

p(h2 þ x2)
dAr: (2:180)

If we assume the entire mass flux is deposited with a sticking coefficient of

one we obtain

dz ¼ dG

r dAr
, (2:181)

where r is the density of the film. The thickness variation along x-axis is given in
Fig. 2.30b.

1.0

0.8

0.6

0.4

0.2

0.5 1.0

2

5

n = 0

(a)

dso rs ds

hv

dAν

1.5 2.0

d s
/d

so

rs/hv

a

Fn(a) = F0 cosn (a)

(b)

1

3
4

Figure 2.30: (a) Geometry of receiving surface. (b) Relative thickness ds=dso on a plane

substrate parallel to the emitting surface.
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Different geometries give different flux variations (Holland, 1966) and in
particular if the source and the substrate lie on a circle, the flux is independent

of the angle. Hence, planetary systems are popular to obtain uniform thickness
of films. In general, because of direct line of sight deposition, evaporation

method shows shadow effects and results in poor step coverage. To some extent,
this can be augmented by higher substrate temperature.

Example 2.23

Calculate the average speed of the molecules emerging from a Knudsen source

as well as their average energies.

The average speed of the molecules, which strike a unit area of surface in unit

time, is given by

huIi ¼ hui�1

ð1
0

u2f (u) du ¼ 3

4

2pkBT

m

� �1=2

¼ 3p

8
hui:

The root mean square velocity of the molecules incident upon the surface is

h(uI)
1=2i ¼ hui�1

ð1
0

u3f (u) du

0
@

1
A

1=2

¼ 2
kBT

m

� �1=2

¼ 2ffiffiffi
3
p hu2i1=2:

Hence, the average translational kinetic energy of molecules incident upon
the surface is (1=2)mhu2

I i ¼ 2kBT rather than (3=2)kBT, which characterizes the

gas as a whole. There is no dependence of the direction from which the incident
molecules strike the surface.

2.3.9. Thermal Transpiration

In a vacuum system, there is usually a large volume chamber at a temperature T1

that has connection to a small chamber such as a pressure gauge at a different

temperature T2 through a small opening. The question arises as to the pressures
within each system. For d ¼ l, pressure differences will give rise to mass motion
and will eventually equalize the pressure in both the chambers. But if d ¼ l one

deals with effusion from the hole rather than hydrodynamic flow of gas. The mass
remains constant in each side of the gas or the number of molecules that pass

from one chamber to the other in either direction should be identical. Therefore

n1�uu1 ¼ n2�uu2: (2:182)
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Since,

F0 /
pffiffiffiffiffiffiffiffi
mT
p

,
(2:183)

we have

p1ffiffiffiffiffiffi
T1

p ¼ p2ffiffiffiffiffiffi
T2

p : (2:184)

Hence, the pressures are not equal, and a higher gas pressure prevails in the

chamber at higher temperature (Reynolds, 1874).

Example 2.24

A and B are two chambers connected by an orifice. The chamber A is at liquid

nitrogen temperature and the chamber B in which is located a pressure gauge is at

room temperature 300 K. What is the relationship between the pressures in the

two chambers?

A pressure gauge in chamber B measures pressure to be PB.
The actual pressure in the chamber A is

PA ¼ PB(liquid nitrogen temperature)1=2=300 K ¼ PB(77=300)1=2 ¼ 0:51PB.
The above expression for thermal transpiration is valid provided the connect-

ing tube between chambers A and B has a diameter 2a that is small compared to
the mean free path of the gas.

If the mean free path is very much smaller compared to 2a, the conditions of
equilibrium are reached so that PA ¼ PB.

Thus, the pressure can vary depending on the connection between the tubes
from 0:51PA to PA.

2.4. Elementary Description of Collision Processes

The assumption to ignore the size of the molecule in a gas has produced useful
results. There are features of the motion of the molecules that directly depend
upon the size of the molecule. We shall now direct our consideration to these

features. In a collection of molecules, such as in a gas, each molecule interacts
with other molecules through collisions. It is through collisions, that a gas

disturbed from its equilibrium situation will eventually return to the state of
equilibrium. The concepts needed to visualize the collision processes are sim-

ple, if we consider a gas that is dilute, or has only few molecules in a unit
volume. Under these conditions, it is reasonable to assume that the time

involved in a collision is an insignificant portion of the time the gas molecule
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spends between collisions. We can also treat collisions as occurring between
only two molecules, and assuming simultaneous multiple molecular collisions

are absent. We further find elementary classical ideas are sufficient, if the de
Broglie wavelength of molecules is small compared to the average separation

between molecules. There are properties of gases, which depend on the
forces between molecules and have numerical values, which vary from gas to

gas. Properties such as coefficient of viscosity, heat conductivity and diffusion
and the numerical values of these properties do not tend to common values at
low gas pressures. We begin by introducing statistical quantities such as mean

free path, mean time between collisions, collision frequency and collision cross
section.

2.4.1. Mean Free Path

Consider a group of N molecules that collide with one another as they travel. At
any given stage, we wish to estimate the number of molecules that have not yet
made a collision. Assume that the number of molecules that have survived

without making a collision at any instant is n. If the molecules travel an
additional distance dx along its free path, collisions are likely to occur. It is

reasonable to assume that the number of collisions that occur is proportional to
both n and dx. We can thus write the number of molecules that are removed

from n because of collisions as dn, where

dn ¼ �Pn dx; (2:185)

where the negative sign denotes that n has decreased, and P is a constant called

the collision probability for the gas. We have

dn

n
¼ �P dx: (2:186)

Integrating, we obtain

ln n ¼ �Pxþ constant: (2:187)

Since n ¼ N at x ¼ 0, we have

n ¼ N exp (� Px): (2:188)

We obtain

dn ¼ �PN exp (� Px)dx: (2:189)

The number of molecules that suffered collision is nc where

nc ¼ N � n: (2:190)
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Therefore,

dnc ¼ d(N � n) ¼ �dn ¼ PN exp (�Px) dx: (2:191)

The above represents the number of molecules with free paths between x and

xþ dx. The average or the mean free path (Clausius, 1858) is given by l and is

l ¼

ðN
n¼0

x dnc

ðN
0

dnc

¼

ð1
x¼0

xPN exp (�Px) dx

ðN
0

dnc

¼ �N[xe�Px þ e�Px=P]10
N

¼ 1

P

� �
: (2:192)

Hence,

n ¼ N exp � x

l

� �
: (2:193)

Figure 2.31 shows the number of molecules surviving a collision as a function
of distance traveled by the molecule. In an evaporation system, the molecules

travel in straight lines to the substrate from the source. Therefore, the mean
free path of the gas should be considerably in excess of the distance between the

Number
surviving
collisions

N

Nc= number having collided

n

XDistance traveled

Figure 2.31: Number surviving collision versus distance traveled by a molecule in a gas.
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source and the substrate. For example, when the mean free path is 10 times the
distance between the source and the substrate only 9% of the molecules undergo

collisions on traveling to the substrate. The line of sight travel of atoms towards
the substrate poses some problems when the mean free path is long compared to

the dimensions of the chamber. Any projection on the surface can shadow other
parts of the film surface from the incident particles. When there is no lateral

displacement of atoms on the substrate, voids will form on the film or some areas
will not be covered with the deposit at all, leading to minute cracks in the
shadowed region. Even atoms can shadow each other by a process known as

self-shadowing. Most of the atoms from the source are not always moving in one
direction, so that when methods of streamlining the atoms in one direction are

introduced into the processing system, then there is the possibility of influencing
the orientation of the columnar grain or the texture of the film that is grown. The

mean free path is particularly important in scaling up vacuum processes. It should
be at least 10 times the source to substrate distance. When the source to substrate

distance is increased, the pressure must be decreased proportionately to avoid
interaction of the evaporant with the residual gas in the chamber.

2.4.2. Mean Time Between Collisions

A second way to describe the molecular collisions is to inquire the time between
collisions. Let us suppose P(t) is the probability (survival probability) that a

molecule with velocity ~uu survives a time t without suffering a collision. It is
evident P(t) is zero when t tends to infinity and P(t) ¼ 1 when t ¼ 0 since

eventually the molecule will collide, whereas it ought to manage without a
collision for a vanishingly short time. Note that if P(t) 6¼ 1 when t ¼ 0, the
particle is colliding with two separate molecules at the same time, and such

multiple collisions are ignored in classical kinetic theory. If we write ‘‘w’’ as the
probability (collision probability) that a molecule will collide within the time

interval t and t þ dt, we must have

P(t þ dt) ¼ P(t)(1� w dt): (2:194)

We have

P(t)þ dP

dt
dt ¼ P(t)� P(t)w dt: (2:195)

or

1

P

dP

dt
¼ �w: (2:196)
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Integrating, assuming the speed of molecule does not change between collisions

P(t) ¼ Ce�wt, (2:197)

and by inserting P(0) ¼ 1, we obtain C ¼ 1 so that

P(t) ¼ e�wt, (2:198)

The probability that a molecule after surviving for a time t will suffer a collision

in time t þ dt is given by (Fig. 2.32)

P(t)w(t) dt ¼ e�wtw(t) dt: (2:199)

Hence, the mean time between collisions, also known as relaxation time, is
denoted by t,

t ¼
ð1
0

tP(t)w dt ¼
ð1
0

te�wtw dt ¼ 1

w

ð1
0

e�ydy ¼ 1

w
: (2:200)

Therefore, in terms of the relaxation time, the probability that a molecule

suffers collision between t and t þ dt after surviving without a collision for
time t is given by

P(t)w dt ¼ e�wtdt ¼ e�t=t dt

t
: (2:201)

We find that in a container consisting of N0 molecules, the probability that a
particular molecule will survive without collision at a time t is exp (� t=t), and

the fraction of molecules that will suffer a collision in time dt is dt=t.

dt

P (t )

t

1

Figure 2.32: The probability of a molecule surviving a collision as a function of time.
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2.4.3. Collision Frequency

If the average time between collisions is t, and the molecules have an average
speed of hui, we should expect the average distance between collisions l, is

(assuming t is independent of the speed of the molecule)

l ¼ huit: (2:202)

Sometimes it is convenient to describe collisions by collision frequency n,

which represents the average number of collisions per second by each molecule.
We have therefore

v ¼ hui
l
: (2:203)

Example 2.25

Calculate the collision frequency of oxygen molecules at standard temperature

and pressure.

The number of oxygen molecules/m3

N0P=RT ¼ 6:022� 1023 mol�1 � 9:81� 104 Pa=(8:314 J=mol� 273:15 K)

¼ 2:64� 1025:

The average speed of oxygen molecules is

8RT

pM

� �1=2

¼ 4:602
T

M

� �1=2

¼ 4:602
273:16

32=1000

� �1=2

¼ 425:2 m=s:

Radius, r, of oxygen molecule ¼ 3:65� 10�10=2 m ¼ 1:825� 10�10 m.

s ¼ 4pr2 ¼ 4p(1:825� 10�10)2 ¼ 4:1854� 10�19 m2:

Collision frequency is therefore 4:1854� 10�19 m2 � 2:64� 1025m�3�
425:2 m=s ¼ 4:7� 109 collision/s.

The fraction of molecules that are scattered in a distance x during their travel
is given by

n

n0
¼ 1� exp � x

l

� �
,

where n is the number that suffered collision and n0 is the total number of
atoms. Thus for a distance of 1 cm, when l ¼ 10�4, n=n0 ¼ 1, and for

l ¼ 0:5, n=n0 ¼ 0:8647.
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2.4.4. Collision Cross Section

The introduction of the concept of a mutual collision cross section for any pair
of molecules facilitates the relationship between the molecular dimensions and

the collision probabilities. The probability dp that a test particle such as an atom
when traveling through a gas of particles, which contain a random distribution

of identical atoms of average number N per unit volume, will collide within a
distance dx is proportional to N and dx. We can write

dp

dx
¼ QN: (2:204)

where Q is the proportionality constant with the dimension of area. If a beam of
particles of constant velocity with a flux I0 traverses a distance x in a gas, then

the flux I at the distance x is given by

I ¼ I0 exp (�NQx), (2:205)

where N is the number of particles per m3 and Q is the total cross section of the

gas atoms for the particular velocity of the beam. In an actual experiment, we
would not consider any incident particle that has deviated from the path by a

small angle. It would therefore seem to imply that the finer the resolution with
which we can detect the angular deviation from the incident direction of the

beam, the more will be the value of I close to zero, so that Q will be essentially
infinity. However, according to the uncertainty principle, the increase in the
resolving power of the detector does not increase Q indefinitely.

The total collision cross section includes all types of collisions: elastic and
inelastic. If we have several different types of inelastic collisions, we assign for

each type of collision a probability so that Pn(u)Q(u) represents the collision
cross section Qn for the particular type of interaction. We can therefore write

Q ¼
X

n

Qn ¼
X

n

Pn(~uu)Q(~uu), (2:206)

where the summation is over all types of possible collisions. Figure 2.33 shows
the cross section for electrons in Ne, Ar, Kr and Xe showing the Ramsauer

minima for Ar, Kr and Xe. The cross sections are clearly dependent on energy
and reveal a maximum value for particular value of energy. The minimum is

explained on the basis of quantum mechanics. Another way to view this is to
observe that low energy particles may move farther into the sample than high

energy particles which at first appear counterintuitive.
The concept of scattering cross section is useful, since computation of its

value is possible in a straightforward manner in classical physics, when the
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nature of the force of interaction between two particles is known. Let us
suppose we have two particles labeled 1 and 2. We denote their masses by m1

and m2, velocities by~uu1 and~uu2 and position vectors~rr1 and~rr2, respectively. We
shall consider a frame of reference in which the particle 2 is at rest. Viewed in

this frame of reference the position vector of particle 1 relative to particle 2 is
~rr ¼~rr1 �~rr2 and the relative velocity~gg is ~uu2 �~uu1.

Let us suppose a uniform flux J1 of type 1 particles per unit area per unit time
with a velocity~gg is incident on particle 2, as shown in Fig. 2.34. In view of the

forces existing between particles 1 and 2, a number dN of particles of type 1 will
emerge per unit time at large distance from particle 2, with a final velocity in the
range~gg0 and~gg0 þ d~gg0. We can describe around the unit vector ĝg0 ¼~gg0=j~gg0j, a solid

angle dV0 that includes all the scattered particles between ~gg0 and ~gg0 þ d~gg0. The
number dN is proportional to the incident flux J1 and the solid angle dV0.
Therefore

dN ¼ J1ds d�0 (2:207)

where ds is the called the differential scattering cross section. In general ds

depends on j~ggj and ĝg0, so that

ds ¼ ds(j~ggj,ĝg0): (2:208)

The total number of particles N scattered per unit time in all directions

requires integration dN over all solid angles. Therefore,

40 � 10−16 

 cm2
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Figure 2.33: Collision cross sections for electron in neon, argon, krypton and xenon.
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N ¼
ð
V0

J1ds dV0 ¼ Q0J1, (2:209)

where we have defined the total scattering cross section Q0 by

Q0 ¼
ð
V0

ds(j~ggj,ĝg0) dV0: (2:210)

The above formula is particularly valid for elastic scattering where the

magnitudes of~gg and~gg0 are equal and denoted by j~ggj � g.
We can obtain the scattering cross section in the simple case of a gas with only

one kind of molecule, and assuming that all particles behave as rigid spheres.
Let n be the number of molecules per unit volume and �uu their mean speed. Let a

particular molecule with velocity ~uu1 be the focus of our attention, and let us
suppose there are n1 such molecules in unit volume. One seeks the manner in
which all the molecules in an element of volume d3~rr of the gas scatter this type

of molecule (say 1). The relative mean speed of all molecules with respect to the
one of interest is given by �gg. The relative flux of type 1 molecules incident on

any one molecule in d3~rr is given by (Fig. 2.34)

J1 ¼ n1
�gg dt dA

dt dA
¼ n1�gg: (2:211)

If Q0 is the total scattering cross section, the number of molecules scattered

per unit time in all possible directions by this one target molecule is n1�ggQ0.
Therefore, the total number of molecules of type 1 scattered by all the mol-

ecules in the volume element d3~rr is

Type 1
molecules

g ts dt

Scattering
molecule
particle 2

Area dA

Figure 2.34: The flux of particles of type 1 per unit area per unit time falling

on particle 2 with a relative velocity g.
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(n1�ggQ0)(n d3~rr): (2:212)

If we divide the above by n1d3~rr, which represents the number of type 1

molecules in the volume element d3~rr, we obtain the collision probability t�1

per unit time for one molecule of this type. Hence

t�1 ¼ �ggQ0 n: (2:213)

The average mean free path l is

l ¼ t�uu ¼ �uu

�gg

1

nQ0
: (2:214)

We can obtain the relationship between �uu and �gg by the following argument.

For two particles with velocities ~uu1 and ~uu2, the relative velocity~gg is

~gg �~uu1 �~uu2: (2:215)

Therefore,

g2 ¼ u2
1 þ u2

2 � 2~uu1 .~uu2: (2:216)

Taking the averages on both sides of the Eq. (2.216)

hg2i ¼ hu2
1i þ hu2

2i, (2:217)

since

h~uu1 .~uu2i ¼ 0, (2:218)

as the angle between velocities of particles 1 and 2 assume all possible values in
a random fashion. Hence for identical molecules u1 ¼ u2 ¼ u

�gg ¼
ffiffiffi
2
p

�uu: (2:219)

Therefore,

l ¼ 1ffiffiffi
2
p

nQ0

: (2:220)

We note further,

n ¼ p

kBT
, (2:221)

where p is the pressure of the gas at temperature T. Furthermore, for collision

between two hard spheres of radius a1 and a2 the total scattering cross section
Q0 is

Q0 ¼
N

J1
¼ p(a1 þ a2)2: (2:222)
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If a1 ¼ a2 ¼ d=2, where the particles are assumed to be of identical diameter d,
we have

l ¼ kBTffiffiffi
2
p

ppd2
: (2:223)

The mean free path decreases with increase in pressure since there are more
particles with which to collide.

The mean free path l1,2 of a gas mixture of two gases 1 and 2 is given by

l1, 2 ¼
4kBT

p(d1 þ d2)2p2(1þM1=M2)1=2
, (2:224)

where d1 and d2 are the diameters of molecules 1 and 2 respectively, and
M1 and M2 are the molecular weights. The partial pressure p2 of the molecules is

p2 ¼ n2kBT: (2:225)

If we introduce the mean free paths l1 and l2 of each molecule in its own gas

l1, 2 ¼ 4�
ffiffiffi
2
p

l2 1þ l2

l1

� �1=2
" #�2

1þM1

M2

� �1=2

: (2:226)

The mean free path is a function of the presence of another gas.

Example 2.26

Argon atom has a diameter of 3:69� 10�10 m. Estimate the average mean free

path at standard temperature and pressure.

The mean free path l is given by

l ¼ kBTffiffiffi
2
p

pPd 2
:

At standard temperature 273.16 K and standard pressure 1:01325� 105 Pa we
have

l ¼ 1:381� 10�23 J=molecule=K� 273:16 Kffiffiffi
2
p

p � 1:01325� 105 Pa� (3:69� 10�10)2 m2
¼ 0:615� 10�9 m ¼ 0:615 nm:

2.5. Classical Theory of Binary Collisions

The Maxwell–Boltzmann distribution of molecular velocities represents the

kinematic picture of the equilibrium situation. On disturbing the equilibrium
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condition one can expect transport of such quantities as mass, energy and
momentum. The collision between molecules in a gas is responsible for the

transport of macroscopic quantities and the eventual return of the gas to the
equilibrium condition. Two particle collisions where the individual particles

have no internal degrees of freedom such as rotation and vibrations are useful
in treating molecular collisional processes. This study is of benefit in considering

many different types of collisions that occur in physical deposition processes.
Sending a beam of particles into a stationary target gas and observing the
deflection of particles at a distance from the target region at various scattering

angles is a typical scattering experiment. The scattering experiments are an
invaluable source of information about molecular interactions.

2.5.1. Kinematic Theory of Collisions

The simplest method of analyzing collisions is by recourse to conservation laws.
The laws of conservation follow from the fundamental symmetries inherent in

the system and are thus valid both in classical mechanics and quantum mech-
anics. The law of conservation of momentum is due to translation symmetry of

the laws of physics. The invariance of the laws of physics to time demands
conservation of energy. These two laws can give us insight into collisional

processes.
Collisions are of two types: elastic and inelastic. In elastic collisions, the

individual atoms that participate in collision share only kinetic energy. In

inelastic collisions, potential energy in the form of excitation of loosely bound
and tightly bound electrons also occurs. A rule of thumb as to the relative

importance of these two types of collisions is to compare the relative velocity of
the moving particle with the orbital velocity of the electrons around the nucleus

of an atom. If the particle velocity is lower than that of the orbiting electron, the
likelihood of electron transition is small. On the other hand, if the velocity of

the incident particle is greater than the orbital velocity of electrons, the excita-
tion of electrons becomes important.

Consider an incident particle with a mass m1, velocity u0, energy E0. The
energy of the incident particle is purely kinetic in nature so that

E0 ¼ 1
2 m1u2

0: (2:227)

We shall assume the target atom is at rest and has a mass m2. After the
collision, the target atom moves with a velocity u2 and the incident atom moves

with a velocity u1. Conservation of energy requires

1
2 m1u2

0 ¼ 1
2 m1u2

1 þ 1
2 m2u2

2: (2:228)
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The angles by which the projectile and the target atoms fly apart from the
initial direction of the projectile are u and f, as shown in Fig. 2.35. Conserva-

tion of momentum in the direction parallel and perpendicular to the direction of
incidence are given by

m1u0 ¼ m1u1 cos uþm2u2 cos f,

0 ¼ m1u1 sin u�m2u2 sin f:
(2:229)

We can eliminate f from Eq. (2.229) as follows:

cos f ¼ m1u0 �m1u1 cos u

m2u2
, sin f ¼ m1u1 sin u

m2u2

cos2 fþ sin2 f ¼ 1 ¼ (m1u0)2 � 2(m1u0)(m1u1) cos uþ (m1u1)2

(m2u2)2
: (2:230)

We can eliminate u2 as follows:

(m2u2)2 ¼ (m1u0)2 � 2(m1u0)(m1u1) cos uþ (m1u1)2: (2:231)

But from Eq. (2.228), we have

m2u2
2 ¼ m1u2

0 �m1u2
1(m2u2)2 ¼ m2m1u2

0 �m2m1u2
1: (2:232)

Substituting for (m2u2)2 in Eq. (2.230), we obtain

m2m1u2
0 �m2m1u2

1 ¼ (m1u0)2 � 2(m1u0)(m1u1) cos uþ (m1u1)2: (2:233)

Simplifying, we obtain

u2
1

u2
0

(m1 þm2)� u1

u0

� �
(2m1 cos u)� (m2 �m1) ¼ 0: (2:234)

f

q

m2

m2
E2
u2

m1
E0
u0

m1
E1
u1

Figure 2.35: Two particles collision.
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Therefore,

u1

u0
¼ m1 cos u� (m2

2 �m2
1 sin2 u)1=2

m1 þm2
: (2:235)

The positive sign holds for m1 < m2. The ratio of kinetic energies of the incident

particle before and after collision is given by

K � E1

E0
¼ (1=2)m1u2

1

(1=2)m1u2
0

¼ m1 cos u� (m2
2 �m2

1 sin2 u)1=2

m1 þm2

" #2

: (2:236)

where K is the kinematic factor. The masses and the scattering angle determine
the energy after scattering. The relationship in Eq. (2.236) indicates how one

can determine the mass m2 if we measure the energy E0 of the incident particle
of known mass m1 and the energy E1 of the particle scattered at a known

angle u. This formula is the basis of the determination of masses by Rutherford
back scattering spectrometry, where the scattering angle is usually u ¼ 1708,
which requires one to know the dependence of the kinematic factor on the

target mass for various incident particles. The ability to distinguish two masses
that differ from one another in mass by Dm depends on the energy of the

incident particle, the mass of the incident particle and the energy resolution
of the detector. In Rutherford back scattering spectrometry, 2–3 MeV helium

ions travel towards the specimen and one determines the energies of the
scattered beam at u ¼ 1708 with an energy resolution of about 15 keV. The

Rutherford backscattering spectrometry can identify all masses above the mass
of helium. An example is given in Fig. 2.36.
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Figure 2.36: A typical Rutherford scattering spectrum of monolayer of copper,

silver and gold deposited on silicon.
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Example 2.27

Calculate the kinematic factor for helium with atomic mass 4 and argon for an

atomic mass of 40, as a function of atomic weight between 0 and 200. Assume the

scattering angle to be 1708.

Letting u ¼ 2708 and m1 ¼ 4 and m1 ¼ 40, we obtain for different value of
m2, the kinematic factor given by Eq. (2.236). The kinematic factor as a function
of the atomic weight is plotted in Fig. 2.37. It is evident that the lighter helium

projectile gives larger variation in kinematic factor between neighboring masses
than the heavier argon projectile. In addition, helium ions are inert to all

materials so that Rutherford back scattering spectrometry utilizes helium ions
as projectiles.

We also wish to find out how much kinetic energy is transferred by the
incident atom to the target atom. We must proceed as before to eliminate u

from Eq. (2.215). We then eliminate u1 using Eq. (2.214). After following this
procedure and simplifying, we obtain

E2

E1
¼ (1=2)m2u2

2

(1=2)m1u2
0

¼ 4m1m2 cos2 f

(m1 þm2)2
: (2:237)
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Figure 2.37: Kinematic factor versus atomic number for 4He and 40A.
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The energy transfer function is the ratio of the kinetic energy of the scattered

particle to that of the incident particle. It is clear from the above formula that the

most efficient transfer of kinetic energy occurs between particles of the same
mass. For example, an electron colliding with an atom does not transfer its

kinetic energy very efficiently, whereas an atom colliding with another atom of
the same kind transfers kinetic energy very efficiently. This feature will be

important to understand the difference in the energies of electrons compared
to ions and radicals in the plasma. When a heavy particle collides with a light
particle in a head on collision, i.e. when f is zero, the energy transfer function is

approximately 4m2=m1 since m2 ¼ m1. Hence, u2 becomes 2u0 so that the
lighter particles move away with twice the velocity of the incident colliding

particle. The average incident particle kinetic energy corresponding to thermal
evaporated atoms is typically less than 0.5 eV. Other methods of deposition of

films will employ atoms with kinetic energies as high as 100 eV. In the latter
case, there can be variety of effects such as sputtering of atoms, imbedding of

atoms in the film, local temperature changes along the path of the incident
particle (thermal spike) when the incident atoms try to deposit a fraction of the
latent heat of evaporation on forming bonds in the film, production of point and

line defects, local disturbance of atoms from their positions in the crystal
(displacement spike) when the energies of particles are in the range 10–50 eV,

generation of shock waves or amorphization of the substrate surface. The
efficient transfer of energy of ions of comparable mass is the main difference

between ion bombardment in comparison with photon and electron bombard-
ment of materials. In a thermal spike, the energy of the ions is dissipated as

heat, resulting in a short-lived (10�8 s), high-temperature transient located
within a short distance of the ion impact. As a result of this high-temperature

surface atoms and molecules desorb quickly with a kinetic energy that are in
equilibrium with thermal spike temperature. It is expected that this mechanism
will be important for metal compounds that have high vapor pressure and not

for metals with low vapor pressure.
In an inelastic collision, the incident particle can transfer a certain amount of

its kinetic energy to the potential energy of the atom with which it collides.
Therefore, one modifies the law of conservation of energy stated in Eq. (2.214)

to include the potential energy:

1
2 m1u2

0 ¼ 1
2 m1u2

1 þ 1
2m2u2

2 þ DU: (2:238)

By eliminating u first from Eq. (2.215) and then u1 from Eq. (2.214), we obtain

2m2u0u2 cos f ¼ m2

m1
(m1 þm2)u2

2 þ 2DU: (2:239)
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The maximum exchange of potential energy occurs when

2
d

du2
(DU) ¼ 0 ¼ 2m2u0 cos f�m2

m1
(m1 þm2) 2u2: (2:240)

Hence,

u0 cos f ¼ m1 þm2

m1
u2: (2:241)

Therefore, the maximum transfer of potential energy occurs when

2DU ¼ 2m2
m1

m1 þm2

� �
u0u0 cos2 f�m2

m1
(m1 þm2)

(u0 cos f)2m2
1

(m1 þm2)2

¼ u2
0

m1m2

m1 þm2

� �
cos2 f:

(2:242)

Therefore, the fraction of kinetic energy of the incident particle m1 that can

be transferred to the potential energy of the second particle of mass m2 is called
the inelastic energy transfer function and is

DU

(1=2)m1u2
0

¼ m2

m1 þm2
cos2 f: (2:243)

Note that the inelastic energy transfer function tends to unity when m1 ¼ m2

so that the incident particle transfers a large amount of kinetic energy to the
potential energy of the particle, whereas in elastic collision a transfer of kinetic

energy to the colliding heavy particle is insignificant.

Example 2.28

Calculate the maximum elastic energy transfer and inelastic energy transfer

function when electron collides with a nitrogen molecule.

The inelastic energy transfer is a maximum in a head on collision for which

f ¼ 0 and the fraction of inelastic energy transferred is given by m2=(m1 þm2)
where

m1 ¼ 9:1095� 10�31 kg and m2 ¼
28:013=1000

6:022� 1023
:

Hence, the inelastic energy transfer is practically 100%.

The kinetic energy given to the massive atom of nitrogen is 4m1m2=
(m1 þm2)2 and is given by 7:833� 10�9%. Hence, virtually the electron trans-

fers no kinetic energy to the nitrogen molecule. An individual molecule in a gas
is incessantly in motion due to thermal energy. Each molecule share their
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kinetic energies efficiently if they collide with molecules of the same mass and
thus come to thermal equilibrium.

2.5.2. Center of Mass and Relative Position Coordinates

Consider two particles of mass m1 and m2 located in a laboratory frame of

reference at positions ~rr1 and ~rr2 respectively, as shown in Fig. 2.38. The inter-
action between the two particles is assumed to depend only on their relative

position and velocity. We introduce the center of mass and relative position

coordinates as:

~RR � m1~rr1 þm2~rr2

m1 þm2
; ~rr �~rr1 �~rr2: (2:244)

The two particles move under each other’s influence, so that the equations of
motion are:

m1
d2~rr1

dt2
¼ ~FF12; m2

d2~rr2

dt2
¼ ~FF21, (2:245)

where ~FF12 and ~FF21 are the forces on particles 1 and 2 respectively, due to the
presence of the other particle. We shall assume that the forces depend only on

the relative position~rr of particles. The forces on the particles satisfy Newton’s
third law, so that

~FF12(~rr) ¼ �~FF21(~rr): (2:246)

X

Y

r = r1−r2

Z

r1

r2

R
m2

m1

Figure 2.38: Two particles of mass m1 and m2 in a laboratory frame of reference.
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If we differentiate ~RR twice with respect to time and then use Eqs. (2.245) and
(2.246) we obtain the following:

d2~RR

dt2
¼ 1

m1 þm2
m1

d2~rr1

dt2
þm2

d2~rr2

dt2

 !
¼
~FF12(~rr)þ~FF21(~rr)

m1 þm2
¼ 0: (2:247)

There is no force acting on the center of mass, and consequently it moves with

a constant velocity according to the initial conditions.
The relative acceleration of the two particles with respect to the other is

d2~rr

dt2
¼ d2~rr1

dt2
� d2~rr2

dt2
¼
~FF12(~rr)

m1
�
~FF21(~rr)

m2
¼ 1

m1
þ 1

m2

� �
~FF12(~rr): (2:248)

We can write the equation of motion in the simplified form

m
d2~rr

dt2
¼ ~FF12(~rr), (2:249)

where m is the reduced mass of the two particles and is defined by

1

m
� 1

m1
þ 1

m2

� �
: (2:250)

In a central field of force, we assume the potential energy U(r) depends only

on the magnitude of ~rr, or the distance between the two particles. We write
therefore

~FF12(~rr) ¼ �r~1U ¼ � dU

dr

~rr1 �~rr2

j~rr1 �~rr2j
¼ r~2U ¼ �~FF21(~rr): (2:251)

We note in Cartesian coordinates

r~1 ¼
@

@x1
,
@

@x2
,
@

@x3

� �
, (2:252)

for particle 1 and a similar definition holds good for r~2. We introduce the unit
vector êer to denote

êer �
~rr1 �~rr2

j~rr1 �~rr2j
: (2:253)

Hence, we can write the equation of motion for the reduced mass as:

m
d2~rr

dt2
¼ �r~U ¼ � dU

dr

~rr

r
¼ � dU

dr
êer: (2:254)

Thus, the motion of two particles undergoing collision is equivalent to the

motion of a single particle with a reduced mass m under a conservative field of
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force characterized by the potential energy U(r). The center of mass velocity
remains constant during the interaction between two particles. The translation

of the system as a whole is uninteresting from the point view of particle orbits
with respect to one another. We can describe the frame of reference within

which the hypothetical particle describes its trajectory ~rr ¼~rr(t) as the relative
frame of reference. In other words, we view the trajectory of particle 1 in a

reference frame that has its origin on particle 2.

2.5.3. Motion of a Particle in a Central Field of Force

We shall examine the type of restrictions that a particle subjected to a central
field of force must obey. Central force is always directed toward a fixed origin in

space. The potential energy depends only on the distance from the force center
and not on its orientation. Hence, the system’s rotation about any fixed axis

through the center of force cannot affect the equations of motion. Under such
conditions, we will find that the angular momentum of the system is conserved.
A conservative central force can be derived from a scalar potential that is only a

function of the distance between the particle and the center of force. We can
transform Eq. (2.244)

~rr1 ¼ ~RRþ
m

m1

~rr; ~rr2 ¼ ~RR�
m

m2
~rr: (2:255)

With respect to the center of mass reference frame we can introduce the particle
coordinates~rr

0

1 and~rr
0

2 given by

~rr
0

1 ¼~rr1 � ~RR ¼
m

m1

~rr; ~rr
0

2 ¼~rr2 � ~RR ¼ �
m

m2
~rr: (2:256)

The linear momentum~pp of the system in the center of mass frame of reference
is seen from Eq. (2.256) to be

~pp ¼ m1
_~rr~rr
0

1 þm2
_~rr~rr
0

2 ¼ 0: (2:257)

The total angular momentum ~LL in the center of mass frame is given by

~LL ¼ m1~rr
0

1 � _~rr~rr
0

1 þm2~rr
0

2 � _~rr~rr
0

2 ¼ m~rr � _~rr~rr: (2:258)

The above is also the angular momentum of the hypothetical reduced mass in
the relative reference frame. The total energy E of the system in the center of

mass frame can be simplified by using Eqs. (2.256) and (2.250) is

E ¼ m1( _~rr~rr
02

1 )

2
þm2

_~rr~rr
02

2

2
þU(r) ¼ m _~rr~rr 2

2
þU(r), (2:259)
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which is the total energy of the reduced mass in the relative frame of reference.
By taking the time derivative of E and ~LL, and using Eq. (2.254), we have the

constants of motion given by

d~LL

dt
¼ 0;

dE

dt
¼ 0: (2:260)

Since

_~rr~rr .~LL ¼ 0, (2:261)

and ~LL does not depend on time, we observe that the trajectory of the reduced

mass particle lies in a direction perpendicular to the direction of ~LL. The plane of
motion does not change with the relative motion of the two particles. Therefore,

the direction of this angular momentum vector is independent of time. It also
means that in a binary collision there is no external torques applied to the

system and therefore the angular momentum vector of the relative motion is
conserved. Thus, a particle moving under the influence of a central field of force

exhibits a planar motion (Fig. 2.39).

Example 2.29

Show that
d~LL

dt
¼ 0;

dE

dt
¼ 0:

~LL ¼ m~rr � _~rr~rr,

d~LL

dt
¼ m _~rr~rr � _~rr~rr þ m~rr � €~rr~rr ¼ 0þ m~rr � 1

m

dU

dr
êer

� �

¼~rr � dU

dr
êer ¼ 0 since~rr and êer are parallel:

dE

dt
¼ m

2
2 _~rr~rr . €~rr~rr þ @U

@t

¼ m _~rr~rr . €~rr~rr þ @U

@r

@r

@t
êer

¼ _~rr~rr m€~rr~rr þ @U

@r
êer

� �
¼ 0:

2.5.4. Equations of Motion

A single particle moving in space requires three coordinates for the description
of its motion. In spherical coordinates, these are: the azimuth angle u, the zenith
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angle (or the co-latitude) f and the radial distance r. By selecting the polar axis

in the direction of ~LL, we can simplify the problem since the motion is always in

the plane perpendicular to the polar axis. In other words, one ignores safely the
value of the coordinate f that is always p=2. The conservation of angular

momentum vector gives us three independent constants of motion correspond-
ing to the three components of angular momentum. Two of these fix the

orientation of the plane so that the problem reduces from three dimensions to
two dimensions. The third equation prescribes the magnitude of the angular

momentum.
It is convenient to give the trajectory in the xz-plane by the polar coordinates

(r, u). In terms of unit vectors n̂nr and n̂nu in polar coordinates, we write

~rr ¼ rn̂nr; _~rr~rr ¼ _rrn̂nr þ r _̂nn̂nnr ¼ _rrn̂nr þ r _uun̂nu: (2:262)

The particle motion is fully described by pair of time dependent function r(t)

and u(t). For the reduced mass, the equation of motion can be written from Eq.
(2.258)

j~LLj � l ¼ mr2 _uu, (2:263)

where l is the constant magnitude of the angular momentum and the energy E is

from Eq. (2.259):

E ¼ m

2
(_rr2 þ r2 _uu2)þU(r) ¼ m_rr2

2
þ l2

2mr2
þU(r): (2:264)

Since from Eq. (2.262)

~rr � _~rr~rr ¼ 0, (2:265)

L

G

90�

q

y

x

nq
nr

Z

r(t)

→

→

→

Figure 2.39: Planar motion of two-particle collision in a central force field.
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we must have

_uu ¼ 0: (2:266)

Therefore,

d

dt

1

2
r2 _uu

� �
¼ 0: (2:267)

The coefficient 1⁄2 assists us to recognize (1⁄2 r2 _uu) as the areal velocity or the
area swept out in unit time by the radius vector. Hence

dA ¼ 1
2 r(r du), (2:268)

where dA is the differential area swept out in time dt as shown in Fig. 2.40.
Therefore,

dA

dt
¼ 1

2
r2 du

dt
: (2:269)

Hence, the conservation of angular momentum is equivalent to stating that the

radius vector sweeps equal areas in equal times (Kepler, 1609). The solution of
the equation of motion starts by recognizing from Eq. (2.264):

_rr ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

m
E�U � l 2

2mr2

� �s
: (2:270)

We can rewrite the above in the form

dt ¼ � drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2=m) E�U � l 2=(2mr2)½ 	

p (2:271)

r(t1)

r(t2)

r(t)

dq

r  dq

Figure 2.40: Kepler’s law.
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If the value of r at time t ¼ 0 is r0, then

t ¼ �
ðr
r0

drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2=m) E�U � l 2=(2mr2)½ 	

p : (2:272)

The above integral when evaluated gives t as a function of r. We can invert
this relationship and obtain r as a function of t and the constants E, l and r0.

Having obtained this relationship, we note

du ¼ du

dt

dr

dt
dr ¼

_uu

_rr
dr ¼ ldt

mr2
: (2:273)

Hence, if the initial value of u is u0, we obtain

u ¼ �
ð

(l=r2) drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m[E�U � l 2=(2mr2)]

p ¼ l

ðt
0

dt

mr2(t)
þ u0: (2:274)

The values of ~RR, d~RR=dt, and ~LL=l at t ¼ 0 determine the location and orienta-
tion of the plane of motion. For the incoming particle, the distance is decreasing

and the angle is increasing so that the negative sign corresponds to the incoming
particle. On the outgoing particle, both the angle and the distance increase so
that the positive sign corresponds to the outgoing trajectory. The values of l, E,

r0 and u0 determine the trajectory of the particle in the plane of motion.
The transition from classical theory to quantum mechanics appears in the

properties of E and l in the two theories.

Example 2.30

Derive Eq. (2.262) and the corresponding formula for acceleration.

Consider a point P whose coordinates in the polar system (Fig. 2.41) of
coordinates is (r, u).

We can write for the vector from the origin to the point P the expression

OP
�! ¼ r(îcos uþ ĵsin u) ¼ rêer,

Y

P (r, q)

r

O r sin q

r cos q

Q
X

q

Figure 2.41: Velocity and acceleration in polar coordinates.
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where the unit vector êer is given by

êer ¼ îcos uþ ĵsin u:

The velocity vector is

~vv ¼ d

dt
OP
�! ¼ r

dêer

dt
þ dr

dt
êer:

The vector êer is in the same direction as the radius vector OP
�!

. We have

dêer

dt
¼ � sin u

du

dt
îþ cos u

du

dt
ĵ

¼ du

dt
(� sin u îþ cos u ĵ):

The vector êeu is obtained by rotating êer through p=2 in the positive direction, so

that

êeu ¼ � sin u îþ cos u ĵ:

Hence,

~vv ¼ dr

dt
êer þ r

du

dt
êeu ¼ _rrêer þ r _uuêeu:

The acceleration is given by

d~vv

dt
¼ d

d
t

dr

dt
êer þ r

du

dt
êeu

� �

¼ dr

dt
( cos u îþ sin u ĵ)þ r

dr

du
(� sin u îþ cos u ĵ)

� �

¼ d2r

dt2
cos u îþ sin u ĵ
� �

þ dr

dt
� sin u îþ cos u ĵ
� �du

dt

þ _rr
du

dt
� sin u îþ cos u ĵ
� �

þ r
d2u

dt2
� sin u îþ cos u ĵ
� �

þ r
du

dt
� cos u

du

dt
î� sin u

du

dt

� �

¼ d2r

dt2
êer þ

dr

dt

du

dt
êeu þ _rr

du

dt
êeu þ r

d2u

dt2
êeu � r

du

dt

� �2

êer

¼ d2r

dt2
� r

du

dt

� �2
" #

êer þ 2_rr
du

dt
þ rêeu

d2u

dt2

¼ (€rr � r _uu2)êer þ (2_rr _uuþ r€uu)êeu,

r _uu2 is the centrifugal acceleration and 2_rr _uu is the Coriolis acceleration.
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2.5.5. Classification of Trajectories

Before one can get a formal solution of the equation of motion for particular
forms of potential energy, it will be useful to inquire the types of motion that we

can infer from the equations of motion and conservation theorems. We can now
write

E ¼ m_rr2

2
þU*(r), (2:275)

where

U*(r) � U(r)þ l 2

2mr2
: (2:276)

The above equation describes the one-dimensional motion of a particle of

mass m in a fictitious potential U*(r). We start with an equation of motion

m
d2r

dt2
¼ F*(r), (2:277)

where

F*(r) ¼ � dU*

dr
¼ � dU

dr
þ l 2

mr3
¼ �dU

dr
þ m(r _uu)2

r
: (2:278)

We observe now the second term of the fictitious force corresponds to the

usual expression for the centrifugal force. If we consider the radial coordinate
separately, it is as if the particle that is experiencing not only the actual force

�dU=dr but also the centrifugal force (m=r)(r _uu)2.
The interpretation of

E ¼ m_rr2

2
þU*(r): (2:279)

as applying to an equivalent one-dimensional problem is very useful for

easily obtaining a qualitative picture of the possible trajectories corresponding
to any given potential U(r). Consider for the sake of illustration a potential

given by

U(r) ¼ �A

r
, (2:280)

representative of Coulomb potential. The fictitious potential U*(r) that corres-

ponds to U(r) is schematically shown in Fig. 2.42. Three separate energy levels
E0, E1, and E2 are shown in the figure. The trajectories for each of the levels are

different and can be discussed individually.
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1. Case E ¼ E0 � 0. The radial kinetic energy is the difference between E0 and

U*(r). Hence

m_rr2

2

� �
E0

¼ E0 �U*(r): (2:281)

Since this must be positive definite, only those trajectories are possible for

which

E0 � U*(r): (2:282)

The particle must therefore move in the region r � r0. The quantity r0 is the

distance of closest approach. Since there is no upper bound on the trajectory,
the trajectory is unbounded (Fig. 2.43). The particle will come in from infinity
to the turning point at r0 where all the kinetic energy is in angular motion,

and then will return to infinity. This type of trajectory therefore corresponds
to an elastic collision.

2. Case E2 
 E ¼ E1 
 0. There are two turning points r1 and r2 (apsidal

distances). The particle is bound in the range r1 
 r 
 r2 (Fig. 2.44). This is
the classical analogy to the study of atomic structure. When E ¼ E2 we get a

circular orbit of radius r3 because €rr ¼ 0.

U*(r)

2mr 2

y*(r)
E0

r1 r3

mr2

r0 r2
r

E1

mr2q2

E2

12

2

1
2

Figure 2.42: Potential energy versus distance to indicate different type of interactions

between particles.
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Hence
m(r3

_uu)2

r3
¼ A

r2
3

, (2:283)

which is just the relationship used by Bohr in discussing the model of the
hydrogen atom.

3. Case E < E2. There are no physically acceptable solutions since value for r is
imaginary.

This classification of bounded and unbounded orbits is quite general and is not
restricted to Coulomb potential. The orbits discussed above were for a par-

r (t)

r0

0

Figure 2.43: An unbounded trajectory.

r1

r20

Figure 2.44: A bound trajectory.
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ticular value of the magnitude of the angular momentum. However, the quan-
titative details change with U*(r), but will not affect the general classification

of the types of orbitals. Increase or decrease of l may however change the group
under which an orbit falls into. As l 2 changes to infinity, orbits change in shape

from circle to ellipse to parabola to hyperbola. The orbit for E0 is a hyperbola,
for E0 ¼ 0 is a parabola, for E it is an ellipse and for E2 it is a circle.

Example 2.31

Obtain the condition for a stable circular orbit.

Let the force be of the form

F ¼ � k

rn
:

The potential energy for such a force is given by

U(r) ¼ � k

n� 1

1

rn�1
:

The effective potential energy is given by

U*(r) ¼ � k

n� 1

1

rn�1
þ l 2

2mr2
:

The conditions for a minimum U*(r) and a stable circular orbit with a

radius r is

@U*

@r

� �
r¼r

¼ 0 and
@ 2U*

@r

� �
r¼r

> 0:

Hence,

@U*

@r

� �
r¼r

¼ k

rn
� l 2

mr3
¼ 0 or rn�3 ¼ mk

l 2
:

In addition,

@ 2U*

@r2

� �
r¼r

¼ � nk

rnþ1
þ 3l 2

m
> 0,

so that

� nk

rn�3
þ 3l 2

m
> 0 or (3� n)

l 2

m
> 0:

The conditions for stable circular orbit is therefore n < 3.
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2.5.6. Impact Parameter and Angle of Scattering

Let us consider that the two particles are infinitely remote and are approaching
each other with a finite relative velocity~gg. We wish to investigate the angle of

scattering of the relative velocity vector~gg during an intermolecular collision. We
recall

E ¼ m_rr2

2
þU(r)þ l 2

2mr2
: (2:284)

If we assume that the potential energy satisfies the condition

lim U(r) ¼ 0 as r!1, (2:285)

We obtain

E ¼ mg2

2
, (2:286)

where

g ¼ ~ggj j: (2:287)

The relative motion of the two interacting particles is confined to a plane. In the

absence of any interaction, the relative velocity remains unchanged at its initial
value, say ~gg ¼~gg0 at all times during the motion. Hence the trajectory of the

relative motion would be a straight line as shown in Fig. 2.45. We define the

impact parameter b as the distance of closest approach for the hypothetical situ-

ation when U(r) ¼ 0. The impact parameter is thus the shortest distance between
the trajectories of the two particles if there was no interaction between them. For
a given particle trajectory, the angle of deflection will be determined by the

magnitude of the relative velocity at infinity~gg0 and the impact parameter b.
Specification of the impact parameter b is equivalent to stating the magnitude

of the angular momentum l since

l ¼ mg0r sin f ¼ mg0b: (2:288)

The angular momentum is conserved throughout the motion of particles, so

that l is a conserved quantity. We can write for the total energy E of the relative
motion in the limiting case at infinite distance r

E ¼ lim
r!1

1

2
m_rr2 þ l 2

2mr2
þU(r)

� �
¼ 1

2
mg2

0: (2:289)

The relative motion of the particle is described by the following two equations:

mr2 _uu ¼ mg0b;
1

2
m_rr2 þ mg0b2

2r2
þU(r) ¼ 1

2
mg2

0: (2:290)
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g

g�

b r(t)

r0
c

q0

q(t)

Figure 2.45: The trajectory of particle moving with a relative velocity~gg in the

plane of motion with respect to the relative reference frame.

The two equations describe the radial and angular velocities, _rr and _uu, as a
function of polar coordinates r and u. The trajectory of the relative motion of

the two particles is fully described by these two equations. The parameters that
determine the trajectory are the interparticle potential U(r) and the two inde-

pendent initial values of the motion g0 and b. Therefore knowing b and g0 the
trajectories of the two particles are fully described by the solutions of the above
equation, i.e. r(t) and u(t).

A simple description of the trajectory of the relative motion is by giving the
radial distance as a function of u, i.e. r(u). We therefore eliminate the time

dependence by combining the two equations in Eq. (2.290) into one single
differential equation as:

(du)2 ¼ g2
0b2

r4
(dt)2,

(dr)2 ¼ g2
0

r2
r2 � b2 � 2

r2U(r)

mg2
0

� �
(dt)2:

(2:291)

Combining the above two equations into one differential equation, we have

dr

du
¼ � r

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � b2 � 2r2U(r)

mg2
0

� �s
: (2:292)
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There are two solutions for u for each value of r. The negative sign corres-
ponds to the first position of the trajectory in which particle 1 approaches

particle 2 and the inter-particle distance decreases with the increasing azimuthal
angle. The positive sign corresponds to the second position of the trajectory in

which the particle 1 moves away from particle 2 and r increases with increase in
u. The distance of closest approach divides the two regions. The integration of

the above gives an implicit relationship between r and u as:

u� um ¼ �
ðr
rm

dr
b

r
r2 � b2 � 2r2U(r)

mg2
0

� ��1=2

: (2:293)

The integration constants rm and um refer to the radial distance and azimuthal

angle of closest approach respectively. The distance of closest approach r ¼ rm,
corresponds to the condition

dr

du
¼ 0: (2:294)

Hence,

r

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � b2 � 2r2U(r)

mg2
0

s
¼ 0 at r ¼ rm: (2:295)

Therefore, on simplification we obtain

rm

b

� �2

1�U(rm)

E

� �
� 1 ¼ 0: (2:296)

The value of u ¼ um corresponding to r ¼ rm is obtained from

ðum

p

du ¼
ðrm

1

b dr

r2[1� (b=r)2 �U(r)=E]1=2
: (2:297)

Hence,

um ¼ p �
ð1
rm

b dr

r2[1� (b=r)2 �U(r)=E]1=2
: (2:298)

The trajectory of the relative motion is symmetrical around the distance of
closest approach. The trajectory of the relative motion has two asymptotes. One

asymptote is along the initial direction as the particles approach each other
from infinite distance. The second asymptote is along the direction the particles

leave each other. The angle of deflection is x, and is the angle between the two
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asymptotes measured from the initial to the final direction of motion. This
means that the azimuthal angle of the outgoing asymptote is uout ¼ 2 um. The

angle of scattering x is defined as x ¼ p � 2uout. Therefore, the total deflection
during two-particle collision is (for the attractive interaction) is given by

x ¼ p � 2um ¼ p � 2

ð1
rm

b dr

r2[1� (b=r)2 �U(r)=E]1=2
: (2:299)

Thus, we see the impact parameter b and the angle of scattering x are physically

equivalent quantities. We write

x(b,g) ¼ �[p � 2I(b,g)], (2:300)

where we have defined

I(b, g) �
ð1
rm

b dr

r2[1� (b=r)2 �U(r)=E]1=2
: (2:301)

In repulsive interaction

x ¼ 2um � p: (2:302)

Therefore, the positive sign in Eq. (2.300) refers to the attractive and the
negative sign refers to the repulsive potential (Fig. 2.46).

c

c

(a) Repulsion

(b) Attraction

q0

q0

Figure 2.46: The scattering angles for (a) repulsive and (b) attractive interactions.
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The scattering angle depends on the ratio of the potential energy U(r) to the
kinetic energy of the relative motion E. Therefore a fast relative motion in the

same potential will lead to a small deflection. If we can neglect the U(r)/E term
everywhere along the trajectory, we obtain

x ¼ p � 2

ð1
b

dr
b

r
[r2 � b2]�1=2 ¼ p � 2 arccos

b

r

� �� �1
b

¼ 0: (2:303)

The fast moving particles pass each other without any noticeable change in
the trajectories. Slow moving particles have plenty of time to interact while in
the vicinity of the other particles and therefore the trajectory is more signifi-

cantly influenced.

Example 2.32

Obtain the relationship between the impact parameter b and the scattering

angle x between two hard sphere collisions of mass m1 and m2.

Consider two spheres of diameter d1 and d2 with masses m1 and m2, respect-

ively (Fig. 2.47). In hard sphere collision, the masses have no influence on each
other until they make contact with each other physically.

At the time of contact the distance between the two masses is d12

¼ (d1 þ d2)=2. Furthermore, when the spheres are hard there can be no penetra-

tion of one mass into another so that the potential energy is infinite for r < d12.
Therefore, the distance of closest approach is d12. We have therefore

x ¼ p � 2um ¼ p � 2

ð1
rm

dr
b

r
r2 � b2 � 2r2U(r)

mg2
0

� ��1=2

¼ p � 2

ð1
d12

dr
b

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � b2
p ¼ p � 2 cos�1 b

r

� �� �1
d12

¼ 2 cos�1 b

d12

� �
:

Hence for a hard sphere collisions

b ¼ d12 cos
x

2

� �
:

Note that the result is independent of the initial relative speed, g0, of the
particles, so that the scattering angle is decided by geometry alone.
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2.5.7. Relationship Between Differential Scattering Cross Section
and Impact Parameter and Scattering Angle

One of the most useful approximations to simplify problems in collisions
between molecules is the assumption that the intermolecular force field is

spherically symmetric. The relative motion of two molecules interacting in
an spherically symmetric central force field is a planar motion, and we have
seen there is a one to one correspondence between the impact parameter b and

the scattering angle x. The scattering process has an axis of symmetry that is
parallel to the initial relative velocity~gg and goes through the center of the target

molecule. The impact parameter b and the angle of scattering x are measured in
the plane of the motion as shown in Fig. 2.48. This plane of relative motion is at

an azimuthal angle «, measured from an arbitrary reference plane in the counter
clockwise direction. Due to the spherical symmetry of the central field of force,

m2

m1

g�

d12

b

g0
qm

→

→

Figure 2.47: Hard sphere collision.

g

g�

c

e

→

→

Figure 2.48: Impact parameter, azimuthal angle and relative velocity geometry.
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the differential cross section s must be independent of the azimuthal angle «,
and the direction of the initial velocity~gg. Therefore ds ¼ ds(j~ggj,x).

In a spherically symmetric central field of force, the differential cross section
can also be expressed in terms of the impact parameter b and the azimuthal

angle «. The differential cross section refers to the infinitesimal area that
scatters incident molecules with relative velocity ~gg to an infinitesimal velocity

space solid angle dV0 around the scattered velocity vector ~gg0 (Fig. 2.49). « can
vary from 0 to 2p without influencing the scattering angle x. The direction of
motion of the scattered particle is fully characterized by x and « and the

infinitesimal solid angle dV0 around this direction can be written

dV0 ¼ sin x dx d«: (2:304)

The element of area of the target molecule, which scatters particles in deflection
angle between x and x þ dx, can be written in the form �2pb db. The area that

scatters the particle with the azimuthal angle « and «þ d« is (� b db d«). The
negative sign is needed because x decreases with increasing b, therefore db and

dx have opposite signs. This area element is exactly the differential cross section
and therefore we can write

ds(g, x) sin x dx d« ¼ �b db d«: (2:305)

Therefore,

ds(g, x)

dV0
¼ � b(x)

sin x

db

dx
: (2:306)

Since

x ¼ p � 2
b

rm

ð1
1

dx
1

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � b2=r2

m � 2x2U(x)=(mg2)
p , (2:307)

dc

c
db

b

Figure 2.49: Relationship between scattering angle and impact parameter.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch02 Final Proof page 130 18.11.2005 11:55am

130 Evaporation



where

x � r

rm
: (2:308)

We obtain

dx

db
¼ �2

d

db

b

rm

� � ð1
1

dx x
1� 2U(x)=(mg2)

[x2 � b2=r2
m � 2x2U(x)=(mg2)]3=2

: (2:309)

We can also write

d

db

b

rm

� �
¼ 1

rm
1� b

rm

drm

db

� �
: (2:310)

Therefore in classical theory of scattering given the potential U(r) one
calculates the differential scattering cross section in the following way: (a)

determine the distance of closest approach rm from

rm

b

� �2

1�U(rm)

E

� �
� 1 ¼ 0; (2:311)

(b) evaluate the integral I(b, g); (c) obtain the relationship b ¼ b(x, g) and

finally (d) use this relationship to calculate s(x, g).

Example 2.33

Consider the collision of two identical molecules of diameter dm. Calculate the

total scattering cross section for hard sphere collision.

Consider the collision of two identical molecules of diameter dm (Fig. 2.50).
Let the initial relative velocities be ~gg and the impact parameter be b. The

relationship between the impact parameter and the deflection angle is given by

b ¼ dm sin fm ¼ dm sin p � x

2

� �
¼ dm cos

x

2

� �
:

g

g�

b

dm

c
fm

→

→

Figure 2.50: Collisions between two equal masses.
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Differentiating, we obtain

db ¼ (dm=2) sin
x

2

� �
dx:

The differential cross section is

ds(g, x) ¼ � b(x)

sin x

db

dx
¼ � b

sin x
� dm

2
sin

x

2

� �� �
¼ dm cos (x=2)

sin x
¼ dm

2
sin

x

2

� �

¼ d2
m

4
:

The total scattering cross section, Q, is obtained from

Q ¼
ðp
0

dx sin x

ð2p

0

d«s(g, x) ¼
ðp
0

dx sin x

ð2p

0

d«
d2

m

4
¼ pd2

m:

The cross section of scattering of two hard spheres is merely the area of cross
section of the sphere.

2.5.8. Differential Scattering Cross Section for Coulombic Potential

The angle of scattering x can be evaluated for special types of inter-particle

potentials. Consider the intermolecular force to be

~FF12(~rr) ¼ K

ra
êer, (2:312)

where a > 1 and K are both constants that characterize the interaction between

molecules. The interaction potential is therefore given by

U(r) ¼ Kr�(a�1)

a� 1
: (2:313)

We cannot thus treat the case when a ¼ 1. We obtain from Eq. (2.285)

x ¼ p � 2

ð1
rm

dr
b

r
r2 � b2 � 2K

(a� 1)mg2
0ra�3

� ��1=2

: (2:314)

K < 0 implies attractive potential and K > 0 is for repulsive potential. We
transform the above integral by using the dimensionless variables defined below:

x � b

r
; xm �

b

rm
; x0 � b

mg2
0

jKj

� �1=(a�1)

: (2:315)
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Hence,

x ¼ p � 2

ðxm

0

dx 1� x2 � 2

a� 1

x

x0

� �a�1
" #�1=2

: (2:316)

The upper limit is obtained from

x2
m ¼ 1� 2

a� 1

x

x0

� �a�1

, (2:317)

so that the dimensionless parameter x0 and the exponent a in the intermolecular
force determines x.

In the case a ¼ 2, the value of xm can be obtained as the positive root of the
quadratic equation

xm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

0

q
� 1

x0
: (2:318)

Therefore,

x ¼ p � 2

ðxm

0

dx
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� x2 � 2x=x0

p ¼ p � arcsin
x0xþ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x2
0

q
2
64

3
75

xm

0

¼ 2arcsin
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x2
0

q
0
B@

1
CA:

(2:319)

Therefore, we can write

tan
x

2

� �
¼ b0

b
, (2:320)

where

b0 ¼
K

mg2
0

: (2:321)

We can write

b ¼ K

mg2

1

tan (x=2)
: (2:322)

The differential cross section ds(g, x) is

ds(g, x) ¼ 1

4

K

m

� �2 1

g4

1

sin4 (x=2)
: (2:323)
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With

K ¼ e2

4p«0
, (2:324)

we recover the well-known Rutherford’s formula for describing the differential
scattering cross section of a-particle scattering by atomic nuclei. We therefore

write

s(g, x) ¼ e2

4p«0m

� �2
1

g4

1

sin4 (x=2)
: (2:325)

Example 2.34

If 2-MeV helium ions are incident on a gold foil, calculate the closest distance

of approach. Compare this distance with the radius of the first Bohr orbit and the

estimated orbital distance of the K orbit of gold according to Bohr’s theory. If the

scattering angle is 1808, what is the scattering cross section.

The distance of closest approach d is obtained by equating the incident
kinetic energy of the particle to the potential energy of the ion E at the closest

distance of approach.

E ¼ Z1Z2q2

4p«0d
:

For helium ions, Z1 ¼ 2 and for gold atoms Z2 ¼ 79.

Therefore the closest distance of approach is

d ¼ 2� 79� (1:602� 10�19)2 C2

4p � 8:85418� 10�12 F=m� 2� 106 eV� 1:602� 10�19 J=eV

¼ 11:374� 10�12 m:

The Bohr radius a0 is

a0 ¼
«0h2

pq2m
¼ 5:3 nm:

The radius of the K shell of gold atom ¼ a0=Z2 ¼ 0:067 nm ¼ 67 pm.
The cross section for scattering is (d=4)2= sin4 (u=2) ¼ (d=4)2 ¼ 8:086�

10�24 m for u ¼ 180�.

2.5.9. Center of Mass to Laboratory Transformation

We have seen how a two body collision problem between two moving particle
simplifies to a one body problem in their reduced mass. Rutherford derived the
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scattering cross section for the reduced one body problem in the center of mass
coordinate system as in Eq. (2.324). Actual measurements are made in a

laboratory so that one must be aware of the relationships between the labora-
tory scattering angles, and the scattering angles calculated in the center of mass

system.
The relationship between the scattering angles in the laboratory system

and the angles in the center of mass system are illustrated in Fig. 2.51. Let~rr1

and ~uu1 be the position and velocity vectors of the incident particle in the
laboratory reference frame. Similarly, let ~rr

0

1 and ~uu
0

1 be the position and

velocity vectors of the incident particle in the center of mass system. We take
~RR and ~RR

_
to be the position and velocity of the center of mass in the laboratory

system. Since

~rr1 ¼ ~RRþ~rr 01 , (2:326)

so that

~uu1 ¼ ~RR
_ þ~uu 01: (2:327)

From Fig. 2.52, we observe

tan u ¼ u
0

1 sin u

u
0
1 cos uc þ ~RR

_
��� ��� : (2:328)

We can obtain ~RR
_
��� ��� and ~uu

0

1

�� �� as follows. According to the definition of the center

of mass, we have

(m1 þm2)~RR ¼ m1~rr1 þm2~rr2: (2:329)

m1

m2

r

q qc

Figure 2.51: Scattering of two particles in the laboratory system with laboratory

scattering angle u and the center of mass scattering angle qc.
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Therefore,

(m1 þm2)~RR
_ ¼ m1~rr_1 þm2~rr_2 ¼ m1~uu0, (2:330)

according to the conservation law of momentum, where m2 and~rr2 refers to the

target atom. Therefore

~RR
_
��� ��� ¼ m

m2
~uu0: (2:331)

From Eq. (2.238), we have

~uu
0

1 ¼
d~rr

0

1

dt
¼ m

m1

d~rr

dt
¼ m

m1

~uu0, (2:332)

since the system is conservative and the relative velocity d~rr=dt after scattering,

when the two particles are no longer in each other’s potential, must have the
same magnitude as the initial velocity ~uu0. Therefore we write

tan u ¼ sin uc

cos uc þm1=m2
¼ tan

u

2

� �
: (2:333)

so that

u ¼ uc

2
: (2:334)

As shown in Fig. 2.51 the scattering angle after collision is uþ f. Since

tan f ¼ cot
u

2

� �
, (2:335)

m2

m1

m2

Lab angles q, f
C.M. angles qc, fc

E1

m1

E0

E2

q qc

fc = p −qc = 2ff

Figure 2.52: Trigonometric relationship between center of mass and laboratory

coordinate systems.
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we have

f ¼ p � uc

2
: (2:336)

Thus, for equal masses, the angle of scattering is p=2. For example, fast
electrons when they collide with other electrons, the secondary electrons depart

roughly in a direction perpendicular to the beam of the incident electrons.
When m1 > m2, the scattering angle is greater than p=2, whereas for m1 > m2

the scattering angle is less than p=2. If m1 ¼ m2 as when the electron is
scattered by an atom, u ffi uc, and uþ f ¼ p þ uc=2. For u ¼ p, we have

uþ f ¼ p so that the lighter particle is reflected backwards.

Example 2.35

Calculate the relationship between the scattering angle in the center of mass and

laboratory coordinate system for collision of two particles when one of them is at

rest.

Consider a center field of force, for which the scattering is confined to a single
plane perpendicular to the angular momentum vector, which is also a constant
of the motion.

The angle between the initial direction of the relative velocity ~vv and final
velocity ~vv0 is xc in the center of mass frame. We can therefore write in com-

ponent form assuming the initial relative velocity is in the direction of x-axis:

~vv0 ¼ v0( cos xc, sin xc),

where v0 is the magnitude of the initial relative velocity~vv. We now have

~vv1 ¼ ~VV þ m

m1
~vv; ~vv2 ¼ ~VV � m

m2
~vv,

where ~VV is the velocity of the center of mass. Hence we have

~vv
0

1 ¼
m

m1
~vv0 þ ~VV ¼ m

m1
v0 cos xc þ V,

m

m1
v0 sin xc

� �
,

~vv
0

2 ¼ �
m

m2
~vv0 þ ~VV ¼ � m

m2
v0 cos xc þ V, � m

m2
v0 sin xc

� �
:

The angle in the laboratory frame of reference is given by the ratio of the final

velocity of particle to its initial velocity (which is in the x-direction), say x1 and
is given by

cot x1 ¼
(m=v1) cos xc þ V

(m=v1)v0 sin xc

¼ cot xc þ
V

v0

m1

m
csc xc:
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When the particle two is stationary, the initial laboratory frame velocity is zero,
so that

~VV ¼ m1v0

m1 þm2
¼ m

m2
v0:

Hence,

cot x1 ¼ cot xc þ
m1

m2
csc xc:

Problems

2.1. Obtain an expression for calculating the number of atoms in a cubic
centimeter at 300 K for an ideal gas at a pressure P. Give the numerical

estimate for hydrogen if (a) P ¼ 1 torr and (b) P ¼ 1 mtorr. How does this
number change if one had argon instead of hydrogen? Evaluate the

density of atoms as a function of pressure and plot the results for the
range of pressures from 10�12 to 1 torr. Plot also the average distance

between the atoms (molecules) in the same pressure range.
2.2. The vapor pressure of aluminum at 815 K is 10�11 torr and at 860 K is

10�10 torr. Obtain an expression for calculating the vapor pressure of
aluminum as a function of temperature. What is the vapor pressure of
aluminum at (a) 1000 K and (b) 100 8C?

2.3. From a suitable source obtain the vapor pressure as a function of tem-
perature for the following elements: (a) sodium, (b) chromium, (c) mo-

lybdenum and (d) aluminum. Give the citation for the sources. Draw a
graph of vapor pressure as a function of temperature for each of the

elements. Determine from this graph, the temperature at which a vapor
pressure of 10�2 torr is reached. At these temperatures, indicate whether

the element is in the solid or liquid state.
2.4. What is the average kinetic energy of argon atoms when argon gas is

contained in a volume of 100 cm3 at a temperature of 25 8C? What is the
root mean square velocity of the atoms under the same conditions? If the
energy of the argon gas were to become twice the value calculated above:

(a) by how much the temperature of the gas should change at 1 atm? (b)
by how much the pressure should change at the temperature of 25 8C and

a volume of 100 cm3?
2.5. Photons are contained in a box of volume V. Show that the pressure

exerted by the photons conforms to the law

PV4=3 ¼ constant:
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2.6. Calculate the mean, the most probable and the root mean square speed at
300 K for (a) argon and (b) hydrogen? Compare these speeds with the

speed of sound propagation in the gases.
2.7. Calculate the flux of atoms of argon hitting a surface if the pressure of

argon is: (a) 1 atm, (b) 10�6 torr and (c) 10�12 torr. If there are
1015 atoms=cm2 in a monolayer, estimate the time it takes to form a

monolayer under each of the conditions stated above.
2.8. Sketch the number of molecules in a gas that have a speed greater than v

for an ideal gas at 1 atm and 300 K. Assume the lowest speed is 0 m/s.

From the graph calculate the number of molecules that have a speed
between vrms and vrms � 0:01vrms. What is the slope of the curve at very

high velocities of gas molecule and at very low velocities? What is the
number of molecules in the system with these velocities?

2.9. What is the minimum speed necessary for (a) hydrogen and (b) oxygen
molecule to escape from the surface of the earth and from the surface of the

moon? Is moon likely to have hydrogen and oxygen in its atmosphere?
2.10. Obtain an expression to calculate the growth rate of a film deposited by

evaporation at pressure P, if all the evaporated atoms hitting the substrate

stick to the substrate. From this expression, through appropriate differ-
entiation, obtain the change in growth rate with change in temperature.

Evaluate the magnitude of the fluctuation in growth rate for a 5 8C change
in temperature for molybdenum evaporation. Assume the evaporation of

molybdenum is conducted at a temperature when the vapor pressure of
molybdenum is 10�2 torr.

2.11. Calculate the mean free path of: (a) oxygen molecule, (b) hydrogen
molecule and (c) chlorine molecule in a chamber with a pressure of (i)

10�4 Pa and, (ii) 0.5 Pa. Assume the temperature is 300 K. Estimate also
the time between collisions. What is the collision frequency? What kind of
electromagnetic radiation does this frequency correspond to?

2.12. Nitrogen gas is contained in a cube of edge length 10 cm, and the pressure
is one atmosphere and temperature is 25 8C. How many collisions each

molecule make with the sides of the cube in 1 s: (a) assuming the nitrogen
molecule does not collide with any other molecule and (b) assuming

collisions occur among nitrogen atoms. Comment on the discrepancy, if
any.

2.13. A deposition chamber has a distance of 50 cm from source to substrate. If
the pressure in the chamber is 10�4 Pa, estimate the fraction of O2 mol-
ecules that suffer collisions before reaching the substrate. How would

your answer change if pressure in the chamber is 0.5 Pa? Assume the
temperature of deposition is 300 K.
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2.14. Calculate the pressure of the chamber that is necessary to deposit titani-
um if the oxygen content of the film has to be less than 1 part per million?

2.15. An ideal monatomic gas is in thermal equilibrium at a temperature T.
Assume Maxwell’s distribution of velocities is valid. If v denotes the

speed of the individual molecule in the gas, calculate the following:
(a) 1=�vv and (b) h1=vi. Show that the two values are different.

2.16. Find an expression for the mean number of molecules per unit volume
whose kinetic energy lies in the range « to «þ d«. Plot the result and
indicate what is the most probable kinetic energy of the molecule?

2.17. A gas consists of n molecules per m3: (a) What is the number of molecules
in an elemental volume dV? (b) If n is the collision frequency, what is

the number of collisions occurring within dV in time dt? (c) What is the
number of molecules Dn, heading towards an area DA? (d) What is

the number of molecules reaching DA without suffering a collision?
(e) What is the total number of molecules striking per m2 per second?

2.18. Consider a chamber of volume 2 L kept under vacuum of 10�12 torr. If the
chamber develops a leak of 10�10 cm2, what would be the number of
molecules that escape the chamber assuming that all molecules that strike

the leak area escape in one hour? By how much the pressure in the
chamber rises in 1 h.

2.19. Calculate the expression analogous to pressure in a two dimensional gas
according to kinetic theory.

2.20. Nitrogen gas on cooling condenses to form a liquid at 77 K. The density of
liquid nitrogen is .807 g/cc. Estimate the approximate size of the nitrogen

molecule from this data. Compare this with the approximate distance
between molecules of nitrogen gas at standard temperature and pressure.

2.21. The vapor pressure of a material is given by

log P ¼ A� B

T
,

(a) What is the temperature at which the vapor pressure is 10�2 torr.

(b) Obtain an expression to calculate the rate of evaporation in terms of
mass per unit area per unit time and number of molecules per unit

area per unit time.
2.22. Calculate the pressure that corresponds to the impingement rate of one

monolayer per second of oxygen molecules on a substrate at 300 K.

2.23. From the phase diagram information, list five elements that can be melted
and five elements that can be sublimated in a vacuum system maintained

at a pressure of 10�6 torr.
2.24. The density of a film to be deposited is r. What is the number of molecules

per unit volume if the molecular weight is M? If the linear rate of
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deposition is L, how many molecules are deposited per unit area? An
impurity gas of molecular weight W is present in the system, which is at a

temperature T and pressure P. What is the ratio of the arrival rate of the
impurity gas to the arrival rate of the film material? Assuming the film to

be deposited is chromium and the impurity is water vapor, obtain a graph
of rate of deposition versus impurity content of the film. What suggestions

will you make for reducing the impurity of the gas in the film?
2.25. Draw a schematic sketch of the variation of the chemical potential for a

single-component system as a function of pressure at constant tempera-

ture for its vapor phase and for its solid phase. Show in this diagram the
equilibrium vapor pressure. Obtain an expression for the difference in

chemical potential of the two phases when there is deviation from the
equilibrium condition.

2.26. Consider 1 mol of a pure substance. Draw schematic sketch of: (a) pres-
sure–temperature, (b) pressure versus volume and (c) volume versus

temperature for this system.
2.27. Let an electron subjected to a voltage of 10 kV collide with a nickel atom,

which is at rest. What is the fraction of energy transferred by the electron

to the nickel atom? If the incident atom were an argon ion, how would
your answer change?

2.28. Derive the Gibbs–Duhem Eq. (2.5).
2.29. Indicate some of the factors on which the evaporation coefficient aV may

depend. Estimate the time it takes to attain equilibrium if (a) aV ¼ 1 and
(b) aV ¼ 10�4.

2.30. An ideal gas is at a temperature T, pressure P and volume V. A small
pressure p is added to the system causing the volume to diminish by v.

Write the Boyle’s law in the new condition. Calculate the work done when
p increases from 0 to p0 when v decreases from 0 to v0. Hence, show that
the gas behaves elastically like a spring with an elastic bulk modulus equal

to pressure P.
2.31. Calculate the distance of closest approach and the scattering angle for an

inverse square potential.
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Chapter 3

Plasma State

3.1. Introduction

Materials change their state of aggregation (solid, liquid and gas) on heating to
temperatures that are generally below a few thousand degrees Kelvin. Depo-

sition of films by evaporation exploits the formation of a vapor from the solid or
liquid phases when they receive thermal energy. The atoms in the vapor serve as

the building blocks for thin film formation. The changes in the state of aggre-
gation of a pure single component material are discontinuous and involve
energy changes of the order of 10�2 eV/particle or less. Continued heating of

gas molecules increases the kinetic energy of individual molecules. The colli-
sions between particles can strip electrons from atoms and molecules above a

certain threshold energy creating numerous charged particles such as ions and
electrons (Saha, 1920). The recombination between electrons and ions to re-

form the neutral molecule has no threshold energy, but is much less probable.
The energies required for converting a neutral gas to a mixture of ions and

electrons can be as high as 1–30 eV/particle. However ionization can occur
below temperatures corresponding to these threshold energies because some
particles have high energies as they populate the tail of the Maxwell distribution

of velocities. The transition from a gas to the plasma state occurs gradually with
increasing temperature and is not an abrupt transition. At room temperature

the fraction of atoms ionized is negligible so that ordinarily gas does not behave
like plasma. The relative position of the states of matter with respect to

temperature and the energy of the heavy particles is shown in Fig. 3.1.
The thermal heating of a gas in a container to produce plasma is impractical

since no solid container is available to withstand temperatures in excess of
4000 K. One can impart such high energies, if we can create charged particles

in a gas and subject them to electric and magnetic fields. The charged particles are
mobile and interact with each other through long-range electromagnetic forces.
The prevention of charged particles in the plasma from reaching the walls of the
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container requires their confinement by suitably designed electric and magnetic
fields. The higher the temperature of the plasma, the confinement of a plasma by

these fields is extremely difficult. The difficulties are due to the fact that a small
disturbance in the plasma can build up and result in large instabilities, analogous

to the disruption of traffic flow due to one disabled car in the highway. The
instabilities are due to the way in which the plasma strives to maintain internal

charge neutrality and the manner in which the plasma particles with a range of
velocities interact among themselves. These instabilities allow the charge par-

ticles to strike the wall of the plasma container and waste their energies resulting
in either the destruction of the desired plasma state or the container.

A neutral gas can be converted to a medium that is a composite of ions,

electrons and neutral particles with the assistance of an outside energy source.
The plasma state can exist at low temperature if a mechanism exists for creating

ions without heating the ions and the densities of these ions are such that
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Figure 3.1: State of matter as a function of temperature.
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recombination of ions is not rapid. Rather than increasing the kinetic energies
of the particles, one attempts here to raise the degree of ionization much above

the thermal equilibrium values by an external energy sources. The medium
acquires some unique properties, unlike any other state of aggregation of

matter. The new state, the plasma state, reveals interesting phenomena that
are of use in materials processing. There is no sharp transition between the

gaseous state and the plasma state.
We shall consider the salient features of the plasma state that are important

for thin film technology emphasizing the principal characteristics of an ideal

plasma state. The distinguishing roles played by electrons and ions in plasma
are brought out in this chapter. A cursory description of the collisional pro-

cesses that can occur in a plasma prepares us to understand their contribution to
generate and sustain a plasma, as well as help us understand the formation of

various excited and metastable state of species contained in the plasma. The
motion of charged particles as they are affected by electric and magnetic fields

is considered to bring out the anisotropies introduced in the plasma by the
presence of a magnetic field. The methods used to calculate average macro-
scopic properties are needed to understand any model of plasma behavior in

actual plasma systems. Macroscopic characterization of plasma helps us in
understanding the control of processes involving plasma. Advanced methods

of plasma reactors also utilize the rich variety of waves that can be generated in
any plasma. This chapter therefore addresses the principles that are important

in determining the types of particles that are present in a plasma, their energies
and fluxes, the dimension in time and distance over which changes can occur,

the type of response one can expect when the plasma is subjected to external
fields and the nature of collisions that one can initiate and sustain in a plasma.

These should be of assistance in understanding the database needed for physical
and chemical processes in plasma materials processing. Systematic understand-
ing of the required database, the sources of data and their reliability are

important concerns in any industrial application of plasma. Continued progress
in plasma processing technology requires the gathering of experimental data on

a variety of gases and material combinations. Plasma techniques assist in
increasing the production rates, achieve precision in manufacturing and provide

for opportunities to obtain new processes, materials and devices with unique
properties (National Research Council, 1995).

Example 3.1

Utilize the expression derived by Saha to obtain the degree of ionization as a

function of temperature for nitrogen. What would be the temperature at which

one can expect 1% ionization of the gas at 1 torr.
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Saha utilized the methods of statistical mechanics to determine the degree of
ionization in a gas at thermal equilibrium at temperature, T. Saha’s equation

enables us to calculate how the atoms are distributed among their several
ionization stages.

On first consideration, we may think ionization occurs when the average
thermal energy of a gas molecule given by (3=2) kBT equals the ionization

energy of the gas. However, considerable ionization is possible even at lower
temperatures because at any given temperature there is a small fraction of the
total number of atoms with sufficient energy to ionize the gas molecule.

If na and nb are the number density of particles having energy Ua and Ub, then

na

nb
¼ ga

gb
exp � (Ua �Ub)

kBT

� �
,

where ga and gb are the statistical weights of the energy levels Ua and Ub

respectively. If we consider the state ‘‘a’’ as ion–electron pair and state ‘‘b’’ as

the neutral atom or molecule and write U ¼ Ua �Ub, we can write

a � na

na þ nb
¼ ga=gb exp [�U=(kBT)]

ga=gb exp [�U=(kBT)]þ 1
:

We can write from quantum mechanics an expression for ga=gb as

ga

gb
¼ 2pmekBT

h2

� �3=2 1

ni
,

where ni is the ion number density. If nn is the neutral molecular density and nt

is the total number of molecules per unit volume, we have nt ¼ nn þ ni: ne is the
number of electrons per unit volume.

Therefore, we have for the reaction

A ¼ Aþ þ e�

neNAþ

NA
¼ S(T , P),

where N is the total number of the particular species and S(T, P) is the Saha’s
function. We have

neNAþ

NA
¼ QeQAþ

QA
,

where Q is the partition function. We write according to Saha

neNAþ

NA
¼ 2pmkBT

h2

� �3=2

V
ueuAþ

uA
,
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where u is the internal partition function, other than the translational partition
function. The internal partition function of an electron is due to its spin, which is

2sþ 1 ¼ 2. The internal partition function of the atom and of the ion must be
evaluated from all energies measured by the same reference level such as the

ground state of the neutral atom.

nAþne

nA
¼ 2pmkBT

h2

� �3=2 2uAþ

uA
exp � U

kBT

� �
,

where U is not just the ionization energy but includes a correction factor

and m � memAþ

mA
ffi me.

In the first approximation, we ignore the correction factor and also the term

uAþ=uA, and obtain

ln
ninAþ

nA

� �
¼ 3

2
ln

2pmekBT

h2

� �
þ ln

2uAþ

uA

� �
� U

kBT
� X:

We have the pressure pe ¼ pAþ ¼ nxkBT, where x is the fraction ionized. Hence

pA ¼ n(1� x)kBT; p ¼ pAþ þ pe þ pA ¼ n(1þ x)kBT,

so that

pe ¼ pAþ ¼
x

1þ x
p; pA ¼

1� x

1þ x
p:

Hence,

ln
x2

1� x2
p

� �
¼ X:

For X ¼ 0:01, p ¼ 1 torr and for nitrogen for which U ¼ 14:53 eV, the tempera-

ture at which the ionization occurs at 1% may be found by plotting T versus X

as shown in Fig. 3.2. It is clear from the calculations that very high tempera-

tures are needed for even a fractional ionization of the molecules by thermal
energy.

3.2. The Plasma State

Gases do not ordinarily conduct electricity and are electrical insulators. William

Crookes (1879), in order to probe the structure of atoms and molecules,
investigated the properties of gases at low pressures on exposure to electric
fields. He concluded from his experiments that the electrified gases contained

in an enclosure and characterized by uniform electrical and optical properties
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(Fig. 3.3) behave as a new state of matter. Tonks and Langmuir (1929) coined

the term plasma to denote the state of matter inside the glow discharge to
differentiate it from ordinary gases. The energy provided by an external power

source is sufficient to strip the electrons from atoms and molecules thereby
creating an equal number of oppositely charged particles. The electrons are
thus liberated from the atom and acquire freedom of motion. Since charges

exist as separate entities and can transport current when subjected to electric
and magnetic fields we infer that the plasma becomes a conducting state. It is

possible to shape and mold the ions and electrons in the plasma by the shape of
the containers, and move and energize them by electromagnetic forces. Hence,

the name plasma is derived from the Greek root plassein, which means ‘‘to
shape or mold’’. Plasma fills therefore every crevice in a vacuum vessel.

Plasma is a partially ionized gas consisting of equal numbers of positively and

negatively charged particles, the remainder made up of unionized neutral par-

ticles and electromagnetic radiation. Unlike the potential energy of attraction

between an electron and a proton in a neutral atom, the potential energy of a
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Figure 3.2: Plot to determine the temperature at which 1% ionization occurs in

nitrogen at 1 torr.
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typical plasma particle due to its neighbors in the plasma is much smaller than
its kinetic energy. Therefore, the existence of ions and electrons as separate

entities in the plasma, exerting forces on each other, gives plasma some of its
unique properties that make it different from gases. Each charged particle in
the plasma interacts simultaneously with all other charged particles resulting in

important collective effects. In the plasma, the charged particles can be ordered
and forced to move in a regular fashion in cohesive groups by applied magnetic

and electric fields.
In the undisturbed plasma, the charges move around in a constant electric

field since the sums of all the interactions tend to cancel and the plasma shows a
behavior of quasi-neutrality. Deviations from electrical neutrality give raise to

electric fields and these fields can be very large. Even small deviations from
electrical neutrality lead to large electric fields, whose creation demands an

immense amount of energy. A one percent deviation in the ion and electron
densities at a known separation distance creates a large electrostatic force,
which far exceeds the pressure force per unit volume from the motion of

particles at any given temperature and pressure. Charge separation in the

Electron

Atom

Ion

V

R

−

Figure 3.3: DC glow discharge system.
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plasma is nevertheless a distinct feature of the plasma state. The separation of
charges results in an electric field, the establishment of which requires energy. If

there are no external sources of energy, this energy must come from thermal
energy. At the same time, plasma interacts internally with itself and with

externally applied fields and forces. The maintenance of a plasma state is

possible when electron and ion densities are in a steady state. Very low degrees

of ionization (say 1%) are sufficient for the gas to exhibit electromagnetic
properties of plasma. The process of ionization that tries to keep the charges
apart must be in balance with the process of recombination that tends to

neutralize the charges, under the influence of external energy source.
The negative charges in the plasma are virtually all electrons, even though a

fraction of negative ions may be present. The positive charges are essentially due
to atoms, molecules and molecular fragments that have lost one or more

electrons. The ions may be singly charged or multiply charged. Examples of
positive and negative ions appear in Fig. 3.4. There are also radicals in the

plasma (Fig. 3.5). The continuous random motion of the various particles in the
plasma due to thermal energy is normally insufficient to maintain a steady state
condition but serves to randomize the energies of charge carriers and neutrals

through various collision processes and interactions. In order to maintain the
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Figure 3.4: Positive and negative ions in a plasma.
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plasma in a steady state, it is essential to replenish the charge lost by diffusion

and recombination by some mechanism of generating charges, such as by the
presence of external electric and magnetic fields. Ordinarily, gases contain a few
ions and electrons due to the effect of cosmic rays or ambient ultraviolet

radiation on the gas. These electrons are accelerated by an electric field and
are able to generate additional ions and electrons. The nature of the interaction

occurring in a plasma due to external forces influences the kinds of particles

present in a plasma, their densities and the distribution of their energies.

The presence of charged particles in the plasma means the existence of
electric fields that vary with distance r from the location of the charge according

to an r�2 law. The electric field emanates spherically in all directions with the
charge as the center but the volume of the spherical shell increases in propor-
tion to r2 (Fig. 3.6). The product of the electric field times the spherical shell

volume determines the effectiveness of the electric field and is a constant,
independent of distance. Thus, each charged particle in the plasma influences

other charged particles in the plasma at large distances from one another.

O2 + e− = O∗ + O∗ 

F2 + e− = F∗ + F∗ 

e− + CF4 = CF3 + F + e− 

H2O + e− = OH+ + H + 2e− 

H2O + e− = OH + H+ + 2e−

Figure 3.5: Some typical free radical formation in a plasma.

Spherical Shell 
Volume = 4pr2

 dr

Electron

r

dr

Figure 3.6: The electric field surrounding an electron.
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A neutral atom or molecule on the other hand has a dipole moment that creates
an electric field that has a distance dependence that varies according to a rule

r�n where n � 3. Neutral atoms and molecules exert forces on each other over a
very small range of distances. The influence of charges in the plasma on one

another acting over large distances is the principal reason for its behavior as
distinct from gases of neutral atoms and molecules. We should note that a

magnetic field associated with a moving charge also produces a force on other
moving charges.

The path of particles in a gas follows a zigzag path as the particles travel

between collisions along a straight line. However, the path of an ion or an
electron in the plasma between collisions is quite different (Fig. 3.7). The path

between collisions of a charged particle in the plasma cannot be straight-line
segments. Each of the charged particles in the plasma is always in the electric

field of the remaining electrons and ions. This electric field is subject to con-
tinuous fluctuation in both magnitude and direction. The velocity of the charged

particle thus varies continuously. Nevertheless, the trajectory of the charged
particle shows a random walk nature, due to the very frequent small deflections
that combine in accordance with statistical laws to give rise to a gradual

variation in the direction of the moving particle.

(a)

(b)

Figure 3.7: (a) Trajectory of a gas molecule (b) Trajectory of a charged

particle in a plasma.
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The interactions of charged particles in the plasma over large distances imply
that they seldom come close to one another and suffer a hard collision. How-

ever, the densities of charged particles in the plasma and the temperature of

the plasma are important in determining the importance of hard collisions. If

the density of charged particles in the plasma is high, the charged particles in the
plasma may appear to present a dipole-like appearance to other charges and

consequently hard collisions are important. At low temperatures, electrons and
ions rapidly combine to form neutral atoms and molecules. Therefore, heating
of a gas to a high temperature is one way to maintain plasma and clearly the

density of charged particles increases with increase in temperature.
There are a number of useful ways of generating the plasma in a gas. The

most common method is by the application of electric and magnetic field to a
gas at low pressure in an enclosure. Since the gas is normally nonconducting, the

first few charges in the gas are due to the influence of cosmic or ultraviolet
radiation on the gas. The electric field then takes over and produces all the

remaining charged particles to produce and sustain the plasma. Other means of
generating the plasma include the use of radio frequency discharges, shock
waves, lasers and high-energy particle beams.

The definition of the plasma may be extended to include states other than the
gaseous state. Solid-state plasmas have fixed positive charges in the vicinity of

which a large number of electrons are mobile, as in a metal. Salt solutions, where
free electrons are not present, have positive and negative ions that move sepa-

rately. Plasma studies are therefore important in a wide variety of areas such as
radio wave propagation, astrophysics, gas lasers, magnetohydrodynamic power

generation, space vehicle propulsion, arc jets, microwave amplification, con-
trolled thermonuclear fusion and gas discharge devices (Ali Kettani and Hoyaux,

1973).

Example 3.2

Estimate the cross section for scattering by large angles between two charged

particles in plasma.

Charged particles are assumed to interact with each other according to

Coulomb’s law, which states that the strength of interaction diminishes slowly with
distance. The smooth trajectory of charged particles in plasma is the consequence
of this long-range force. This trajectory is to be contrasted with that of a neutral

particle, which has straight-line trajectory between each collision in a gas. Con-
sider the situation when a single interaction between two charged particles leads

to a sharp deflection. This can only come about if the potential energy of coulomb
interaction is comparable to the kinetic energy of the colliding particles. Hence

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 155 18.11.2005 11:57am

Plasma State 155



Z1Z2q2

4p«0r
¼ 1

2 mg2,

where m is the reduced mass and g is the relative speed. The distance of nearest
interaction is denoted by ‘‘b’’, the impact parameter, and is given by

b ¼ 2Z1Z2q2

4p«0mg2
:

The cross section for sharp interaction in a binary collision is approximately
given by pb2.

In addition to sharp deflections, the charged particles can change their
directions by long-range interactions, which produces a curved trajectory. It
can be shown that the cross section for this process is an order of magnitude

larger, so that remote interactions are of considerable importance than close
encounters in plasma. The impact parameter ‘‘b’’ is inversely proportional to

temperature T. Hence the cross section Q is inversely proportional to the
square of temperature.

3.3. Thermal and Nonthermal Plasma

The plasma consisting of electrons of mass me and ions of mass mi is subjected

to an electric field of strength E~. If we imagine the ion is initially stationary, the
electric field exerts a force qE~ on the ion. If the ion travels a distance x in time t,
then the work done by the electric field is qE~x. We have

x ¼ 1
2 at2, (3:1)

where the acceleration~aa is given by

mi~aa ¼ qE~: (3:2)

Therefore, the work done by the electric field on the charge is

Wf ¼ qEx ¼ qE 1
2 at2
� �

¼ (qEt)2

2mi
: (3:3)

Electric field does work on the electrons and ions, and since me � mi, the action

of the electric field is primarily to give kinetic energy to electrons. The electrons

are thus the main particles responsible for the transfer of energy from the
external electric field to the gas.

A charge shares the energy gained by the electric field to other charges
through collisions in the plasma. The dissipation of kinetic energies, gained by
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the charges, to other charges of similar mass is efficient if collisions occur among
them. Therefore, the electrons quickly share their kinetic energies with one

another. When the electron is moving in an electric field, elastic collisions
generally have the effect of restricting its velocity in the direction of the field.

However, the sharing of the kinetic energies of electrons with ions and neutrals
in elastic collisions is inefficient because of the wide disparity in their masses.

The consequence of this is that electrons easily gain energy from the electric field,
whereas neutrals and other ions in the plasma rapidly dissipate the energy they

acquire from the field to one another and to the walls of the container. Ions and

neutrals rapidly reach thermal equilibrium by a process called charge exchange.
Temperature that is close to the temperature of the walls of the enclosure

result by virtue of the high thermal conductivity of the gas (Davis and Gottscho,
1983).

Electrons gain energy from the electric field between each collision. The
process in which an exchange of energy takes place between the electrons and

ions proceeds in parallel with the processes in which the electron receives
energy from the external source of electric field. The disparity between the
electron and ion temperature is thus exacerbated in a gaseous discharge. Under

steady state conditions the energy gained by the electrons must be equal to the
energy lost by electrons in collisions. The maximum energy electron can loose

in elastic collisions with ions is (2me=mi)(We �Wi), where We and Wi are the
initial energy of the electron and ion respectively. The loss of energy by an

electron in an average collision is thus

DW ¼ 2me

mi
(We �Wi): (3:4)

If we equate this loss of energy to the average energy gained in a collision we

have

DW ¼ qEl ¼ 2me

mi
(We �Wi): (3:5)

The disparity in the energies of electrons and heavy particles after collision is

(We �Wi) ¼
qElmi

2mi
¼ mi

2m(e)

� �
qE

NQ

� �
, (3:6)

where Q is the total scattering cross section and N is the total number of
particles. Clearly, the differences in electron and ion energies are much greater

at steady state. The actual energies of electrons will be much less than the
estimate of Eq. (3.6), since electrons can lose their kinetic energies in inelastic

collisions once they acquire enough energy to initiate these types of collisions.
When force acting on plasma has different effects on ions and electrons, a
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plasma current results. However, a steady state current can flow only when the
current loop is closed inside the plasma or if the current can flow into external

electrodes that are in contact with the plasma. Plasma polarization results or
charge separation occurs if current cannot flow. The presence of magnetic field

produces current flow giving rise to special characteristics for the plasma.

Example 3.3

Estimate the energies gained by electrons in an argon plasma at 1 torr and

300 K subjected to an electric field of 1 eV/cm. Assume the cross section for

electron–argon atom collision is 10�15 cm2.

We note mi ¼ 39:948� 1:6726� 10�27 kg; me ¼ 9:1095� 10�31 kg, P ¼ 1 torr
¼ 133 Pa, T ¼ 300 K, Q ¼ 1�15 cm2 ¼ 10�19m2; 1 eV ¼ 1:621� 10�19 J; q ¼
1:60218� 10�19 C.
We �Wi from Eq. (3.6) is given by

We �Wi ¼ 1:83� 10�16 J ¼ 1142 eV:

It is seldom possible to expect that electrons will reach these energies, since
inelastic collisions of electrons with neutral atoms begin to occur around 10 eV

or more, electrons tend to lose their energies by these processes.
Even though very little energy is exchanged in the elastic collision between

the electrons and the neutral particles, it does have a profound effect on the

electron velocity because there is a large exchange of momentum. The electron
velocity will be redirected after the elastic collision. Therefore the elastic

collision effectively transforms the directed energy, which the electrons acquire
from the electric field into random energy. This results in an electron energy

distribution, which can be characterized by a unique electron temperature.
Under steady state conditions the energy gained by the electrons between

collisions is equal to the energy lost during collisions. The electrons will thus
heat up to a sufficiently high energy to establish this balance. Therefore the
random velocity will be much greater than the directed velocity, which the

electron gains from acceleration in the electric field. The average electron

energies in the cold plasma (2–10 eV) can be much greater than the average

thermal energy of atoms and ions in the plasma even at room temperature and
for a moderate electric field. Electrons with energy of one electron volt behave

as though their temperature is 11605 K. However, since the specific heat of

electrons is very low, these high temperatures do not require special containers

to hold them. It is this feature of the plasma that produces radicals and initiate
chemical reactions in the plasma that cannot otherwise take place at room

temperature or even at very high temperatures attainable in practice in
the laboratory. There is thus the distinctive feature that the plasma contains
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different particles at different average temperatures. The average temperature
of electrons is higher than those of ions, where the average temperature of ions

is higher than those of neutrals, and all these particles coexist in the plasma.
The inelastic collisions between energetic electrons and other species in the

gas result in excitation, ionization and dissociation of molecules. During an
inelastic collision, the electron can transfer virtually almost all of its kinetic

energy to the potential energy of the colliding molecule unlike in the case of
elastic collisions. The amounts of energy transferred during inelastic collisions
vary over a wide range from 0.1 eV, when the molecules are excited in their

rotational states to 10 eV or more, when molecules are dissociated or ionized.
The disparity with which the charged particles share their kinetic energies

among particles of similar mass as opposed to particles of dissimilar mass gives
raise to three distinctly different types of plasma states. If all the particles are in

equilibrium with each other and with the radiation inside the plasma, one
speaks of complete thermodynamic equilibrium plasma as found in the stars.

In the second type variously called thermal plasma, or hot plasma a common
temperature characterizes all the particles in the plasma but there is no equi-
librium with the radiation contained in it. Examples of thermal plasma are high

intensity arcs, plasma torches and high power density discharges. In the type of
plasma called nonthermal, nonequilibrium or cold plasma the temperature of

the heavy particles in the plasma is only slightly different from the container
holding the plasma, whereas the kinetic energies of the electrons in the plasma

can be higher by an order of magnitude or more. Examples of nonthermal
plasmas are glow discharges, corona discharges and low-pressure radio fre-

quency discharges. Cold plasma is used to remove trace contaminants, and to
produce rearrangement of atomic or molecular configurations for further pro-

cessing the surface. For example, one can remove contaminants from the
surface prior to film deposition and treat polymer surfaces to increase wett-
ability or to produce molecular weight changes in the near surface regions.

Plasma can also alter the chemical compositions in the surface regions, as in
nitriding, carbiding, siliciding of metals and semiconductors. Physical or chem-

ical interaction of plasma with surface can produce etching of surfaces, which is
an indispensable operation in the fabrication of electronic devices. On can also

use plasma for deposition of thin films on surfaces to offer protection against
corrosion or wear or to provide active and passive elements in electronic,

magnetic, optical, superconducting and ferroelectrics devices. One can combine
plasma with chemical gases to initiate deposition at unusually low temperatures
or to produce unique metastable films. It is also possible to utilize plasma to

alter the topography of the surface or to texture the films.
Under steady state conditions thermal plasma can achieve bulk temperatures

well above those that are attainable by flames through chemical combustion or
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resistance heater systems. Unlike arcs, the thermal plasma can operate in an
inert or reactive environment thereby providing complete control of the atmo-

sphere of processing. Design of plasma systems to give high electrical and
thermal efficiency is possible. The advantages of a thermal plasma enable a

variety of material processing tasks such as: melting and remelting materials,
extraction of metals from lean ores, deposition of materials by plasma spraying,

synthesis and consolidation of materials (National Research Council, 1985).
The collision of ions with the walls of the container makes it impossible to
increase the temperature to that characteristic of the fully ionized plasma. It is

therefore necessary to come up with schemes whereby one can confine hot
plasmas in magnetic traps. However, instability in plasma renders this task

extremely difficult. In addition, plasma particles hitting the walls can eject
atoms of the wall into the plasma and create unwanted impurities in the plasma.

Nonthermal plasmas are cool to touch but have high electron energies. These
characteristics permit the initiation of many chemical changes in a gas that

would be impossible to achieve at low temperatures and impractical to attain at
high temperatures. Hence these types of plasmas find uses in materials process-
ing, such as surface cleaning and alteration, chemical alteration, etching, film

deposition and texturing. Cold plasmas are important because of their unique-
ness since there are no competing processes with equal capabilities and they are

environmentally benign.
As a general criterion for the existence of a hot or cold plasma, the ratio E/p

or E/n is a good measure, where E is the electric field strength, p is the pressure
and n the particle density in the plasma. The criterion reflects the energy

exchange process between electrons and other heavy particles in the plasma.
High particle densities or high pressure promotes the exchange of energy

among electrons and heavy particles. Small values of E/p or E/n tend to increase
the energy of the electrons compared to ions. The mean energy of electrons, the
fraction of electrons that are hot enough to ionize neutral atoms or molecules,

the rate of ionization per electron, the mean velocity in the direction of the
electric field are all functions of E/n. Figure 3.8 shows the varieties of plasmas

in various fields of interest in science.

3.4. Collisions in a Plasma

The presence of ions, electrons, photons and neutral particles in plasma implies
that external forces as well as collisions play a major role in determining the

type of activity that goes on in the plasma. These collision processes involve
collision of particles between themselves or interaction of particles with radi-

ation. Collisions produce particles with various energies and momentum and
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can also convert one set of particles to another. Therefore they govern the
population of different species of particles in the plasma and their energy
distribution.

Collisions that produce only a change in the kinetic energy of the colliding
particles and conserve momentum (Fig. 3.9) are elastic collisions. The primary
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Figure 3.8: Classification of plasmas.

Before

After

−

−

Figure 3.9: Elastic collision between an electron and an atom.
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result of elastic collisions is to alter the directions of motion of the colliding
particles in a random manner. If the collisions are between particles of equal

mass, sharing of the kinetic energy among the colliding particles is very effi-
cient, which promote the attainment of thermal equilibrium among the particles

of similar mass. One can then conceive of representing the distribution of
velocities of a given type of particles by a Maxwell–Boltzmann distribution

function characterized by an appropriate temperature. The energy distribution
of particles according to Maxwell is given by

f (W) ¼ 2:07 W�3=2
av W1=2 exp

�1:5 W

Wav

� �
, (3:7)

where Wav is the average energy of the particle, which is given by (3=2)kBT.

Since ions and electrons behave rather differently in a time scale less than ion–
electron relaxation times, it is necessary to define separate distribution func-

tions for each species in the plasma.
The elastic scattering of electrons can be treated as coulomb collision

between charged particles or as polarization scattering between a charged par-
ticle and a neutral particle. We shall consider the scattering of charged particles

from neutral atoms. The electrons and ions do not feel the presence of the
neutral atoms until they are close to one another. An electron hitting a neutral

atom can change its vector momentum by a large amount. The cross section for
this interaction decreases for higher energies. Electron goes past the neutral
atom at high velocity so that there is not enough time for the atom to respond to

the incoming particle. The total cross sections for elastic scattering measured
for electrons in the inert gases are shown in Fig. 2.33 (Ramsauer, 1921).

Electrons of low energy can almost pass through an atom without knowing it
is there. Mott and Massey (1965) provided the detailed theoretical description

of the scattering cross section for elastic scattering of electrons with atoms. At
low energies there is a deep minimum in the cross section that is attributed to

quantum effects and is known as Ramsauer–Townsend effect. The scattering of
ions from neutral atoms has a larger scattering cross section, and the exchange
of momentum is easier because of similarity in mass. An ion passing close to an

atom can also pull an electron ionizing it. The ion then becomes a fast neutral,
while the neutral becomes a slow ion. This process is called charge exchange in

which the incident ion has lost most of its energy.
The plasma state provides a fertile ground for initiating a variety of chemical

reactions. Many of these chemical reactions would not occur even at the highest
temperatures that one could reasonably obtain in a laboratory. The high elec-

tron temperatures that are available are the reason why many novel reactions
can occur. Most of these reactions occur virtually at low ambient temperatures

since the ions and radicals are in equilibrium at these temperatures. The
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synthesis of unusual products at low temperatures has the added advantage of
preventing extensive microstructure changes in the deposited film. Chemical

changes in the plasma are thus driven by the high-energy electrons and are not
based on the temperature of the gas mixture. A number of products can be

synthesized in the gas phase, such as ammonia from nitrogen and hydrogen,
XeF4 from xenon and fluorine. Many other examples are detailed in the book

edited by Venugopalan (1971). The role of inelastic collisions is thus of great
importance in the plasma. The importance of plasma in materials processing,
stems from the rich variety of inelastic collisions that occur when the particles

suffer collisions in the plasma. In an inelastic collision, the primary consider-
ation is with the exchange of potential energy between the colliding partners.

The main consequence of this potential energy exchange is the change it brings
about in the internal motion of the atom or molecule. These changes can result

in an excited atom or molecule, radicals, a fragmented molecule, an ionized
species, emission of radiation or the production of a negative ion (Fig. 3.10).

Type of
collision

Particles
before
collision

Particles
after
collision

Elastic

Excitation

Ionization

Attachment

Dissociation

Neutral molecule

Positive ion

Excited molecule

Negative ion

Figure 3.10: Several types of inelastic collisions.
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The neutral and chemically active unstable fragments formed when molecules
dissociate are called radicals and are of great importance in governing plasma

chemistry. The particles produced can in turn participate in inelastic collisions.
For example, an electron and an excited molecule can produce a de-excited

molecule and a fast moving electron on collision. Carbon tertrafluoride is
normally an inert molecular gas, but in plasma the radicals produced by this

molecule render it highly reactive.
Druyvesteyn considered the situation when the electric field strength in the

plasma is sufficiently low so that one can ignore inelastic collisions, but large

enough to have Te � Ti. He assumed that the electric field is of sufficiently low
frequency so that electrons can respond to local changes in the charge density

relatively rapidly. He also made the assumption that the collision frequency is
independent of the electron energy and under these assumptions the distribu-

tion of electrons as a function of energy is given by the Druyvesteyn distribution
function f (W) where

f (W) ¼ 1:04 W�3=2
av W1=2 exp � 0:55 W2

W2
av

� �
: (3:8)

The average electron energy depends upon the ratio of the electric field

strength to pressure in the plasma. The comparison between the Maxwell–
Boltzmann distribution and Druyvesteyn distribution is shown in Fig. 3.11.
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Figure 3.11: Maxwell–Boltzmann and Druyvesteyn distribution functions.
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Both the distributions have long tail in the high-energy side important for those
reactions that have high threshold energy to be initiated in the plasma. The

different distributions give different numbers for the electrons participating in
the reaction, with the Druyvesteyn distribution function predicting higher values

for reactions requiring higher energies. This is especially critical since many
reactions that occur in the plasma have high cross section at higher energies.

The inclusion of inelastic processes will drastically alter the distribution func-
tion. In particular, above the threshold for various inelastic processes, the
distribution function will usually decrease rapidly (Cherrington, 1979).

Example 3.4

Calculate fraction of electrons at energies of (a) 5 eV and (b) 10 eV for the

plasma for which the average energy of electrons is 5 eV.

Assume Wav ¼ 5 eV as given.

f (W) according to Eq. (3.7) is 0.0924 at 5 eV and 0.0291 at 10 eV.
f (W) according to Eq. (3.8) is 0.12 at 5 eV and 0.0326 at 10 eV.

It is evident the Druyvesteyn distribution function gives higher values of f (W)
than Maxwell–Boltzmann distribution function at higher electron energies.

The particles involved in the collision reaction may be any of the following:
electrons, photons, neutral particles, vibration and rotationally excited par-

ticles, ionized atoms or molecules, negative ions and so on. Over one hundred
different varieties of collision reactions have been categorized by Hasted (1964)
and have been the object of scientific investigations. There is an extensive

collection of the experimental results and theory in the book by Massey,
Burhop and Gilbody (1974). Each type of interaction between particle ‘‘a’’

and particle ‘‘b’’ is governed by their mean free path lab, which is the average
distance the particles of type ‘‘a’’ travel within a group of particles of type ‘‘b’’

without undergoing a collision. We can write

lab ¼
1

sabnb
, (3:9)

where sab is the cross section for the appropriate interaction and nb is the
density of particles of type ‘‘b’’. The rate of reaction, R, is given by

R ¼ nanab ¼ na
va

lab
¼ nanbhsabvai, (3:10)

where na is the density of particles of type ‘‘a’’, nab is the collision frequency and
va is the speed with which particles of ‘‘a’’ is moving. The average is taken over

a Maxwell distribution of velocities. We shall consider only some typical reac-
tions and refer the reader to literature for more details.
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The electrons in cold plasma are hot and can initiate a number of chemical
reactions that are not otherwise attainable under ordinary conditions in the

laboratory. The chemical processes occur at overall temperatures that are gen-
erally much lower than the temperatures at which such reactions would normally

take place in a laboratory by thermal heating. The electrons would ionize
neutrals, break up molecules into radicals, obtain atoms and molecules and

radicals in excited states and also contribute to heating the surface. The ions in
particular sputter atoms, produce damage on the surface of the material on which
they impinge, heat the surface of the material and also lodge in the material.

For our purpose, we can consider the collisions as occurring homogeneously
or heterogeneously. Homogeneous reactions occur between the species in the

plasma as a result of inelastic collisions. Heterogeneous reactions are those that
involve the atoms in the surface with which the plasma is in contact. When a flux

of species is incident on a surface, the interaction between the incident species
with the species residing on the surface results in either the gasification of the

material or the formation of new material. Since the main theme of cold plasma
technology is to modify, etch, deposit, clean or treat the surface in some way,
the role of surface processes are of central importance in plasma processing.

However, the plasma-surface interactions are complex and the least well under-
stood aspects of plasma processing.

Example 3.5

Prepare a table by calculating from the kinetic theory the mean free path, average

velocity, collision frequency and rate constant at 298 K and 1 torr for: (a) electrons,
(b) H2, (c) He, (d) H2O, (e) Ne, (f) N2, (g) O2, (h) A (i) CO2, (j) Kr and (k) Xe.

Consider flux of particles n~vv, where n is the density and~vv the velocity incident
on target particles of density, ng. We assume without loss of generality that the

target particles are at rest and take the velocity of the incident particles by their
relative velocity~gg. We denote by dn the number of particles that are scattered

by the target particles and lost by the incident flux, when they travel a distance
dx. We write

dn ¼ �snng dx,

noting the value of dn is proportional to n, ng and dx where s is the propor-
tionality constant, and the negative sign indicates the removal of particles from

the incident beam direction. If we write

(dn=n) ¼ �ngs dx,

we find

n ¼ n0e�nsxg ¼ n0e�x=l

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 166 18.11.2005 11:57am

166 Plasma State



where

l ¼ 1

ngs
:

We recall

ng ¼
p

kBT
; l ¼ kBTffiffiffi

2
p

ppd2
; hui ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

mp

r
; n ¼ hui

l
; K ¼ shui

where

AMU ¼ 1:6606� 10�27 kg.
D ¼ diameter of the particle in m.

K ¼ rate constant.
hui ¼ average velocity in m/s.

ng ¼ number of molecules in unit volume in #/m3.
n ¼ collision frequency.

In order to obtain the collision quantities in plasma it is necessary to integrate

over the velocity distribution function of particles. Therefore the collision
frequency in plasma is given by

n ¼ nghsvi ¼ ng

ð
d3~vv1d3~vv2f (~vv1)f (~vv2)s(~vvr)vr, (3:11)

where vr ¼ j~vv1 �~vv2j.

Gas

Molecular
weight
(kg/mol)

Diameter
10�10 (m)

Mean
free
path,
l (mm)

Velocity
(m/s)

Collision
frequency
10�9(1/s)

Rate
constant
(m3/s)

Scattering
cross
section
10�14 (m2)

Electron 5.49e–07 0.0486 29684 107617 362539 68977473 640.95

H2 2.016 2.74 9.34 1775 19.0 20182 11.37

He 4.002 2.18 14.75 1260 8.5 18004 14.29

H2O 18.00 4.60 3.31 594 17.9 4023 6.77

Ne 20.180 2.59 10.45 561 5.4 6748 12.03

N2 28.020 3.75 4.99 476 9.6 3955 8.34

O2 32.000 3.61 5.38 446 8.3 3845 8.63

A 39.940 3.64 5.29 399 7.5 3413 8.56

CO2 44.000 4.59 3.33 380 11.4 2579 6.79

Kr 82.900 4.16 4.05 277 6.8 2073 7.49

Xe 130.200 4.85 2.98 221 7.4 1419 6.42
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Example 3.6

Calculate the momentum transferred by a fast moving electron to a positive

ion, and hence show that the energy transferred decreases with increase in the

energy of the electron.

Consider the interaction between an electron moving with a velocity u and a
charge Zq of mass M. The charge is considered to be stationary since the
velocity of the electron is very large compared to that of the ion. The influence

of the electron on the charge may be regarded as a sudden small external
perturbation. The momentum transfer is sufficiently small so that the electron

is essentially undeflected from its straight-line path, and the recoiling atom is
not expected to move appreciably during the collision.

As the electron passes by the charged particle, the impulse
Ð

Fdt, parallel to

the path of the electrons is zero by symmetry. This is because for each position
of the incident electron in the �x direction there is a corresponding position in
the þx direction as shown in Fig. 3.12, which makes an equal and opposite

contribution to the x-component of momentum.
The momentum impulse Dp is only in the transverse direction or y-direction.

The force Fy in the y-direction at time t due to coulomb interaction is given by

Fy ¼
Zq2

4p«0r2
sin f:

Since force is equal to the rate of change of momentum, we have

py ¼
ð1
�1

Fy dt ¼
ðp
0

Fy
dt

df
df:

Zq
4πε0r 2

y

x
ze

b
b

q
u

t = 0

ut

r

φ

Figure 3.12: Energy transfer by a fast electron to an ion.
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From geometry, we have

ut

b
¼ 1

tan f
:

Hence,

u

b

dt

df
¼ � 1

sin2 f
:

We also have

1

r
¼ sin f

b
:

Therefore,

py ¼
ðp
0

Zq2

4p«0

sin2 f

b2
sin f

�b

u sin2 f

� �
df ¼ Zq2

4p«0bu

ðp
0

(� sin f) df ¼ Zq2

2p«0bu
:

The energy transferred is E and is given by

E ¼
p2

y

2M
¼ Z2q4

4p2«2
0b2u22M

¼ Z2q4m

16p2«2
0b2E0M

,

where E0 is the energy of electron given by

E0 ¼ 1
2 mu2:

We thus see that the energy transfer decreases with increase in the energy of
electron.

It is important to have information about collision cross section for each type

of interaction between the electron and the molecule. Consider for example the
impingement of N electrons onto a number of gas molecules of density NM. The

number of electrons deflected per second by the molecules, into a solid angle
dV defined by the polar angles u and f and is given by

Nd ¼ NMN
ds(E0, u, f)

dV
dV, (3:12)

where dV ¼ sin u du df and E0 is the kinetic energy of the incident elec-
trons. The quantity ds(E0, u, f)=dV is called the differential scattering cross

section for the particular elastic or inelastic scattering process. In the gas
state we assume that all the molecules rotate freely so that we can integrate
over the angle f to give the integral scattering cross section that is independent

of f
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s(E0) ¼ 2p

ðp
0

ds(E0,u)

dV
sin u du: (3:13)

The cross section for momentum transfer is given by

sM(E0) ¼ 2p

ðp
0

ds(E0,u)

dV
1� kf

ki
cos u

� �
sin u du df, (3:14)

where ki and kf are the initial and final momenta of electrons.

3.4.1. Excitation Collisions

When an atom or molecule is brought from its ground state to a higher energy

state, it is said to be excited. Excitation can bring about an atom to a higher
energy level, or in a molecule change the vibrational or rotational state of the
molecule as well. In order for an atom or molecule to be excited, the law of

conservation of energy must be satisfied and the selection rules governing
transition between energy levels must not be violated. The excitation of

atoms and molecules can be brought about by collisions with electrons, ions
and neutrals and by absorption of light quanta (Fig. 3.13). The threshold energy

needed to produce excited species can vary greatly, depending on the molecule
and type of excitation. Excited molecules and atoms have different chemical

reactivity towards the surface than the ground state molecules and atoms and
are therefore of tremendous importance. Excited molecules can decay spon-
taneously back to the ground state or metastable state, emitting a photon

of particular wavelength. Some excited atoms may have very long lifetimes
because the selection rules forbid their relaxation to ground state and these are

called metastables and can participate in a variety of additional reactions in the
plasma.

The energy levels of a molecule must include the energies of electrons, Ee, as
well as the vibrational energy, Ev, and rotational energy, EJ, due to the motion

of the nuclei. The differing masses of the electron and nuclei permit one to
consider electronic energy levels as a function of the instantaneous positions of

the nuclei. Hence for a diatomic molecule the potential energy of the molecule
may be plotted as a function of the spacing between the two nuclei, R, as
represented in Fig. 3.14. A stable ground state of the molecule reveals a

minimum in the potential energy versus distance curve at the equilibrium
distance R1. An excited state of the molecule may have a minimum as shown

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 170 18.11.2005 11:57am

170 Plasma State



in Fig 3.14 at the position R2 as shown by curve 2, or it may have a continually

decreasing potential energy as shown in the curve 3 in Fig 3.14.
In an electronic transition no changes occur in the internuclear separa-

tion and velocity of relative nuclear motion. The excitation of a molecule
in an inelastic collision with an electron occurs in a time of the order of

10�16 � 10�15 s. The time for a molecule to vibrate from one vibration level to
another occurs in a time of the order of 10�14 � 10�13 s. Because of the great

ratio of the electronic mass to nuclear mass and the short duration time of
interaction, a vertical line in the potential energy versus distance curve repre-
sents the electronic transition between one energy level to another. In other

words the point on the upper potential energy curve corresponding to the
configuration of nuclei after electronic transition lies directly above the starting

point on the initial potential energy curve. This type of transition leads to a
number of possible electronic transitions that depend upon the relative shapes

Impinging
electron

Nucleus

Nucleus

hv
Impinging
photon

(a)

(b)

−

−

−

−

−

−
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−

−

Figure 3.13: Excitation collision of an atom by an electron or a photon.
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of the potential curves available for the specific system. The molecule is thus

brought by the impact of collision with an electron from a given state at a
certain distance in the potential energy curve to an excited state at the same

value of the internuclear distance, and this principle is termed the Franck–

Condon principle.

The potential energy curve spans a range of values of distance between nuclei
for the same energy. These represent the extremities of the nucleus during
vibration at the same energy level. For example, the atoms oscillate between

Rx and Ry at the energy level E0. The transition probability can occur from
anywhere in this region, even though the probability is highest at the point

where the atoms reverse their direction during the vibration, which corresponds
to the most likely place where the nucleus will be.

Consider the excitation of the molecule by the routes shown in Fig 3.14. The
molecule goes from a given internuclear distance in the ground state to an

excited state at the same internuclear distance in curve 2 of Fig 3.14. The
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Figure 3.14: Schematic variation of potential energy versus distance

for a diatomic molecule.
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potential energy can be lowered till the metastable state with equilibrium
distance R2 is reached. The transition represented by the line b in Fig 3.14 is

due to inelastic collision of the diatomic molecule with electrons and results in
the molecule reaching an unbound state. The molecule can continually decrease

its potential energy by increasing the distance between atoms and eventually
will separate into two atoms. Note that the energy to dissociate molecule from

the ground state is only DEdiss. The excess energy is distributed among the
fragmented atoms as kinetic energy. The actual state of the excited molecule
depends upon the time scales involved in electron molecule collisions compared

to the time to change the vibrational state, time to emit radiation from the
excited state and the time to dissociate the molecule. Thus a great variety of

possibilities occur when electrons collide with molecules.
An electron can excite an atom from its ground state to one of the excited

states, if the incident energy of collision is higher than the excitation energy,
Eex. The electron excitation reactions may be written

e� þA ¼ e� þA* electron impact excitation:

e� þA2 ¼ e� þAþA electron impact dissociation:
(3:15)

The cross section dependence on energy of the above interaction depends on

the details of the participating energy states (Fig. 3.15). For example, if the
two states are optically connected there is one type of energy dependence. If

the two states are not optically connected there is different energy dependence
(Fig. 3.16). Variation of cross section with energy shows a much sharper max-

imum for optically disallowed states than for optically allowed states. In addi-
tion, the detail of the spin states of each level has an important effect on the
cross section. A sample of these cross sectional variations is shown in Fig. 3.17

(Moiseiwitsch and Smith, 1968). The transitions to excited states among
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Figure 3.15: Excitation cross section for helium for optically allowed states.
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molecules are much more involved and must consider vibrational (Fig. 3.18) as
well as rotational levels (Fig. 3.19). Other examples of excitation involving

molecules are

e� þA2 ¼ A2*þ e�,

e� þAB ¼ e� þAB*:
(3:16)

33P 23S

Energy (eV)

C
ro

ss
 s

ec
tio

n

Figure 3.16: Excitation cross section for helium for optically

disallowed states.
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Figure 3.17: Excitation cross section for electrons in molecular hydrogen.
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Electronic excitation states return promptly to ground states by the emission of
radiation, typically in the optical region that accounts for the color of the

plasma and this explains why they are known as glow discharges. The emission
spectrum can be used for plasma diagnostics and to monitor and control the

density of species in the plasma. Since the lifetimes of the excited states are
relatively short, they are not expected to participate in additional reactions in
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Figure 3.18: Cross section for the excitation of the vibrational level of the

nitrogen molecule.
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Figure 3.19: Cross section for the rotational excitation level for the molecule of CO.
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the plasma. However, if the excited state is metastable, they have long lifetimes
and therefore they will continue to be involved in collisions within the plasma

and participate in other reactions.

Example 3.7

Assuming the time average energy per unit time radiated by a classical dipole

oscillator, estimate the time scale for electric dipole radiation.

The electric field produced by an oscillating charge that is moving nonrelativ-
istically is given by

E(t) ¼ � q

4p«0c2r
a(t � r

c
) sin u,

where r is a very large distance from the charge, and u is the angle measured

from the axis of motion and is in a direction at right angles to the line of sight
and in the plane containing both the acceleration and the line of sight. a (t� (r/c))

is the acceleration at time (t � (r/c)), called the retarded acceleration.
Consider the special case when the charge is moving up and down in an

oscillatory manner.

X ¼ x0 cos vt:

The acceleration is

a ¼ �v2x0 cos vt ¼ a0 cos vt,

where

a0 ¼ �v2x0:

Hence,

E ¼ �q sin u
a0 cos v t � r

c

� 	
4p«0rc2

:

The energy, which is radiated by an oscillating system, is given by

S ¼ «0c E2

 �

¼ q2a
02 sin2 u

16p2«0r2c3
where a 0 ¼ a0 cos v t � r

c

� 	h i
:

The area dA is given by

dA ¼ 2pr2 sin u du:

The total power P is where

P ¼
ð

S dA ¼ q2a
02

8p«0c3

ðp
0

sin3 u du ¼ q2a
02

6p«0c3
:
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For an oscillating dipole,

a
02

D E
¼ �v2x0eivt

 �2¼ 1

2 v4x2
0:

Therefore,

P ¼ q2v4x2
0

12p«0c3
¼ v4p2

12p«0c3
:

Dividing the power P, by the energy, �hv, radiated by the dipole of moment
p ¼ qx0, we obtain the radiation time

trad ¼
�hv12p«0c3

v4p2
¼ 12p«0�hc3

v3p2
:

If we invoke the results from Bohr’s theory of the hydrogen atom, we obtain

p ¼ ea0 ¼ e
4p«0�h2

e2m

 !
,

and write

v ¼ eEat

�h
¼ e

�h

1

2

m

e

e2

4p«0�h

� �2
" #

:

We obtain, by substituting from the Bohr’s theory of the hydrogen atom

tat ¼
a0

vat
¼ 4p«0�h2

e2m

 !
4p«0�h

e2

� �
,

trad¼ 24
4p«0�hc

e2

� �3

tat¼ 24
4p«0�hc

e2

� �3 a0

vat

� �
¼ 24

4p«0�hc

e2

� �3 a0

e2=4p«0�h

� �
¼ 6:2�107tat:

Since tat is 2:42� 10�17s, we obtain the time for radiation is thus 1:5� 10�9 s.

The de-excitation of an excited molecule is typically by dipole radiation. This
is because this mechanism of releasing the energy is the quickest when com-
pared to means of removing the energy by collisions. However in some situ-

ations the dipole radiation is prevented from occurring because of the symmetry
of the wave functions in the excited state and the lower energy state. This is

usually easily known by the so-called selection rules for dipole radiation. So the
excited molecule has to choose other methods of lowering its energy. However

since these methods take considerable time, we encounter a situation when the
molecule can stay in the metastable state for some periods of time. Metastable

atoms play a considerable part in the determination of densities of other types
of particles in the plasma.
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3.4.2. Ionization Collisions

Ionization generally involves the stripping of electrons from atoms or molecules
creating a positive ion. The ionization of a neutral particle by an electron

collision that contributes to ionization whereby an additional electron is created
with the creation of each ion is of interest, in generating plasma. An atom or a

molecule can also attach itself to an electron and become a negative ion.
Ionization processes are an essential feature in obtaining the plasma because
the electrons that are released can again be accelerated by the electric field to

gain enough energy and ionize another atom or molecule. This multiplication
process of generating ions sustains the plasma. Ionization can occur in several

alternative ways (Fig. 3.20). Electrons with sufficient energy can bring about
ionization when they collide with an atom or molecule. Radiation of high

frequency such as ultraviolet, X-rays can eject an electron from the stationary
state in atom or molecule and cause ionization. Collisions between neutral

atoms and/or molecules can also bring about ionization, but require consider-
ably higher energies than the ones mentioned thus far. Electrons with sufficient
energy can also remove an electron from a metastable atom and produce one

extra electron and an ion, which requires less energy than to ionize an atom.
Many atoms and some molecules have an affinity to have an electron attached

to them thereby producing a negative ion, such as Cl�2 and SF�6 . These ions have

Nucleus

Escaping
electron

Impinging 
electron

+

Figure 3.20: Ionization of a molecule.
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attachment cross sections associated with them. Some of the other types of
reactions producing ions are listed below:

e� þAB ¼ ABþ þ 2e� normal ionization:

Aþ B ¼ Aþ þ Bþ e� ionization between two energetic neutrals:

e� þA2 ¼ AþA� electron impact resonance or nondissociative capture:

Aþ e� ¼ A� negative ion formation for molecules or atoms:

Aþ B ¼ Aþ þ B� electron transfer reaction:

A*þ B ¼ Aþ e� þ Bþ metastable neutral ionization: (3:17)

e� þAB ¼ Aþ Bþ þ 2e� dissociative ionization:

e� þAB ¼ Aþ B� dissociative attachment:

e� þA* ¼ e� þ e� þAþ electron metastable ionization:

e� þAB ¼ Aþ þ B� þ e� polar dissociation:

e� þA ¼ e� þ e� þAþ electron impact ionization:

All substances become ionized if the atoms receive sufficient energy. The
outermost electron in an atom or molecule is most weakly bound to the nucleus

and the easiest to remove. The minimum energy, Ei, required to detach the
electron from an atom is the ionization energy of the atom. The value of the
ionization energy of an atom depends upon its position in the periodic table of

elements. Monovalent alkali metal atoms have one electron in the outermost
orbit that is easily removed. The inert gas atoms have electrons in a closed shell

that are difficult to dislodge from the atom. In a given column in the periodic
table of elements, the outer electrons of the heavier elements are much more

loosely bound to the nucleus, because of the shielding effects of other electrons.
Hence elements such as cesium are easily ionized.

The cross section for the ionization reaction when electrons collide with
neutral atoms, or ions as target, has the typical behavior shown in Fig. 3.21.

The cross section increases from ionization threshold Ei, and reaches a max-
imum at incidence energy that is three to seven times Ei and eventually
decreases like E�1

i log Ei. The maximum ionization probability occurs when

the electrons have energies of about 100 eV. The smooth variation in cross
section is punctuated by a fine structure that is attributed to excitation of

auto-ionization levels. Auto ionization involves the ejection of electron, one
after the other, as opposed to ionization when the ejected and scattered elec-

trons leave simultaneously within about 10�11 s of each other. In the auto-
ionization process the molecule is first excited to an excited state that exists

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 179 18.11.2005 11:57am

Plasma State 179



for some time and then couples to the radiation less continuum and ionization

occurs. Auto ionization is said to be a resonance process. As an illustration we
note that if helium is ionized from the ground state, the ionization proceeds in

two steps thus:

e� þHe(1s2) ¼ He(2s2p)þ e� ¼ Heþ(1s)þ e
�
: (3:18)

The 2s2p level of helium is only one of many possible excited intermediate
states. The threshold energy for exciting this level and the lifetime of this energy

state determines the details of the fine structure.
Photons of wavelength l can ionize an atom if hc=l is greater than Ei. The

photoionization cross section (Fig. 3.22) shows a sudden increase at Ei. The
cross section decreases with increase in energy and is interrupted by a series of
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Figure 3.21: Ionization cross section of an atom with electron.
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discontinuous changes. The discontinuities occur whenever the energy has a

value necessary to liberate an electron from one of the available energy levels in
an atom.

It is important to note that ionization can take place even at electron impact

energies less than the value of the ionization potential. This is possible when an
electron strikes atoms or molecules (that are brought to an excited state in a

previous collision by an electron) during the period when they are still in the
excited state. The ionization of atoms or molecules due to inelastic collisions

with other atoms or molecules depends on the states of the colliding particles
and their impact energies.

It is necessary to identify the specific ions formed by electron collisions in a
plasma reactor. Since ionization occurs by a variety of processes, it is necessary
to have the cross section for the production of parent molecular ions and the

dissociative ionization products, than merely the total ionization cross sections
that take into account all possible mechanisms of ionization. The paucity in the

database becomes evident when we recognize that vibrationally or electronic-
ally excited atoms or molecules have different cross sections for ionization. The

molecules that are in an excited state or vibrating tend to show large cross
sections for ionization.
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Figure 3.22: Photo ionization cross section of an atom.
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Example 3.8

Obtain the classical expression for the ionization cross section of electron

colliding with an atom.

Let us suppose an electron is incident with energy given by (1=2) mg2 where g

is the relative speed of the electron as it approaches an atom. If the energy of
the incident electron W, is large, compared to the energy of the electron
orbiting the atom, we may then consider the electron in the orbit as essentially

stationary. The coulomb potential energy U between the two electrons is

U ¼ q1q2

4p«0r
,

where r is the distance between the two electrons. The distance of closest
approach is obtained by equating U to W, so that

b0 ¼
q1q2

4p«0W
:

The differential cross section for small angle collisions is given by

ds(g, u)

dV
¼ e2

4p«0

� �2
1

W2

1

Q4
,

where the reduced mass is m ¼ m=2 and u ¼ Q=2 where u is the scattering angle
in the laboratory system. Hence

ds ¼ ds(g, u)

dV
2p sin u du ¼ 2p

e2

4p«0

� �2
1

W2

du

u3
:

The energy transfer to stationary target from a moving one is given by

WL ¼
2m1m2

(m1 þm2)2
(1� cos Q) ffi 1

4
Q2W ¼ u2W noting cos Q ffi 1�Q2

2
;

m1 ¼ m2 � m; u ¼ Q

2
; dWL ¼ 2uduW:

Therefore,

ds ¼ p
e2

4p«0

� �2
1

W

dWL

W2
L

:

We can integrate from ionization energy Uiz for W � Uiz to W to obtain

siz ¼ p
e2

4p«0

� �2
1

W

1

Uiz
� 1

W

� �
:
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The ionization cross section reaches a maximum value for W ¼ 2Uiz and falls
of as W�1 for W � Uiz. The cross section is known as Thomson cross section.

Quantum mechanical derivation results in the cross section varying as
ln W

W
at

high energies.

3.4.3. Charge Exchange Collisions

Charge transfer or charge exchange collisions are types of collisions in which
electrons are captured by atoms in special ways. These types of collisions form

the basis for the energy loss suffered by charge particles in the plasma. A fast
ion for example may escape from the plasma as a neutral atom leaving behind a

low energy ion (Fig. 3.23).
Consider the movement of a positive ion in its own gas. If collision occurs

with a neutral atom, then one can picture the formation of a pseudo molecule
that persists for a short duration. A charge exchange process occurs whereby
the incident positive ion is neutralized and continues to move on in the same

original direction without change in the kinetic energy. The originally neutral
atom, which was moving around at thermal speed, has now lost an electron and

has become a positive ion without a change of speed. We write the collision
reaction as

Aþ þA ¼ AþA
þ
: (3:19)

There is no change of energy or momentum in this process. The collision is

described as symmetric, resonant charge transfer.

Before

After

Fast ion

Fast neutral

Slower ion

Slow neutral atom

Figure 3.23: Charge exchange collision between two particles.
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The charge transfer can occur when the ion and neutral atoms are of different
types. For example,

Aþ þ B ¼ Bþ þA: (3:20)

The above collision reaction is an example of unsymmetrical charge transfer.
Various other charge transfer reactions can occur in the plasma. For example,

the charge transfer between a fast ion Af, and a slow ion As can yield

Aþf þAs ¼ Af*þAþs : (3:21)

In addition to charge exchange, decomposition of the gaseous molecules can
occur thus:

Aþ2f þAs ¼ 2Af þAþs : (3:22)

A doubly charged ion can also be transformed thus:

Aþþf þAs ¼ AAþþf : (3:23)

The charge exchange process is essentially quantum mechanical in nature. In
quantum mechanics this process is treated as though it were a phenomenon of

resonance. The charge transfer for ions in its own gas is highest when the kinetic
energy is the least (Fig. 3.24). However for ions interacting with atoms of
different species, the cross section passes through a maximum (Fig. 3.25). The
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Figure 3.24: Cross section for symmetrical charge transfer.
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Figure 3.25: Cross section for unsymmetrical charge transfer.

maximum occurs at higher energies if the difference in ionization energies of

two atoms increases.

Example 3.9

Calculate the scattering cross section for charge transfer according to classical

physics approach.

Consider a positive ion Aþ colliding with a neutral atom B.
In a charge exchange process the result is the creation of Bþ while Aþ returns

to its neutral state.
If the distance of separation between the two species is r, we can write for the

potential energy of the electron in a level specified by quantum number n to be
thus given by

W ¼ �UizB

n2
� e2

4p«0r
:

The first term is the energy when Aþ is not present. The second term is the

potential energy contribution due to the positive charge of Aþ.
The potential energy in the field of Aþ and Bþ is

U(z) ¼ � e2

4p«0z
� e2

4p«0jr � zj ,

where z is the distance from the center of Aþ toward B.

We note U(z) becomes minus infinity at the centers of Aþ and Bþ, and its
value is a maximum when z ¼ r=2. Therefore,

Umax ¼ �
e2

p«0r
:
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If we equate W to Umax, we have the condition for the release of electron
from B, so that

r ¼ 3e2n2

4p«0UizB
:

If the capture is into the level n0 of A, the energy defect is written

DWAB ¼
UizB

n2
�UizA

n0 2
:

The capture is energetically possible if

1
2 mAþv2

Aþ � DWAB:

Typically,

vAþ << vat,

where vat is the characteristic velocity of the electron in the orbit.
Therefore,

t ¼ r

vAþ
,

is long compared to the time it takes for electron to make one orbit revolution.

We may write

scx ¼ pr2 for 1
2 mAþv2

Aþ � DWAB

¼ 0 otherwise:

Hence,

scx ¼ 36p
e2

8p«0Uiz

� �2

,

for the ground state resonant transfer A ¼ B.

3.4.4. Collisions Involving Metastables

Penning (1936) while studying the ionization processes in neon discharges to
which a small amount of argon had been added discovered that there was a

mechanism of ionization that did not involve photons or charged particles. The
ionization was attributed to a reaction between an excited neon atom and argon
atom thus:
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Ne*þAr! Arþ þ e� þNe: (3:24)

The general reaction in which an excited particle X* collides with another

particle Y according to

X*þY! Yþ þ e� þX, metastable neutral ionization (3:25)

when the excitation potential of the excited atom X* is greater than the

ionization potential of Y, is referred to as Penning ionization.
The presence of metastable atom or molecule X* is usually the result of

electron impact or phonon absorption in a previous collision. Atoms that are in
an excited state usually have very short lifetime of the order of 10�8 s. Such
states are optically allowed states and are not of much importance in Penning

ionization. There are atoms in excited states where transitions to the ground
states are forbidden because of selection rules governing orbital angular mo-

mentum and electron spin. These atoms typically have lifetimes longer than 1 s
and are said to be in a metastable state, and are the principal participants in

Penning ionization.
The mechanism involved in Penning ionization is attributed to the formation

of a quasi-molecule (XY)* that exists in a continuum of energy states of
XYþ þ e�. For such a state, according to quantum mechanics, the process of
auto-ionization is predicted to occur in times of the order of 10�12 � 10�14 s.

The importance of knowing this mechanism is that it has no activation
energy barrier. Penning ionization thus occurs much better at lower tempera-

tures where the atoms have a chance to spend time with one another for a
little longer. Figure 3.26 shows a schematic sketch of the various stages in the

Penning ionization of an excited atom encountering a neutral atom. There are a
number of other types of ionization reactions that do not involve photons

or electrons that are similar to Penning ionization and these are indicated
below:

X*þY ¼ XþYþ þ e� Penning ionization of atomic species:

X*þY2 ¼ Yþ2 þ e� þX Penning ionization of molecular species:

X*þY ¼ XYþ þ e� associative ionization:

X*þY2 ¼ XþYþ þYþ e� dissociative ionization:

X*þY2 ¼ XþYþ þY� positive and negative ion formation:

(3:26)

Example 3.10

Verify the possibility of ionization by Penning effect in a gas mixture of neon

with 1% argon.
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with

electron
emission

atoms in
ground state
Excited (metastable)
state with photon emission

atoms in
ground state

Excited (metastable)
state with photon emission

Ne - 

Single ionized state with
release of one electron

A - 

Figure 3.26: Penning ionization.

The probability that argon will be ionized by electron collision is very small

since very few argon atoms are available. The energy of the metastable state of
neon is 16.6 eV.

The ionization potential of argon is 15.7 eV. When voltages exceeding 16.6 eV
are applied to the gas mixture, a large number of neon atoms are excited into a

metastable state.
The lifetime of the metastable neon state is 10�2 s. When the excited states of

neon collide with argon, energy transfer is efficient and therefore the argon is
ionized. The Penning gas mixture must have two main properties: the higher

atomic number than the main gas and ionization energy lower than that of a
metastable or excited state of the main gas.

3.4.5. Recombination and Attachment

Recombination and attachment are two types of collisions that contribute to the

loss of ions in the plasma. Recombination takes place between an electron and
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an ion when they satisfy the laws of conservation of energy and momentum in
each collision. The manner in which energy and momentum are conserved gives

rise to different recombination processes. We illustrate some of these processes
below (Fig. 3.27).

An ion can combine with an electron emitting electromagnetic radiation by a
radiative recombination process thus:

Xþ þ e� ¼ Xþ hn: (3:27)

Since conservation of energy and momentum is not possible, the process indi-
cated above rarely occurs. It is observed experimentally only at low density of

plasma where other recombination processes are negligible. The presence of a
third body dramatically increases the chances of recombination, since the third
body can carry the excess energy. The third body can be a neutral atom, positive

ion or an electron or the surface atom. We have electron collision radiative
recombination given by

Xþ þ e� þ e� ¼ Xþ e�, (3:28)

and neutral collisions radiative recombination

Xþ þ e� þY ¼ XþY: (3:29)

b

a

c

Eo

AB

AB+

A + B

A + B∗

A + B+

Figure 3.27: Recombination and attachment process.
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A predominant mode of recombination process in the cold plasma involves a
molecular ion and an electron. The products of collision are molecular frag-

ments or atoms, one of which can be in an excited state. We can write

(XY)þ þ e� ¼ (XY)* ¼ XþY*: (3:30)

The above process occurs with high frequency, since the positive ion provides
its own third body to satisfy energy and momentum conservation. The efficiency of

this process is high enough to convert atomic ion to molecular ion thus:

Xþ 2X ¼ Xþ2 þX: (3:31)

Recombination is sensitive to electron temperature and decreases with in-
crease in temperature. Hence a sharp decrease in recombination occurs if
microwaves are used to heat up the electrons in the plasma.

There are several different attachment processes. Some examples are given
by the reactions below:

O2 þ e� ¼ O2 þ hn radiative attachment:

Aþ þA� ¼ AþA ion-ion recombination:

e� þO3 ¼ O� þO2 dissociative electron attachment:

e� þO2 þN2 ¼ O2N2 three body attachment:

(3:32)

Example 3.11

Show that a two-body collision between an electron and a positive ion to form

a neutral atom violates the laws of conservation of momentum and energy.

Let the mass of the electron be me and that of the ion be mi.

Let g be the relative speed between the two charges before recombination.
Let v be the speed of the recombined atom after the collision.

Momentum conservation implies

meg ¼ (me þmi)v:

The conservation of energy requires

1
2 meg2 ¼ 1

2 (me þmi)v2 �Ui,

where �Ui is the increase in the potential energy of the atom after the recom-
bination has occurred. We have therefore

m2
eg2 ¼ (mi þme)2v2:
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Therefore,

1

2
meg2 ¼ 1

2

me(me þmi)
2v2

m2
e

¼ 1

2
(me þmi)v2 �Ui:

We have therefore,

v2 ¼ � 2Uime

(me þmi)mi
< 0:

Thus, v has no real solutions. So two-body coalescence between an electron and
an ion to form a neutral atom is not possible.

3.4.6. Dissociation

A number of different types of reactions involving dissociation of a molecule

on collision with an electron contribute to the production of free radicals
(Fig. 3.28). Atoms and negative ions in the cold plasma can dissociate a

molecule. Electrons with sufficient energy can break up chemical bonds of
a molecule and create atomic species, which could gain enough energy in the

process compared to their ground state. Dissociation threshold energies are
lower than the ionization energies and are responsible for many of the radicals
present in plasma.

Consider the reactions

e� þO2 ¼ OþO�, (3:33)

E�
thr

Ethr

Ediss

0
x y Rx

a� a A + B

AB

A + B
µ

Figure 3.28: Production of free radicals.
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where a negative ion is produced by dissociative capture. It is also possible for
molecules to dissociate into both positive and negative ions thus:

e� þA2 ¼ Aþ þA� þ e�,

e� þAB ¼ Aþ þ B� þ e�:
(3:34)

The above reactions are called ion-pair reaction.

The dissociation of CF4 on encountering electron impact by a dissociate
attachment reaction is

e� þ CF4 ¼ CF3 þ F�: (3:35)

The dissociation of a molecule without the formation of an ion can also occur

e� þA2 ¼ 2Aþ e�, (3:36)

e� þAB ¼ e� þAþ B:

Example 3.12

The potential energy versus distance of a diatomic molecule is given in Fig. 3.29.
Indicate the course of the reaction represented by each vertical line in the

diagram.

The ground state is the stable molecule AB. The lowest energy state has the

vibration energy corresponding to E0 and has the turning points at x and y.
Energy supplied to the ground state molecules AB can take it from anywhere

on the line xy to a higher energy level.
The path represented by a and a0 takes the ground state to the repulsive

state x0 and y0. The threshold energy is E0a for the transition yy0 and is Ea for
the transition xx0. Since the energy required for dissociation is only Ediss, the
products A and B formed after dissociation shares the energy E0a � Ediss and

Ea � Ediss. Thus the net result is the dissociated neutral products A and B with
high kinetic energies.

The collision represented by the line b, excites the ground state to an
attractive excited state AB* at energy Eb > Ediss. The dissociated molecule

shares the kinetic energy Eb � Ediss. For the transition b0, the E0b is approxi-
mately the same as Ediss, so that the dissociation fragments have thermal

energies. For transition represented by c, the excited molecule is in a metastable
state and thermal energy can eventually decompose it to neutral fragments of A

and B after surmounting an activation energy barrier so that part of the AB will
be decomposed and other part will remain in the excited state. Thus when the
fragments of A and B are created they have energies from thermal energies to
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energies Ed � Ediss. Transitions from the ground state cannot occur beyond the

range specified by x and y.
Collision d results in the formation of an excited molecule. This molecule can

decompose into A and B* where B* is the excited state of B by a radiationless
transfer of energy. It can also radiate energy and decompose into A and B
fragments. In either case the fragments are hot.

3.4.7. Heterogeneous Reactions

A variety of heterogeneous reactions are possible between a solid surface atom,

S, and a plasma species. A molecule, M, or a radical R can react with the surface
atom, S, and be adsorbed

Mg þ S ¼Ms; Rg þ S ¼ Rg: (3:37)

Ea�

Ea

Eb

Eo

Eb�Ediss

Ed

Y� d

5

4

3

1

2

A + B*

A + B*

A + B

AB

a�

b�

c

a

b

x �

xy

a : ABground ABrepulsive
a�: ABground ABrepulsive
b : AB ABattractive

c : AB AB*bound, excited

b�: AB ABattractive

Threshold, Ea  Ea−Ediss hot neutral fragments
Threshold, Ea� Ea�−Ediss hot neutral fragments
Eb  > Ediss   Eb−Ediss Low energy  
Eb  > Ediss   Eb=Ediss Low energy  

AB state unbound radiating / radiationless

Figure 3.29: Illustrating the variety of dissociation processes for electron collisions

with molecules.
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where g and s denote the gas and surface respectively. Atoms or radicals
adsorbed on the surface can in turn react with additional atoms and radicals to

form molecules on the surfaces as follows

As þA ¼ A2;s; Rs þRl ¼Ms: (3:38)

It is critical from the above reactions to ascertain whether the surface acts as a
catalyst. Surface treatments may be necessary to avoid the formation of mol-
ecules. The excited species M* may come to its lower energy state, M, by

relaxing heat by collisions with atoms of the solid surface. An ion hitting the
surface may sputter the atom on the surface back into the plasma. The radicals

can accumulate on the surface and eventually form a polymer film on the
surface. A molecule can combine with a radical on the surface to form a radical

on the surface. Negative ions in the plasma do not reach the surface and do not
participate in surface reactions because any surface in contact with the plasma is

at a negative potential.

Example 3.13

Draw the potential energy versus distance diagram illustrating (a) electron

capture into an attractive state and (b) electron capture into a repulsive state.

The range of energies at which transition is possible is determined by

the width of the potential energy curve at ground state represented by the
line xy.

The transitions that involve the lowest amount of energy are represented by
the vertical line a and those involving the highest energy are represented by the

line a0.
The potential energy curve corresponding to attachment of an electron into

an attractive state is shown in Fig. 3.30a and the capture of a slow electron into a
repulsive state is shown in Fig. 3.30b.

The interaction of plasma with surfaces has a large impact in various

processes especially involving polymers. The reaction is almost always with
radical chemistry with surfaces. In addition one can bring about polymerization

reaction on surfaces. The use of surface reactions with radicals is made use
of in surface cleaning, etching of surfaces, cross-linking or branching of near

surface molecules and modification of surface chemical structures. Most
organic contaminants on inorganic surfaces can be cleaned by oxygen contain-

ing plasma. Polymers usually have many additives such as antioxidants,
mould release agents, solvents etc. that are used to facilitate manufacturing,

and these have to be removed from the surface over a said period of time. The
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deliberate alteration of the surface region with chemical functionalities is
necessary to interact with other materials that are deposited. Cross-linking
of surface regions is useful for many applications. One can thus improve

adhesion, wettability, coatability and lubricability of polymers by plasma treat-
ment.

3.5. Behavior of Plasma in Electric and Magnetic Fields

The study of plasma requires us to examine the effects of displacement of
charges in space and time. Instead of studying the interaction between charges
directly as in Coulomb’s law, it is much more convenient to consider the

problem in two parts: one in which the source charge or current generates
vector fields, electric E~ and magnetic fields ~BB, which pervade all space and

another charge that experiences a force, F~, related to the local value of the

A + B

A + B

AB

AB

A + B−

A + B−

AB−
(a)

(b)

Figure 3.30: (a) Electron capture into an attractive state (b) Electron capture

into a repulsive state.
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field. It is also common to represent the electric and magnetic fields by their
corresponding manifestations as voltage and current in many situations. The

description of the electromagnetic interactions in terms of fields simplifies the
treatment of complicated situations where there are many sources but also

avoids the necessity to specify the sources explicitly. The external electric and
magnetic fields act on both electrons and ions. The motion of the charges in

response to the applied fields produces modifications in the electromagnetic
fields. The study of the motion of charges requires a self-consistent approach in
which one accounts for the coupling of the motion of the charges and the

resulting electromagnetic fields. One notes that the electromagnetic fields affect
the motion of the charges, and the motions of the charges in turn affect the

electromagnetic fields.
In order to understand the behavior of plasma in electric and magnetic fields,

it is useful to consider the behavior of individual electrons and ions that make
up the plasma. The behavior of individual particles sheds some light on the

interpretation of the macroscopic properties of the plasma as a whole. It should
however be remembered that plasma state can neither be considered exclu-
sively as the motion of individual charges in external fields nor can we treat it as

a fluid where collisions between particles are so dominating that the motion of
individual charges may be safely ignored as we do in hydrodynamics when

treating fluid motion. Single particle approaches are useful in revealing details
about orbits that charge carriers pursue. The treatment of plasma as a fluid is

valuable for macroscopic description of the plasma. It is useful however to take
a simplistic approach by considering the motion of a charged particle under the

influence of local electric field and magnetic field to obtain a physical feeling for
the behavior of the plasma. By judicious combination of empiricism and theory

we can gain a useful appreciation of the plasma behavior without the entangle-
ment of mathematical complexities.

In the absence of collisions, a single charged particle has the equation of

motion

F~¼ q E~þ~uu� ~BB
� 	

¼ m
d~uu

dt
: (3:39)

where F~ is Lorentz force, E~ the electric field, ~BB the magnetic field and ~uu the

velocity of the charged particle. The charge q and the mass m are appropriate to
the individual charge considered. The fields E~ and ~BB are a function of position
and time. The missing ingredient in this approach is evidently the back effect of

particle’s own motion on the local fields.
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3.5.1. Constant and Uniform Electric Field, No Magnetic Field

Consider the equation of motion of a charged particle in a uniform and constant
electric field E~,

m
d~uu

dt
¼ qE~: (3:40)

In the absence of collisions the charge accelerates. At t ¼ 0, let the velocity of
the particle be (u0x, u0y, u0z). We can thus write for an electric field E~¼
(E, 0, 0) the solution to equations of motion is

ux ¼ u0x þ
qEt

m
; uy ¼ u0y; uz ¼ u0z: (3:41)

Clearly the motion of the charged particle in a direction perpendicular to the

electric field is unaffected. The additional contribution to velocity in the
x-direction increases linearly with time for a positive charge and decreases for

a negative charge. The velocity of electron is greater than that of the ion due to
its lighter mass for the same electric field. With increase in time, the electric

field can bring about a separation in the charges in the plasma since the ions
and electrons are forced in opposite directions. The trajectory of the charged
particle requires a second integration and Fig. 3.31 shows the trajectory. We

have

x(t) ¼ x0 þ u0xt þ qEt 2

2m
; y(t) ¼ y0 þ u0yt; z(t) ¼ z0 þ u0zt, (3:42)

where (x0, y0, z0) is the position of the charged particle at time t ¼ 0. The
trajectory of the particle in the electric field is a parabola or a straight line

dependent on the initial conditions.

Applied electric field

Trajectory if uoy = 0

Trajectory if uoy ≠ 0

Figure 3.31: Trajectories of a charged particle in a constant electric field.
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3.5.2. Constant and Uniform Magnetic Field, No Electric Field

In the presence of a uniform magnetic field only, the equations of motion are

m
d~uu

dt
¼ q~uu� ~BB: (3:43)

The acceleration of the particle is thus perpendicular to ~BB and ~uu since

m
d~uu

dt
�~uu ¼ q(~uu� B) �~uu ¼ 0: (3:44)

By writing

m
d

dt
(~uu �~uu) ¼ d

dt

1

2
m~uu �~uu

� �
¼ d

dt
(K�E:): (3:45)

We observe that the kinetic energy K.E. of the particle is a constant of motion.

Alternatively, the magnetic field ~BB cannot perform any work on the particle.
Thus the force on the charge due to the magnetic field has no effect on the

magnitude of the velocity of the particle.
Let us suppose the magnetic field ~BB has nonvanishing components only along

the z-axis, i.e (0, 0, B). The components of velocity are (ux, uy, uz), so that in
component form the equations of motion are

m
dux

dt
¼ qBuy; m

dux

dt
¼ �qBux; m

duz

dt
¼ 0: (3:46)

The solutions for the above equations are

ux ¼ u? sin
qBt

m

� �
; uy ¼ u? cos

qBt

m

� �
; uz ¼ constant, (3:47)

where

u? ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

x þ u2
y

q
, (3:48)

and represents the particle speed perpendicular to the magnetic field ~BB.
The velocity of the particle uz parallel to the magnetic field ~BB remains un-

affected (Fig. 3.32). The trajectory of the particle (Fig. 3.33) is given by a further
integration as follows

x(t) ¼ x0 þ r
L

sin
qBt

m

� �
;

y(t) ¼ y0 ¼ rL cos
qBt

m

� �
and z(t) ¼ z0 þ uozt,

(3:49)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 198 18.11.2005 11:57am

198 Plasma State



where

rL ¼
u?
v
¼ mu?

qB
, (3:50)

and

vL ¼
qB

m
, (3:51)

where vL is the Larmor frequency and is independent of the energy of the

particle and rL is the Larmor radius. Alternative names for vL are known as
gyromagnetic and cyclotron frequency. Similarly names are given for Larmor

radius rL. We note that, although the gyro radius will increase with particle
energy, v is independent of the particle energy. This fact underlies our ability to

couple energy efficiently to plasma electrons by using AC power source with a

u

uII

u

B

Figure 3.32: Decomposition of velocity vector parallel and perpendicular

to the magnetic field.

q positive ion (A+)

q negative ion (e−)

v

q (v �B )

x

y

Z
B

Figure 3.33: Larmor motion of charged particle (a) positive charge (b) negative charge.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 199 18.11.2005 11:57am

Plasma State 199



frequency that matches the natural rotational frequency of the electron in a
magnetic field. For instance, when the magnetic field is 875 gauss, the frequency

of resonance will be 2.45 GHz. The angle between ~BB and the direction of motion
of the particle is called the pitch angle (a) and is given by

a ¼ sin�1 u?
u

� 	
¼ tan�1 u?

uk

� �
: (3:52)

Note that when a ¼ p=2 when uk is zero, u? 6¼ 0 and the trajectory is a circle in
the plane normal to ~BB. If uk 6¼ 0, then a ¼ 0, and the particle moves along with
~BB with velocity uk. For a given velocity the Larmor radius is one thousand times
larger for an ion than for an electron because of its heavier mass. The projection

of the particle motion in a plane perpendicular to ~BB is therefore a circle with
center (x0, y0) and radius rL, known as the Larmor radius. If the magnetic field
is perpendicular to the page and pointing towards the reader, then the particles

with a positive charge rotate in the clockwise sense and those with negative
charge will rotate in the anticlockwise sense. All particles of a given type have

the same Larmor frequency regardless of their velocity. The velocity in this
gyration orbit can have any value, depending on the velocity with which the

particles enter the magnetic field. The combined effect of a circular motion
around the magnetic field and free motion along the magnetic field implies that

a charge moves along a helix (Fig. 3.34).
For fields such as 10�4 T, the ions are not much affected by the magnetic field,

while electrons are strongly connected to move along the magnetic field in small

circles perpendicular to the plane of the magnetic field. In these situations one
can neglect the small gyro radius and treat the motion of the center of the orbit,

u

u1

u 11

u 11

B

B

r
L

Figure 3.34: Helical motion of a charged particle.
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called the guiding center. We can write in cylindrical coordinates with the origin
of the center of the coordinate system at the center of the circular orbit (x0, y0)

(also known as the guiding center), the relationship

mu2
?

rL
¼ qu?B: (3:53)

We can write

rL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m(K:E:)

qB

s
, (3:54)

where K.E. is the kinetic energy of the particle. Hence particles with high mass
and high kinetic energies have large orbits. For the same energy, the heavier

species will have larger circular orbits. The time taken by the particle to make
one complete revolution is

tL ¼
2pm

qB
: (3:55)

Note that rL and vL are not influenced by the speed of the particle. The velocity

of the particle parallel to ~BB is unaffected, so that the total trajectory of the
particle is a helix. For convenience, we can rewrite the equations of motion in

the form

du?
dt
¼ q

m
(~uu? � ~BB);

d~uuk
dt
¼ 0, (3:56)

where

~uu ¼~uu? þ~uuk, (3:57)

and is resolved into components parallel and perpendicular to ~BB. Note the

kinetic energy of the particle is constant and is given by

K:E: ¼ m

2
(~uu 2
? þ~uu 2

k ): (3:58)

The conservation of kinetic energy is due to the fact that the force is at all times

perpendicular to the velocity of the particle and as a result, does no work on it.
Hence the result is also valid for nonuniform magnetic fields. Since~uuk and K.E.

are constants, it follows ~uu? is a constant also.

Example 3.14

Consider argon plasma in which the electrons have energy of 10 eV and ions

are at 350 K. Calculate the radius of the particles in a magnetic field of 500 gauss.
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Equation (3.54) gives the radius of the orbit in the magnetic field B.
where

B ¼ 500 gauss ¼ 500� 10�4 T.
For Ar ions, m ¼ 39:948� 1:672 6� 10�27 kg.

K:E: ¼ (3=2)kBT ¼ (3=2)� 1:38� 10�23 � 350 J:
Radius of argon orbit ¼ 0:008567 m.

For the electron, K:E: ¼ 10� 1:602� 10�19J:
The radius of the orbit is 0.000213 m.
The radius of the electron orbit is quite small compared to that of argon ion.

A charged particle in a circulating orbit constitutes a current and this has a

magnetic field. The magnetic moment associated with the circular motion is the
product of the current I and the area of the loop. We have therefore

I ¼ q
vL

2p
; Area ¼ pr2

L, (3:59)

so that

~mm ¼ � mu 2
?

2B

� �
b̂, (3:60)

where b̂ is the unit vector along ~BB. One can also write the above equation in the

form

~mm ¼ � «?
B

b̂, (3:61)

where «? is the energy of the charged particle due to particle motion perpendicu-

lar to the magnetic field. Hence, the circular motion of the charged particle
produces a dipole magnetic field in such a way as to reduce the strength of the

field inside the orbit and to increase it outside (i.e. plasma is diamagnetic)
(Fig. 3.35). If there are a large number of identical charged particles orbiting in a

uniform magnetic field, a range of magnetic moments is present depending on the
distribution of particle energies. We can obtain the average magnetic moment per

unit volume hmi(~rr )i. The total average magnetic moment M(~rr ) is the sum of the
average contributions for magnetic moment from each type of charge and the
number density n of each type of charge. We can write therefore the expression

M(~rr ) ¼ �nihmiib̂� neh~mmeib̂, (3:62)

where the subscript i denotes an ion and e denotes an electron. A nonuniform
magnetic moment in the plasma has the same effect as a current flowing in the

plasma given by

~jjM ¼ r~ � ~MM(r), (3:63)
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where ~jjM is the current density due to nonuniform magnetic moments. The

plasma therefore behaves like a diamagnetic material partially expelling the
magnetic field. If the Larmor radius is small compared to the characteristic

dimension of the plasma container, one can visualize the linear motion (guiding

center motion) of the center (x0, y0).

Consider a straight tube containing plasma subjected to a magnetic field
directed along the tube. The magnetic field prevents the ions and electrons
from hitting the walls of the tube. However, they can escape through the ends of

the tube. One way to prevent the ions and electrons from escaping is to bend the
tube into a circle to create a toroidal magnetic trap for trapping the plasma. An

alternative way is to provide a stronger magnetic field at the ends of the tube.
The magnetic field acts as a magnetic mirror and will reflect the plasma par-

ticles.

3.5.3. Uniform Electric and Magnetic Fields

When the two fields are parallel to one another it does not alter the behavior of

the charged particle as discussed earlier. The charges can move freely along the
direction of the magnetic field. At the same time the motion of the charged

particle perpendicular to ~BB is not affected by the electric field. The particle then
executes a trajectory that will either be an extending or contracting helix

Externally applied
magnetic fieldElectron-

generated
magnetic
field

Net
megnetic
field

Expelled field

B

Figure 3.35: Diamagnetic behavior of plasma.
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depending on the relative direction of the electric field and the initial longitu-
dinal velocity component (Fig. 3.36).

Consider now the electric field and magnetic field acting on the plasma. The
particle executes circular motion perpendicular to ~BB and will accelerate along

E~. The equations of motion in terms of velocity components parallel and
perpendicular to E~ are

m
d~uuk
dt
¼ qE~k; m

d~uu?
dt
¼ q(E~? þ~uu? � ~BB): (3:64)

We note that the charged particle has a constant acceleration parallel to ~BB.

The solution for ~uu0k is

~uuk ¼
qE~t

m
þ~uu0k, (3:65)

where~uu0k is the velocity parallel to the magnetic field at time t ¼ 0. The motion
of the charged particle in the direction of the magnetic field is unaffected by the
magnetic field. The motion of the particle perpendicular to ~BB is due to the

combined effect of both ~BB and E~?.
If E~? is nonzero, the positively charged particle will accelerate along E~?. The

velocity ~uu? is larger at the top of the trajectory in the cyclotron orbit than at
the bottom of the trajectory. The Larmor radius rL ¼ u?=v is therefore larger

at the top of the orbit than at the bottom. The particle drifts with a drift velocity
~uud in the direction of the vector E~� ~BB. We write

~uud ¼ a(E~� ~BB), (3:66)

B

E  = 0 E  ≠ 0

E

u
D

q  > 0

q < 0

Figure 3.36: Extended helical orbits.
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where one has to determine the constant a. If the velocity of the particle in the
new reference frame is u

0

d, we write

~uud
0 ¼~uu?

0 þ a(E~� ~BB): (3:67)

Hence,

d~uud
0

dt
¼ q

m
E~? þ~uu?

0 � ~BBþ a(E~� ~BB)� ~BB
h i

¼ q

m
E~? þ~uu?

0 � ~BBþ a (E~ � ~BB)~BB� (E~ � ~BB)~BB
n oh i

¼ q

m
E~? þ~uu?

0 � ~BBþ a (E~ � ~BB)~BB� ( (E~k þ E~?) � ~BB)
n oh i

¼ q

m
E~? þ~uu?

0 � ~BB� a(B2E~� B2E~k)
h i

¼ q

m
(1� aB2)E~? þ~uu?

0 � ~BB
h i

:

(3:68)

If we select the constant a by

a ¼ 1

B2
, (3:69)

We have

~uud ¼
E~� ~BB

B2
, (3:70)

and

d~uu?
0

dt
¼ q

m
~uu?

0 � ~BB
� 	

: (3:71)

As before, the trajectory consists of motion in a circle about a center that

guides along with a velocity~uud. The drift velocity is independent of the particle’s

mass, charge and energy and is perpendicular to both E~ and ~BB. It is in the same

direction for electrons and ions. It is implicitly assumed in this derivation that
the particles are free to undergo gyro motion. Collisions can interrupt the gyro
motion, which will invalidate the result. This drift will operate on an electron in

the cathode region of a magnetron, where the cathode electric field has a
component perpendicular to the magnetic field and the electron gyro radius is

small. However the ions are not affected because the gyro radius is larger
than the reactor size. The drift motion is unlike free motion as the particles

do not experience constant acceleration under the influence of constant
force, rather, they move with a constant velocity. Suppose a positively charged

particle is gyrating perpendicular to the magnetic field. Let us suppose the
magnetic field is taken in the direction upward out of the plane of the paper
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as shown in Fig. 3.37. If an electric field is applied, the particle will accelerate
on the right hand side. As a consequence the velocity in the side toward the

top of the page will exceed the velocity on the opposite side. The radius of
gyration increases with velocity and hence the radius of curvature of the

particles path is greater on the side near the top of the page than on the other
side. This results in a drift of particles to the right. For particles of opposite sign,

the gyration will be in the opposite direction, but the acceleration produced by
the field will also be reversed and the drift will be in the same direction as
before. Hence drift is independent of mass and velocity as well as the sign of

the charge.
The orbital motion at velocity~uu?

0
is unaffected by E~?, which also implies that

the magnetic moment of the charged particle is constant. The interaction of E~

and ~BB causes the guiding center to drift in a direction perpendicular to E~? and
~BB. The guiding center drift is independent of ~uu?

0
, so that all identical charged

particles in E~? will move with drift velocity ~uud regardless of their orbital

velocity.

Z

B

Y

E

X
rL

VE

−

Figure 3.37: Drift motion.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 206 18.11.2005 11:57am

206 Plasma State



3.5.4. Nonuniform Magnetic Fields

The magnetic flux ~BB can be written in the general case as

~BB ¼ îBx þ ĵBy þ k̂kBz: (3:72)

Since each of the components of ~BB can vary with x, y, z, we require nine
parameters to describe adequately the variation of the magnetic field with

position. These variations can be assembled in the form of a matrix given
below

@Bx

@x

@Bx

@y

@Bx

@z

@By

@x

@By

@y

@By

@z

@Bz

@x

@Bz

@y

@Bz

@z

0
BBBBBBB@

1
CCCCCCCA
: (3:73)

Not all the above components are independent, because from Maxwell’s equa-

tions we have the condition

r~ .~BB ¼ 0 ¼ @Bx

@x
þ @By

@y
þ @Bz

@z
: (3:74)

It is convenient to group the nine special derivatives into categories to

appreciate their physical influence. The quantities
@Bx

@x
,
@By

@y
,
@Bz

@z
are termed

divergence terms and are illustrated in Fig. 3.38. The terms
@Bz

@x
and

@Bz

@y
are

known as gradient terms and are illustrated in Fig. 3.39, where a typical variation

in the x-direction is shown. The terms
@Bx

@y
and

@By

@x
are known as curvature

terms and are illustrated in Fig. 3.40. The terms
@Bx

@y
and

@By

@x
are known as shear

terms. The shear components enter the z component through the term r~ � ~BB
and cause twisting of the magnetic lines about each other. Generally the

divergence, gradient and curvature terms are of main interest, since the shear
terms may slightly change the shape of the orbit, but are otherwise unimportant,

at least in the first order approximation.
In situations where the magnetic field is nonuniform, general solutions for the

equation of motion require that we obtain solutions for a nonlinear equation.
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To avoid the complexities introduced by nonlinearity, it is useful to study the
situation when the magnetic field is strong but varies only slowly in space and
time, and the electric field is weak. Therefore, on the distance and time scale the

particle sees in one gyration orbit, the fields are for all practical purposes

Z

X

Figure 3.38: Divergence terms of a nonuniform magnetic field.

X

Z

Figure 3.39: Gradient terms of a nonuniform magnetic field.
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uniform and constant. The spatial variation of the magnetic field in a distance of
the order of the Larmor radius is much smaller than the magnitude of the field

itself.
Consider a magnetic field applied in the z-direction that also has a small

perturbationfield. We can write the magnitude of the magnetic field j~BBj in the form

j~BBj ¼ B2
x þ B2

y þ (Bz þ B0z)2
h i1=2

, (3:75)

where B0z is a constant and is independent of the z-coordinate. According to
Maxwell’s equations

r~ .~BB ¼ 0: (3:76)

Utilizing a simple configuration of magnetic field shown in Fig. 3.41 that has a
cylindrical symmetry Eq. (3.76) can be written in the form

1

r

@

@r
(rBr)þ

@Bz

@z
¼ 0: (3:77)

Rearranging and integrating Eq. (3.77) we obtain

ðr0¼r

r0¼0

@

@r0
(r0Br0) dr0 ¼ �

ðr0¼r

r0¼0

r0
@Bz

@z
dr0: (3:78)

Z

X

Figure 3.40: Curvature terms of a nonuniform magnetic field.
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The magnetic field Br is only a function of r. The quantity @Bz=@z is indepen-

dent of r. Therefore, integrating Eq. (3.78), we obtain

Br ¼ �
1

2
r

dBz

dz
, (3:79)

since Bz is a function of z only. The particle orbiting about B0z experiences a
force Fz given by

Fz ¼ qu?Br, (3:80)

where ~uu? is the magnitude of the velocity as shown in Fig. 3.41. We have

Fz ¼ �
1

2
qu?r

L

dBz

dz
: (3:81)

Since

u? ¼ rvL ; vL ¼
2p

t
and j~mmj ¼ pr2q

r
L

, (3:82)

and if we have

Fx ¼ �j~mmj
dBz

dz
Dz: (3:83)

Therefore, the force on the charged particle is towards the direction of the
weaker field. Thus, when the charged particle approaches the strong magnetic

B

B
V

Vd

Vd

Figure 3.41: Electron motion in a nonuniform magnetic field.
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field at either end, it experiences a force to bring it back towards the center. The
magnetic field configuration thus acts as a mirror and contains the charged

particles.
The energy gained by the charged particle in moving a distance Dz is

D«k ¼ �FxDz ¼ �j~mmjdBz

dz
Dz: (3:84)

Since the energy of the particle in a static magnetic field cannot change, the

change of particle energy perpendicular to the z-direction must be equal and
opposite to the particle energy parallel to the z-direction. Therefore,

D«? ¼ j~mmj
dBz

dz
Dz: (3:85)

Hence,

d«?
dz
¼ j~mmj dBz

dz
: (3:86)

Since,

«? ¼ j~mmj(B0z þ Bz), (3:87)

we get

d«?
dz
¼ j~mmj dBz

dz
þ (B0z þ Bz)

dj~mmj
dz

: (3:88)

We must therefore have

dj~mmj
dz
¼ 0, (3:89)

or the magnetic moment is independent of z. Hence, as the particle drifts into

regions of stronger magnetic field, the orbit of the particle must become smaller
so that the flux through the orbit will remain constant.

A particle with an initial velocity ~uu0 has components

u0z ¼ u0 cos x0; u0? ¼ u0 sin x0, (3:90)

where x is the angle between velocity vector and the z-axis. Since the
magnetic moment j~mmj will remain constant during the particle motion, we

write

j~mmj ¼ mu2
0?

2B0z
, (3:91)
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where B0z is the component of the magnetic field at the starting point of the
particle’s motion. Hence at all times during the particle’s motion

m2
0?
2

� �
B0z

¼

m 2
?

2

� �
Bbz

, (3:92)

where Bbz is the component of the magnetic field at the point where the velocity

perpendicular to it is~uu?. The total speed u0 is unchanged so that u? ¼ u0 sin x.
Therefore,

sin2 x ¼ Bbz

B0z

� �
sin2 x0, (3:93)

where x is the angle between vector and the z-axis. If Bbz increases, x becomes
larger, and x ¼ 90	 when the right hand side of the Eq. (3.94) becomes

unity. This means the particle has stopped moving in the z-direction. The
force acting on the particle moves it towards the weaker field. The particle
thus reflects. Hence, both ends act as mirrors and the particle oscillates back

and forth.

3.5.5. Drift Velocity due to Other Fields

The drift velocity~uud for a charged particle in an electric field E~ and a magnetic
field ~BB is given by

~uud ¼
E~� ~BB

B2
, (3:94)

provided E~ is perpendicular to ~BB. We can generalize the result for any arbitrary

force F~ by replacing E~ by
F~

q
, the equivalent electric field.

Consider, for example, the behavior of a charged particle in the presence of a

force F~ and a magnetic field ~BB. The equation of motion is

m
d~uu

dt
¼ F~þ q~uu� ~BB: (3:95)

It will be convenient to resolve the equations of motion into two equations, one
parallel to ~BB and another perpendicular to ~BB thus:

m
d~uu?
dt
¼ F~? þ q~uu? � ~BB; m

d~uuk
dt
¼ F~k: (3:96)
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The solution for the parallel case is

~uuk ¼
F~kt

m
þ~uu0,k, (3:97)

where~uu0,k is the velocity parallel to the magnetic field at t ¼ 0. In other words,

the motion of the particle parallel to the magnetic field is unaffected by the
magnetic field.

The solution of the charge experiencing a force perpendicular to the magnetic
field may be written

~uu? ¼~uud? þ
F~? � ~BB

qj~BBj2
: (3:98)

Substitution of Eq. (3.99) in Eq. (3.97) results in the following:

m
d~uu?
dt
¼ F~? þ q~uud? � ~BBþ

(F~? � ~BB)� ~BB
j~BBj2

: (3:99)

Since F~? and ~BB are perpendicular to one another, we have

(F~? � ~BB)� ~BB ¼ �j~BBj2 F~? (3:100)

Hence,

m
d~uud?

dt
¼ q(~uud? � ~BB): (3:101)

Since the above equation represents the orbital motion of a charged particle
at the cyclotron frequency, it is clear the orbital motion at velocity ~uu? is

unaffected by the presence of F~?. Similarly, the magnetic moment of the
charged particle remains constant. The effect of F~? and ~BB is to cause the

guiding center to drift in a direction perpendicular to both F~? and ~BB and does
not depend on ~uud?. One can consider the motion of the charged particle as

equivalent to a dipole moment drifting with velocity

~uud ¼
F~? � ~BB
j~BBj2

: (3:102)

Consider, for example, charges subjected to a gravitational force for which

F~¼ m~gg, (3:103)

where~gg is the acceleration due to gravity. The gravitational drift velocity~uug, is

~uug ¼
m~gg� ~BB

qB2
, (3:104)
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~uug depends upon mass and charge, so that heavier charged particles drift faster
than light charged particles, causing the flow of current. The drift velocity for

several other cases appears in Table 3.1.

3.6. Basic Equations in Cold Plasma

In a plasma system, measurements of macroscopic properties are difficult and
can only measure the time averaged energy distribution functions. The studies

in plasma behavior indicate that electrons are responsible for all of the chemical
activation in processing plasma. Ions in plasma contribute to etching or depo-

sition processes. Therefore, considerable attention is focused on the electron
and ion distribution functions, and the consequences resulting from these

functions on macroscopic physical and chemical phenomena. Therefore, the
actual distribution of electron and ion velocities must be considered in the

calculation of the average behavior of plasma.
The time behavior of the distribution function is given by the Boltzmann’s

equation. Together with the Poisson’s equation and equation of continuity for

Table 3.1: Summary of drift velocities

Drift velocity Formula Type of field

~VVe
E~� ~BB

B2
Electric field

~VVF
1

Q

F~� ~BB
B2

General force

~VVE 1þ
r2

L

4
r2

 !
E~� ~BB

B2
Nonuniform E

~VVrB
mv2
?

2q

~BB�r~B

B3
Grad B

~VVR

mv2
k

q

~RRc � ~BB
R2

cB2
Curvature

~VVR þ ~VVrB
1

q
mv2
k þ

1

2
mv2
?

� �~RRc � ~BB
R2

cB2
Vacuum fields

~VVP
q

jqj
E
:
?

jVjB Polarization
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all of the positive and negative charges, the simultaneous solutions of these
equations that also satisfy Maxwell’s equations present a formidable task. The

calculation of the average properties from the distribution function for number
density, momentum and energy can be formulated in terms of suitable integrals.

The equations that describe macroscopic quantities are the macroscopic con-
servation equations. These are the equations that specify the invariance of

particle density, momentum and energy. These basic equations provide the
framework for many approximate solutions in cold plasma systems.

3.6.1. Boltzmann’s Equation

Since the plasma consists of a very large number of interacting particles,

statistical approach is preferred to provide macroscopic description of plasma
phenomena. This gives rise to a great reduction in the amount of information to

be handled. In order to calculate quantities of physical interest in plasma, it is
necessary to have the knowledge of the distribution function f (~rr, ~vv, t). The

statistical results of f (~rr, ~vv, t) say nothing about the form of the particle inter-
actions. The quantity f (~rr, ~vv, t) d3~rrd3~vv gives the probability of finding molecules

whose center of mass at a time t is located between~rr and~rr þ d~rr and has velocity
between~vv and~vvþ d~vv. Consider now particles that at time t have positions and
velocities in the range d3~rr d3~vv in the neighborhood of ~rr and ~vv, respectively

(Fig. 3.42). If we observe the situation after some time, say t0 ¼ t þ dt, the

VX

VX

VX�
t + dt

t

X
X

X �

Figure 3.42: Volume in phase space at time t and t0.
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positions and velocities of the particles change as a result of force F~. We may
thus write

~rr 0 ¼~rr þ~_rr_rr dt ¼~rr þ~vv dt; ~vv ¼~vvþ~_vv_vv dt ¼~vvþ F~

m
dt: (3:105)

If there are no collisions between particles, all the particles in d3~rr d3~vv are now

in d3~rr 0 d3~vv 0 so that

f (~rr 0, ~vv 0, t0) d3~rr 0 d3~vv 0 ¼ f (~rr, ~vv, t) d3~rr d3~vv: (3:106)

We can write

f (~rr 0, ~vv 0, t 0)� f (~rr, ~vv, t) ¼ 0 ¼ f (~rr þ~_rr_rr dt, ~vvþ~_vv_vv dt, t þ dt)� f (~rr, ~vv, t): (3:107)

Utilizing the appropriate partial derivatives we obtain

@f

@x
_xxþ @f

@y
_yyþ @f

@z
_zz

� �
þ @f

@vx

_vvx þ
@f

@vy

_vvy þ
@f

@vz

_vvz

� �
þ @f

@t

� �
dt ¼ 0: (3:108)

In shorter notation, we write

@f

@t
þ~vv .

@f

@~rr
þ F~

m
.
@f

@~vv
¼ 0 ¼ @f

@t
þ~vv .r~rf þ

F~

m
.r~vf , (3:109)

where

r~r � î
@

@x
þ ĵ

@

@y
þ k̂k

@

@z
and r~v � î

@

@vx
þ ĵ

@

@vy
þ k̂k

@

@vz
: (3:110)

Equation (3.109) is called the Boltzmann’s equation and gives the dependence

of the distribution function on position, velocity and time. If there are collisions
between particles, there will be a net change of particles caused by collision and

the Boltzmann’s equation may now be written formally as

@f

@t
þ~vv .r~rf þ

F~

m
.r~vf ¼ Dcf , (3:111)

where Dcf accounts for the rate at which particles enter and leave d3~rr d3~vv as a
result of collisions. The mean time for a particle to suffer a collision is tc. One

may neglect the collision term if the time rate of macroscopic change of forces v

is such that tc � v. By making the assumption that the motion of the plasma
particles are governed by the external fields plus the macroscopic averages of

internal fields smoothed over in space and time, due to the presence and motion
of all plasma particles, one arrives at Vlasov’s equation. Together with Max-

well’s equations for the internal magnetic fields and equations for plasma
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charge density and plasma current density, one has a complete set of equations
that has to be solved simultaneously and self-consistently.

3.6.2. Macroscopic Averages

The function f (~rr, ~vv, t) provides the necessary information to calculate the
macroscopic properties of the system. For example, the average number of
particles which at time t is located between ~rr and ~rr þ d~rr regardless of their

velocities is given by

n(~rr, t) ¼
ð

d3~vv f (�rr, ~vv, t): (3:112)

One can calculate the mean value of any property of the molecules. If we
denote the property of the molecules by x(~rr, ~vv, t), then its mean value is

evaluated from

x(~rr, t)h i ¼ 1

n(~rr, t)

ð
d3~vvx (~rr, ~vv, t) f (~rr, ~vv, t): (3:113)

For example, if x(~rr, ~vv, t) is the velocity ~vv(~rr, t) of the molecule, then the

average velocity is given by

~uu(~rr, t) � v(~rr, t)h i ¼ 1

n(~rr, t)

ð
d3~vv f (~rr, ~vv, t)~vv(~rr, t), (3:114)

where ~uu(~rr, t) is defined as mean velocity to simplify the notation. The average
value is a function of only position and time.

We define a term called peculiar velocity, ~UU, as the velocity relative to the
average velocity so that

~UU �~vv�~uu: (3:115)

We note that

~UU
D E

¼ 0, (3:116)

and is associated with the random thermal velocity of the particles, so that if~uu is

zero, then ~UU ¼~vv.

Example 3.15

Express for a particles in the plasma the macroscopic averages for the number

of particles, the velocity and the momentum in terms of the distribution function.
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Consider the particles labeled a in the plasma that is characterized by the
distribution function fa(~rr, ~vv, t).

The mean number of particles per unit volume is given by

na(~rr, t) ¼
ð

fa(~rr, ~vv, t) d3~vv:

Let the velocity of the particle be ~vv so that its component along î is vi. The
average component of velocity is therefore given by

vih ia¼
1

na(~rr, t)

ð
vi fa(~rr, ~vv, t) d3~vv:

The momentum of the a particle along ĵ is given by

xj ¼ ma~vv . ĵ¼ mavj:

Therefore, the average component of momentum along ĵ is given by

paj ¼ ma

ð
vivj fa(~rr, ~vv, t) d3~vv ¼ ra vivj


 �
a
� Paij(~rr, t):

Paij(~rr, t) is the flux of the jth component of average momentum of a particles
through a surface element whose normal is oriented along î. We note that

ra ¼ nama,

and is the density of a type particles.

3.6.3. Flux of Macroscopic Quantities

We may now consider the flux of x(~rr, ~vv, t), as the amount of quantity x(~rr, ~vv, t)
transported across some given surface per unit area per unit time. Consider a

surface element of magnitude dA with a normal specified by the unit vector n̂n so
that

d~AA ¼ dAn̂n: (3:117)

The positive of n̂n is taken as shown in Fig. 3.43.
One of the important quantities of interest in calculating macroscopic phys-

ical quantities is the flux of various quantities carried by the properties. It would
be convenient to measure the velocity~vv of a particle with respect to the mean

velocity~uu(~rr, t). We observe that the flux of any quantity is associated only with
nonzero values of the peculiar velocity. Consider at time t and at the point~rr an
infinitesimal area dA with a normal given by the unit vector n̂n as shown in
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Fig. 3.44. The number of molecules crossing dA in the infinitesimal time dt in

the positive n̂n direction is the number of particles contained in the volume
jn̂n . ~UU dt dAj. If each particle carried with it the property x(~rr, ~vv, t), then the

flux of x carried by the particles in the direction of n̂n is given byð
n̂n . ~UU>0

f (~rr, ~vv, t) d3~vv n̂n . ~UU dt dA
��� ���x(~rr, ~vv, t), (3:118)

dA

dA

Figure 3.43: Positive and negative directions of normal to a surface.

n

dA

dtU

Figure 3.44: Number of molecules crossing area dA in time dt in the positive direction

of the normal.
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where the integration is over all velocities ~UU for which n̂n . ~UU > 0. In a similar
manner, we write the flux of quantity x(~rr, ~vv, t) carried by particles entering into

the volume element i.e. in the negative n̂n direction by the expressionð
n̂n . ~UU<0

f (~rr, ~vv, t) d3~vv n̂n . ~UU dt dA
��� ���x(~rr, ~vv, t): (3:119)

The net flux of x(~rr, ~vv, t) is therefore given by

Jn(~rr, t) ¼
ð

n̂n . ~UU>0

f (~rr, ~vv, t) d3~vv n̂n . ~UU dt dA
��� ���x(~rr, ~vv, t)

�
ð

n̂n . ~UU<0

f (~rr, ~vv, t) d3~vv n̂n . ~UU dt dA
��� ���x(~rr, ~vv, t)

¼
ð

d3~vv f (~rr, ~vv, t)n̂n . ~UUx(~rr, ~vv, t):

(3:120)

The integration in Eq. (3.120) is now carried over all possible values of the
peculiar velocity. We note

Jn(~rr, t) ¼ n n̂n . ~UUx
D E

, (3:121)

and since

Jn ¼ n̂n .~JJ, (3:122)

we can write the expression for the flux of quantity x in the form

~JJ ¼ n ~UUx
D E

: (3:123)

Note that for particle flux we have the usual relationship

~JJparticle ¼ n ~UU
D E

: (3:124)

Example 3.16

Obtain an expression for the pressure-exerted normal to the surface by par-

ticles in plasmas as well as the heat transported.

Consider unit area of the surface whose normal is oriented along the z-axis.

The quantity of momentum transported is given by

x ¼ mvz,

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 220 18.11.2005 11:57am

220 Plasma State



while

n . ~UU ¼ Uz:

The momentum flux is

pzi ¼ nm Uzvih i:

We write

~UU ¼~vv�~uu,

so that

pzi ¼ nm Uz(Ui þ ui)h i ¼ nm[ui Uzh i þ UzUih i] ¼ nm UzUih i,

since Uz ¼ vz � uz. The pressure-exerted normal to the surface is given by

pzz ¼ p ¼ nm vzvzh i:

The kinetic energy of the molecule is 1
2 mv2, so that the heat flux in the

z-direction is given by

Qz ¼ n vz
1
2 mv2


 �
¼ 1

2 nm vzv2

 �

:

3.6.4. Rate of Change of Macroscopic Quantities

We note that the average x(~rr, ~vv, t) property is given by

hx(~rr, ~vv, ti ¼ 1

n(~rr, t)

ð
d3~vv f (~rr, ~vv, t)x(~rr, ~vv, t), (3:125)

where n(~rr, t) is the mean number of molecules per unit volume. We are inter-

ested in how hxi varies with time, since for a number of conserved quantities we
can equate this to zero.

The rate of change of hx (~rr, ~vv, t)i with time for all particles in the volume
element d3~rr is given by

@

@t
nxh i d3~rr dt: (3:126)

The various contributions to the above change may be evaluated as given below.

In time dt, each particle changes its position and velocity so that there is an
associated change in hx(~rr, ~vv, t)i given by Aint. We observe

Aint ¼
@x

@t
dt þ @x

@xi
(vi dt)þ @x

@vi

Fi

m

� �
dt ¼ n d3~rr dt Dxh i, (3:127)
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where

Dx � @x

@t
þ vi

@x

@xi
þ Fi

m

@x

@vi
¼ @x

@t
þ~vv .

@x

@~rr
þ F~

m
.
@x

@~vv
: (3:128)

There is an increase in the total mean value of hxi in d3~rr due to the net flux of
molecules entering the volume element in time dt. This is given by Aflux where

Aflux ¼ �
@

@xi
nvixh i dt d3~rr: (3:129)

The collision between particle contributes also to change in the value of

hx(~rr, ~vv, t)i and we shall write this contribution as C x(~rr, ~vv, t)h i. Therefore we
have the rate expression

@

@t
nxh i ¼ n Dxh i � @

@xi
nvixh i þ C xh i: (3:130)

In the above equation the Einstein summation convention is assumed.

Example 3.17

Obtain the expression for the conservation of particles and of momentum in

plasma.

The conservation of particles must satisfy the relationship

@n

@t
¼ � @

@xa

nvah i þ C(x):

We may write the collision term in the form

C(x) ¼ G� L,

where G refers to the rate of generation of particles and L is the rate of loss of
particles by collision. Hence,

@n

@t
þr~ . (n~uu) ¼ G� L:

If we write

G ¼ nizne,

where niz is the ionization frequency, we write the continuity equation for

particles by the expression

@n

@t
þr~ . n~uu ¼ nizne,
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assuming the loss due to recombination is negligible.
We note that for momentum we have

x ¼ m~vv,

so that

@

@t
nm~vvh i ¼ n Dm~vvh i � @

@xp
nvpmvq


 �
þ C(x):

We recall

Dvp ¼
Fp

m

@vq

@vp
¼ Fp

m
dqp ¼

Fq

m
:

Therefore,

@

@t
(ruq)þ @

@xp
r vpvq


 �� �
¼ rF

0

q þ C(x),

where

r � mn and F~
0 � F~

m
:

We express

~vv ¼~uuþ ~UU:

Hence,

vpvq


 �
¼ up þUp

� �
uq þUq

� �
 �
¼ upuq þUpUq þ upUq þ uqUp


 �
¼ upuq þ UpUq


 �
,

since upUq


 �
¼ up Uq


 �
¼ 0:

We define the pressure tensor ppq by

ppq � r UpUq


 �
:

We have therefore

@

@t
ruq

� �
þ @

@xp
rupuq


 �
¼ � @Ppq

@xp
þ rF

0

q þ C(x):

The left hand side of the above equation may be expanded to give

up
@r

@t
þ r

@up

@t
þ up

@

@xp
rup


 �
þ rup

@uq

@xq
¼ 0þ r

duq

dt
,
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where

d

dt
� @

@t
þ up

@

@xp
:

Thus the rate of change of momentum is given by

r
duq

dt
¼ � @ppq

@xp
þ rF

0

q þ
@

@t
(C(x)):

3.7. Macroscopic Characterization of Plasma

One can characterize macroscopically the plasma by a few variables that have a
well-defined meaning. The density of particles, n, is one of the first variables that

characterize the plasma. A density ni refers to a charge with mass mi and charge
qi. We can therefore describe plasma by its electron density ne, ion density ni or

neutral density nn. We can subdivide the ion and neutral density in terms of the
charge type or the molecular fragment type or both. A typical distribution of

the species present in plasma is shown in Fig. 3.45, and reveals a number of
species. The unperturbed plasma is neutral, so that the sum of all the positive
and negative charges present in the plasma is zero.

CF4 discharge

SiO2 excitation electrode
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+

COF+
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CO2
+

HF+

CF11
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C2F4
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+
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Figure 3.45: Types of particles in a plasma.
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The peculiar velocity of each type of particle in the plasma is normally zero
under equilibrium conditions. Therefore, any disturbance of the plasma from

equilibrium requires information about the nonvanishing peculiar velocity of
the different types of particles in the plasma.

The thermal energy contributes to the random motion of each of the species
in the plasma. In equilibrium situation, one relates the rate of change of

momentum due to collisions to the pressure. The pressure exerted by each
species of particles will be the same for all particles if there is equilibrium.
However, in actual cases in the plasma, because of the differences in the mass,

the electrons assume a different distribution of velocities than the ions and the
radicals. It is therefore customary to define an average pressure for each species

of particles. Since there is a relationship between pressure and temperature we
can also write the plasma in terms of temperatures for each species present.

Thus, we can express the characteristics of a plasma in terms of electron
temperature Te, ion temperature Ti and electron pressure Pe, and ion pressure

Pi, where

Pe ¼ nekBTe: Pi ¼ nikBTi: (3:131)

It is important to have information about the type of particles present in the
plasma, their energies and their temperatures.

A variety of plasmas are recognized by differences in plasma density and
plasma temperature. For example, the electron density in the plasma can vary

from 106 to 1034 m�3. The electron temperature can vary from 0.1 to 106 eV. A
large number of areas of interest in science are represented in terms of the

density of particles, plasma temperature, Debye radius and electron plasma
frequency as indicated in Fig. 3.46.

3.8. Collective Phenomena in Plasmas

Plasma state is distinguished from gaseous state by characteristics controlled by

the collective behavior of particles in the plasma. Unlike the elastic collisions in
a gas, in the plasma, interaction occurs between all charged species between one

another and with the external electric and magnetic field. Among the various
parameters of interest in describing the plasma that pertain to its collective

behavior are: Debye length, which corresponds to the distance over which
significant deviations from charge neutrality can occur, the plasma frequency,

which measures the tendency for electrostatic waves to develop and the critical
degree of ionization, which indicates at what point in the gaseous ionization
coulomb collisions begin to dominate.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch03 Final Proof page 225 18.11.2005 11:57am

Plasma State 225



3.8.1. Shielding of a Charge in Plasma

Consider a positive test charge q at rest in plasma. The positive charge repels

other positive charges and attracts electrons to its surroundings. Hence, in the
neighborhood of the positive test charge, density of electrons increases and that
of positive ions decreases. The net effect is to shield the positive ion so as to

cancel the effect of its charge. The shielded coulomb potential that describes the
net effect of the charge q and the distributed plasma space charge satisfies the

Poisson’s equation:

r2f ¼ � r

«0
, (3:132)
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Figure 3.46: Plasma types.
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where r is the charge density due to electrons, ions and the test charge. We
write

r ¼ q[ni(r)� ne(r)]þ qd(r), (3:133)

where ni(r) is the ion charge density and ne(r) is the electron density at a
distance r from the test charge, and d(r) is a delta function. In due course, the

electrons will come to equilibrium with each other at a temperature Te and
the ions will be at equilibrium with each other at a temperature Ti. We shall

assume Te is not necessarily the same as Ti so that one assumes lack of complete
equilibrium. We can write Eq. (3.133), in the form

r2f ¼ q

«0
[ni(r)� ne(r)], r > 0: (3:134)

We write using q ¼ e for positive ions and q ¼ �e for electrons

ni(r) ¼ n0 exp � ef

kBTi

� �
, (3:135)

and

ne(r) ¼ n0 exp þ ef

kBT

� �
: (3:136)

where each of the densities becomes n0 at large distances from the test charge

where the potential vanishes. Assuming

ef

kBTe

����
����� 1 and

ef

kBTi

����
����� 1, (3:137)

we obtain

r2f ¼ 1

r2

d

dr
r2 df

dr

� �
¼ � n0e

«0

�
e

ef

kBTe � e
ef

kBTi

�
, (3:138)

¼ � n0e

«0
1� ef

kBTe
� 1þ ef

kBTi

� �
¼ þ n0e2f(r)

«0kB

1

Te
� 1

Ti

� �
: (3:139)

Let us introduce the electron (le) and ion (li) Debye lengths by

le,i ¼
«0kBTe,i

n0e2

� �1=2

, (3:140)

and the total Debye length lD by

l�2
D ¼ l�2

e þ l�2
i : (3:141)
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The Debye length is the measure of the sphere of influence of a given test
charge in the plasma. The concept of Debye length is useful in distinguishing

between two extreme cases in the behavior of charged particles, namely (a)
when the particles are independent of each other and (b) when they form

plasma. Note that the Debye length decreases with increase in the density of
charged particles. The dependence of Debye length on temperature shows how

the charge separation would collapse without the assistance of thermal energy.
Even though ionic temperature is included in the calculations, its contribution
to the Debye length is negligible. This reflects the fact that electrons are more

mobile than the ions and generally move rapidly to create a surplus or deficit of
negative charge as warranted in the plasma. The Debye length is the order of

magnitude of distance over which a significant departure from neutrality can be
permanently maintained. Therefore, if the system dimension L is much larger

than the Debye length (L� lD), then any local variation in the concentration
of charges in the system, is shielded out in a distance short compared to L. This

is often taken as one of the criterian to define the plasma. In the interior of a
plasma, the charge densities are nearly equal and one defines a common density
called plasma density, n, to be either ne or ni. The condition of quasineutrality is

one of the most important features of a plasma state. For volumes whose linear
dimensions are substantially smaller than the Debye distance, the thermal

motion causes the electron and ion density to be unequal because electrostatic
energy takes part in the equipartition of energy.

A simple manner to consider the Debye length is to equate the potential
energy needed to separate charges to the thermal energy. Separation of charges

by a distance l requires a potential energy
n0q2l

«0
. If this separation occurs by

the charges utilizing their own thermal energy kBT , then equating the two
energies gives the expression for the Debye length.

We can rewrite Eq. (3.132), in the form

1

r2

d

dr
r2 df

dr

� �
¼ l�2

D f: (3:142)

Let

f(r) � g(r)

r
: (3:143)

so that

d2g

dr2
¼ 1

l2
D

g: (3:144)
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Hence, the potential of the charge at rest in the plasma is given by

f(r) ¼ e�r=lD

r
, (3:145)

reflecting the fact that electron at rest repels other electrons and attract positive
ions so that the electrons shield the electrostatic potential of the ions from the
rest of the plasma (Fig. 3.47). At r ¼ 0, from electrostatics, the solution is for the

electrostatic potential of an isolated charge

f(r) ¼ q

4p«0r
: (3:146)

Hence, for all r, we have

f(r) ¼ qe�r=lD

4p«0r
: (3:147)

Therefore, the potential due to a test charge in the plasma falls off exponen-

tially with distance, much faster than in vacuum. Plasma therefore confines the
electric field of the charge q to a distance of the order of lD.

If we identify the test charge with one of the charged particles in the plasma,
we note these particles are moving. A moving charged particle does not succeed

r

q

Figure 3.47: Debye shielding in a plasma.
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in completely securing opposite type of charged particles around it so as to
achieve complete shielding. We should expect the fast moving electrons to

shield a slowly moving positive ion much better than vice versa.
The electric field of a single isolated electron drops of as r�2 but the volume

of the spherical shell around the electron increases as r2, so that the effective-
ness of the field that is the product of the two quantities is constant. Unlike the

isolated electron, the neutral atom and molecule has an electric field that is no
stronger than a dipole field that drops off as the cube power of distance. This is
why we can consider molecules colliding with each other at short distances such

as a few nanometers corresponding to the sizes of the atoms and molecules.
Free electrons and ions in the plasma however interact over much greater

distances.

Example 3.18

Calculate the Debye length in a cold plasma in which the electron density is

1010 cm�3 and the average energy of electrons is 5 eV. For a system of dimen-

sions 50 cm, what is the minimum value of ne for a plasma to exist?

lD ¼
«0kBTe

nee2

� �1=2

We have

«0 ¼ 8:854� 10�12 F=m; kBTe ¼ 5 eV ¼ 5� 1:602� 10�19 J;
e ¼ 1:602 � 10�19 C:

So, lD ¼ 0:166 mm.
lD is 0.05 m when ne ¼ 1:11� 109 m�3 so that below this electron density it is

not possible to sustain a plasma.

3.8.2. Plasma Parameter

The charges rearrange themselves around a test charge in response to its
electric field. The shielding of a charge in the plasma that occurs reduces the

electric field to 1/e of its coulomb value in a distance equal to the Debye length.
One can estimate the number of particles, ND, affected by the shield field of the

test particle. The estimation of the number of particles within a sphere of radius,
lD, gives ND. We have therefore

ND ¼ n0
4pl3

D

3
, (3:148)
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where n0 is the density of a particular type of charged particle in the plasma.
Therefore

ND ¼ n0
«0kBT

n0q2

� �3
2 4p

3
: (3:149)

The number ND is the plasma parameter and represents the number of particles
of a given type of charge in a spherical volume of the size of the Debye sphere.

The plasma requires that the potential energy of the plasma be much less

than the typical particle’s kinetic energy. The kinetic energy of a particle in the
plasma is

1=2 ms ~uu
2


 �
¼ 3=2 kBT, (3:150)

where the subscript s identifies the particular species of charge. We have

ffiffiffiffiffiffiffiffiffi
~uu 2h i

q
¼ 3kBTs

ms

� �1=2

: (3:151)

The distance between the particles and its nearest neighbors is n
1=3
0 . Hence, the

potential energy of these particles is
q2

4p«0n
1=3
0

. Since the potential energy of the

particles is much less than their kinetic energy in the plasma, we have the

inequality

q2

4p«0n�1=3
� kBT: (3:152)

Recalling the definition of the Debye length, ignoring a few trivial constants, we
can write

ND ¼ n0l3
D � 1: (3:153)

We can thus conclude that the plasma is an ionized gas that contains as many as
hundred or more charged particles in a sphere of the radius of Debye length.

The plasma parameter is a measure of the ratio of the mean interparticle
potential energy to the mean plasma kinetic energy. The plasma parameter

may also be interpreted as a measure of the degree to which plasma or collec-
tive effects dominate over single particle behavior. Since the strength of inter-
action between individual particles is weak, plasma behavior can be thought of

as analogous to the behavior of gas in calculating the number of particles from
the pressure and temperature. If ND 
 1, the individual particles cannot be

treated as a smooth continuum. In this region short-range correlation is just as
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important as the long-range collective effects. Therefore one adds a further
qualification in defining plasma by requiring ND � 1 indicating collective ef-

fects are dominant over collisions.

Example 3.19

Plot ne as a function of ND for values of kBT ¼ 1 eV, 2 eV and 5 eV.

From Eq. (3.149) we can write

n1=2
e ¼ 4p

3

1

ND

«okBTe

e2

� �3=2

:

We can evaluate for ND ¼ 103 � 108, the value of ne for various values of kBTe.
«0 ¼ 8:854� 10�12 F=m; kB ¼ 1:38� 10�23 J=K; e ¼ 1:602� 10�19 C; 1 eV ¼
1:602� 10�19 J:

The results are shown in Fig. 3.48.
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Figure 3.48: The number of electrons per unit volume versus the density of particles.
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3.8.3. Diffusion of Charges

In the presence of a density gradient, a net flow of particles occurs in a gas. The
flow is diffusive because of randomness introduced by the collision of particles.

Thus, in ordinary gas collisions impede diffusion. The diffusion for plasma of
ions and electrons are altered by the electrical properties of the plasma. For

example, the mobile electrons diffusing through a dense background of neutral
particles attempt to move faster than the ions because of their thermal veloci-
ties. This causes charge separation and an electric field is set up to retard the

diffusion of electrons and enhance the diffusion of ions thereby maintaining
charge neutrality. The enhanced diffusion of ions is called ambipolar diffusion.

Diffusion of charged particles takes place whenever the density of charged
particles n varies with distance. According to Fick’s first law, the relationship for

the flux of charged particles~JJ to concentration gradient is:

~JJ ¼ �Dr~n, (3:154)

where D is the diffusion coefficient (m2=s).
According to the kinetic theory of gases, the self-diffusion coefficient of

neutrals is

D ¼ 1=3�uul; (3:155)

where l is the mean free path and �uu is the mean speed of the particle. Since

l ¼ 1

Qn
, (3:156)

where Q is the total cross section for collision, we write

D ¼ 1

3
�uu

1

nQ
: (3:157)

In terms of the collision frequency n, we write

D ¼ 1

3

�uu2

n
, (3:158)

where

�uu ¼ 8kBT

pM

� �1=2

: (3:159)

One can obtain l either from cross section measurements or from experimental
data on viscosity.
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For charged particles we can utilize Einstein’s relationship between mobility
and diffusion coefficient. For example, for singly charged positive ion of mass

mi the mobility mi is

mi ¼
e

mi

l

�uui
¼ e

mi

1

ni
, (3:160)

and

Di

mi

¼ kBTi

e
: (3:161)

The free movement of particles in an independent manner is not possible when

the number density of charged particles reaches concentrations encountered in
discharges. The diffusions of electrons are not independent of the diffusion of

ions, and both tend to move together. The diffusion coefficient of the collective
motion is known as ambipolar diffusion.

The presence of a concentration gradient results in a flux thus

Je ¼ �De
dne

dx
, (3:162)

and

Ji ¼ �Di
dni

dx
, (3:163)

where the subscripts e denotes electron and i denotes ion and other symbols
have their usual meaning. Invoking Einstein’s relationship, we note since the

mobility of electrons me is much greater than the mobility of ions mi, we have
De � Di. In their rapid movement, electron goes ahead of the rest of the

plasma setting up a restraining electric field E that grows enough in strength
to pull along the positive ion, so that diffusion rates of ions and electrons are
equal. The total flux of charged species consists of a drift component and a

diffusion component. Therefore, in the presence of an electric field E, the
modified diffusion equation is

Ji ¼ nimiE�Di
@ni

@x
; Je ¼ �nemeE�De

@ne

@x
, (3:164)

where we note that the flux of electrons due to the electric field E is in a
direction opposite to that of positive ion. We have also assumed that the charge

on the positive ion is unity. Under steady state conditions,

Ji ¼ Je, ni ¼ ne and
dni

dx
¼ dne

dx
: (3:165)
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Therefore,

Ene(mi þ me) ¼ (Di �De)
dne

dx
: (3:166)

Hence,

Ji ¼ m
Di �De

mþ mei

dni

dx
�Di

dni

dx
¼ Je ¼ �

Demi þDime

mi þ me

� �
dni

dx
: (3:167)

Ambipolar diffusion coefficient describes the collective behavior of electrons
and ions. We have

Dambi �
Demi þDime

mi þ me

� �
: (3:168)

The mobility of the electrons in a weakly ionized discharge satisfies me � mi.
Hence

Dambi ¼ Di þ
mi

me

De: (3:169)

Using Einstein’s relationship

mi

me

De ¼
Te

Ti
Di: (3:170)

Therefore,

Dambi ¼ Di 1þ Te

Ti

� �
: (3:171)

The diffusion coefficient of the ion Di is larger by a factor of two if Te ¼ Ti. The

rate of diffusion is thus primarily due to the slow moving ion. The loss of plasma
to the walls is slowed down to the loss rate of the slower species modified by the

temperature ratio.
In the presence of a magnetic field, all transport properties of plasma show

anisotropic behavior. The diffusion of charged particles along the magnetic field
occurs as though the magnetic field were absent. However, perpendicular to the
magnetic field the charges gyrate in cyclotron orbits. In the limiting case of a

strong magnetic field, the charged particles do not move freely across the
magnetic field and are bound to their cyclotron orbits. The only way they can

leave a particular gyro orbit is through collisions with other particles in the
plasma. Therefore, the displacement of the charged particles after each collision

is of the order of the cyclotron radius. The collision process is random so that
one can define a diffusion coefficient perpendicular to the magnetic field.
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In order to determine the diffusion coefficient perpendicular to the magnetic
field ~BB0 we assume the field is along the z-direction so that we write the

equation of motion in the form

mn
d~uu?
dt
¼ qn(E~þ~uu? � ~BB0)�r~p�mnnm~uu?: (3:172)

Under steady state conditions, along the x- and y- directions we write by

expanding the above equation in the form

mnnmux ¼ qnEx � kBT
@n

@x
þ qnuyB0;

mnnmuyx ¼ qnEy � kBT
@n

@y
� qnuxB0:

(3:173)

In terms of mobility, m, and using Einstein’s relationship of mobility to diffusion
coefficient we rewrite the above equation in the form

ux ¼ �mEx �
D

n

@n

@x
þ vc

nm
uy; uy ¼ �mEy �

D

n

@n

@y
� vc

nm
ux, (3:174)

where the gyration frequency is vc ¼ qB0=m. Solving for ux and uy, we obtain

[1þ (vctm)2]ux ¼ �mEx �
D

n

@n

@x
þ (vctm)2 Ey

B0
� (vctm)2 kBT

qB0

1

n

@n

@y
,

[1þ (vctm)2]uy ¼ �mEx �
D

n

@n

@y
þ (vctm)2 Ex

B0
� (vctm)2 kBT

qB0

1

n

@n

@x
,

(3:175)

where tm � 1
nm

. We note

m? ¼
m

1þ (vctm)2
and D? ¼

D

1þ (vctm)2
: (3:176)

In the usual vector notation, we write

~uu? ¼ �m?E~�D?
r~n

n
þ ~uuE þ~uuD

1þ (vctm)2
, (3:177)

where

~uuE ¼
E~� ~BB0

B2
0

and ~uuD ¼ �
kBT

qB2
0

r~n� ~BB0

n
: (3:178)

We note that in the absence of a magnetic field, the diffusion coefficient is

unaltered and is the same parallel and perpendicular to the magnetic field, so that

D ¼ Dk ¼ D? when ~BB ¼ 0: (3:179)
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If the magnetic field is strong, and vctm � 1, we obtain the diffusion coefficient
perpendicular to the magnetic field

D? ¼
D

v2
ct2

m

¼ 1

v2
ct2

m

kBT

mnm
¼ kBTnm

mv2
c

: (3:180)

We have therefore the situation that Dk is proportional to n�1
m and m�1=2,

whereas D? is proportional to m1=2 and nm. We may appreciate this because the
charged particle after collision moves a distance l given by vt so that Dk is l2t or
lv. In the case of a strong magnetic field, the cyclotron radius rc in which the

charges gyrate is given by v=vc. Diffusion coefficient perpendicular to the
magnetic field is due to the displacement of particles by collision and is given

by
r2

c

t
� v2

v2
ct

where rc is the cyclotron radius. Hence
D?
Dk
� v

v2
c lt
¼ 1

v2
ct2

.

In real plasma, the transport properties are much more complicated because
the assumption that diffusion takes place only across the magnetic field is never

completely satisfied. This is because inertial and pressure forces also contribute
to the flow of electric currents that have a tendency to remove the anisotropy. In

addition, any situation involving plasma instability tends to complicate the
situation by making diffusion coefficient inversely proportional to B rather

than B2.

Example 3.20

Derive the relationship D ¼ p

8
l2nm.

We have the following relationships

m ¼ q

mnm
; m ¼ qD

kBT
; D ¼ kBT

mnm
; �vv ¼ 8kBT

pm

� �1=2

:

Therefore, we have

�vv2 ¼ 8kBT

pm
¼ l2n2

m,

so that

kBT

m
¼ pl2n2

m

8
:

Hence,

D ¼ pl2n2
m

8nm
¼ p

8
l2nm:
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3.8.4. Plasma Oscillations

In plasma the positive ions and electrons are present in equal numbers to
guarantee quasineutrality behavior for the plasma. The electrons and ions are

mobile in plasma and are in equilibrium amongst themselves as a result of many
detailed interactions. Let us suppose at some point in space the local densities

of electrons exceed the local density of positive charge carriers. There is an
electric field that arises due to electron that is not neutralized. The electric field
acts in such a way as to restore the equilibrium of positive and negative charges.

Electrons will then move from the region they are present in excess to those
regions where they are deficient. The electrons with their speed overshoot the

region where they are needed. An electric field results once again drawing the
electron back to the original position. The conditions are appropriate for

oscillation of electrons. The electrons thus do not respond instantaneously to
counter any local variations in the charge density or electric potential. The time

the electron takes to move in order to remove the effect of perturbation is of the
order of the Debye length divided by the velocity of electrons. As the electron
overshoots its target, the conditions for oscillation are set up. The frequency

with which the electron oscillates will be inversely proportional to the time it
takes to move a Debye length.

Consider the time varying electric field

E~¼ E~0eivt: (3:181)

The electron moves under the influence of this field according to

m
d2~rr

dt2
¼ �eE~0eivt: (3:182)

Integration gives,

d~rr

dt
¼ �eE~0

ð
eivtdt ¼ � e

m
E~0

eivt

iv
: (3:183)

We have

@E~

@t
¼ E~0iveivt: (3:184)

Hence,

d~rr

dt
¼ e

m

@E~

@t

1

v2
, (3:185)
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Maxwell’s equation is

«0c2r~ � ~HH ¼~jjcond þ
@~DD

@t
,

~jjcond ¼ r~uu ¼ �ne~uu ¼ �ne
d~rr

dt
,

(3:186)

where r is the charge and ~uu is the velocity. Let

~DD ¼ «E~: (3:187)

We have

«0c2r~ � ~HH ¼ �ne
d~rr

dt
þ «

@E~

@t
¼ �ne

e

m
� ne2

«0mv2
þ «

 �
: (3:188)

Since

« ¼ «0«r, (3:189)

we obtain

«0c2r~ � ~HH ¼ «0
@E~

@t
1� ne2

«0mv2

 �
: (3:190)

The above equation is equivalent to a wave propagating in a dielectric medium

with the dielectric constant

«r ¼ 1� ne2

«0mv2

� �
: (3:191)

Resonance occurs at the angular frequency vp, where «r ¼ 0 or

v2
p ¼

ne2

«0m
: (3:192)

Since v does not depend upon k, the group velocity is zero or the disturbance
does not propagate. The plasma frequency depends only on the plasma density

and is one of the fundamental parameters of the plasma. For electrons, because
of their low mass the plasma frequency is high, viz 9 GHz at a density of
1018 m�3.

If one takes into account the motion of the ions, we obtain

«r ¼ 1� ne2

«0v2

1

m
þ 1

mi

� �
: (3:193)
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Since mi � m, the plasma frequency alteration by the ions present is imper-
ceptible. Any electric field with frequencies less than the plasma frequency

cannot penetrate the plasma because the more rapid plasma oscillations will
neutralize the applied field. Therefore plasma is opaque to electromagnetic

radiation of frequency v < vp.
As the ions are displaced from their positions, the more mobile electrons can

move with them to shield out their charges. A small electric field leaks out of
the Debye cloud since the shielding is not perfect. The ions propagate with

acoustic ion velocity
kBTe

mi

� �1=2

. It is important to note that the acoustic

velocity of ions depends upon the electron temperature and therefore ion

sound waves can exist even when the ions are cold.

Example 3.21

Evaluate the plasma frequency for electrons and argon ions for a density of

1016 m�3.

From Eq. (3.192), we obtain for Argon with a molecular weight of 39.940

vp ¼ 5:64� 109 Hz:

For electrons, we obtain

vp ¼ 20905290 Hz:

3.8.5. Collision Frequencies

We shall consider a particle in the plasma undergoing many small angle colli-
sions. There are numerous small angle collisions that charged particles partici-
pate than large angle collisions. The cumulative effect of such small angle

collisions can be substantially more important than large angle collisions. We
can make an estimate of the importance of small angle collisions as follows.

Consider a particle moving in the z-direction in the plasma that contains a
number of scattering centers.~uu? represents the number of small angle collisions

the particle suffers, where ~uu? is the speed perpendicular to the distance of
closest approach. The velocity may be decomposed to random variables Dux

and Duy so that

~uu 2
?


 �
¼ Du2

x

� �
þ Du2

y

� 	D E
¼ u2

0 p2
0

p2
: (3:194)
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Since the random variables Dux and Duy must show similar behavior, we write

Du2
x


 �
¼ Du2

y

D E
¼ 1

2

u2
0 p2

p2
: (3:195)

Furthermore, if there are N random collisions

Dutot
x

� �2
D E

¼
XN

i¼1

Du2
x

 !* +
¼
XN

i¼1

Du2
ix

� �
 �
¼ N Du2

ix


 �
, (3:196)

assuming Duixh i ¼ 0 for each i and Du2
x


 �
is the same for each i. Furthermore,

DuixDuiy


 �
¼ 0 if i 6¼ j, (3:197)

so that there is no correlation between Duix and Duij. Therefore

Dutot
x

� �2
D E

¼ N Duxð Þ2
D E

¼ N

2

u2
0 p2

0

p2
: (3:198)

We have the time derivative

d

dt
Dutot

x

� �2
D E

¼ dN

dt

1

2

u2
0 p2

0

p2

� �
¼ pn0u3

0 p2
0

dp

p
, (3:199)

since

dN

dt
¼ 2ppn0u0 dp, (3:200)

is the number of scattering centers with impact parameters between p and

pþ dp that the incident particle encounters per unit time.
By integrating over all impact parameters, we can calculate the total change

in the mean square velocity in the x-direction. A similar calculation gives the

total change in the mean square velocity in the y-direction. Hence, the total
mean square perpendicular velocity is

d

dt
Dutot
?

� �2
D E

¼ 2pn0u3
0 p2

0

ðpmax

pmin

dp

p
: (3:201)

We know in the plasma, the interaction is essentially negligible at distances

(impact parameters) much greater than the Debye length. The pmax is approxi-
mately the Debye length lD. The scattering formula is not valid for p < jp0j.
Hence,

d

dt
(Dutot

? )2
D E

¼ 2pu3
0n0 p2

0 ln
lD

jp0j

� �
: (3:202)
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Since the logarithm is a slowly varying function, it suffices to make an estimate

of
lD

jp0j
. If q ¼ �e, q0 ¼ þe, m ¼ me and u0 is the electron thermal speed then

lD

jp0j
¼ lDmeu2

e

2e2
ffi mel3

Dv2
e

2e2
¼ 2pn0l3

D ¼ 2pL, (3:203)

where we have ignored the difference between lD and le. Dropping 2p com-

pared to l

d

dt

�
Dutot
?
�2

D E
¼ 8pn0e4

m2
eu0

ln L: (3:204)

A reasonable definition for the scattering time due to small angle collisions is
the time it takes

�
Dutot
?
�2

D E
to equal u2

0, according to the formula above. The

inverse of this time is the collision frequency vc due to small angle collisions:

vc ¼
8pn0e4 ln L

m2
eu3

0

: (3:205)

Note again the inverse cube dependence on the velocity u0. One important
aspect of vc is that it is a factor 2 ln L larger than the collision frequency vl

for large angle collision. This is a substantial factor in plasma

(ln L ¼ 14 if L ¼ 1016). Thus, the fraction of a charged particle in the
plasma is predominantly due to the many random small angle collisions that it

suffers, rather than rare large angle collisions.

3.9. Waves in Cold Plasma

Waves are important in plasma because they carry energy from one part to

another, they carry information out of the plasma enabling an observer to know
the happenings inside plasma and their instability may eventually destroy the

confinement of a plasma. Therefore wave phenomena are important for heating
plasma, diagnostics of plasma and to understand instabilities in plasma. A

number of different types of oscillations and waves can be excited in plasma.
Each oscillation is characterized by its amplitude and phase. The manner of

change of phase with distance and time determine the wave number and
angular frequency of a wave as the oscillations propagate in time and space.
The complications of oscillatory processes in plasma arise from the interde-

pendence of the various physical quantities. For example, if the electric and
magnetic fields oscillate, they excite a periodic current. The current interacts

with the magnetic field according to the Lorentz force. This force in turn leads
to physical motion of particles. The periodic variation in this physical motion of
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particles is equivalent to pressure oscillations. Depending on the types of
physical quantity that is predominant in the oscillations, one refers to these

oscillations by different names. In general, there is mutual interaction between
all the physical quantities leading to complex wave phenomena in the plasma.

In addition, the oscillations can become more complicated if the frequency of
oscillation depends on the amplitude, as will be the case when the fields are

high. These nonlinear oscillations are the least understood of all wave phenom-
ena in plasma.

In order to understand oscillations and waves in plasma, one can follow one

of the two approaches. In the first approach, we can treat the plasma as a
conducting or a dielectric medium and solve Maxwell’s equations under appro-

priate boundary conditions. In the second approach, which is simpler, one can
obtain dispersion relations (angular frequency, v, as a function of wave number,

k) and examine the nature of the wave motion. In this approach, we distinguish
between phase velocity, vf, and group velocity, vg, given by

vf ¼
v

k
; vg ¼

dv

dk
: (3:206)

The phase velocity is the velocity with which a given wave transports its phase,
so that all oscillatory quantities such as velocity, field strength and so on

conserve their values, so that there is a mutual compensation between their
variation in time and space. The group velocity gives the actual velocity with
which the wave propagates.

In unbounded space, oscillations produced will travel as waves in which the
phase moves with phase velocity. If the plasma is bounded, multiple reflections

of waves can result in the establishment of standing waves that are character-
ized by the same phase everywhere. Ideal conditions for setting up standing

waves is an appropriate geometrical relation between the phase velocity and the
dimensions of the volume enclosing the plasma. When resonance conditions for

standing wave are fulfilled, the plasma container is called a resonator, and the
frequency of the standing wave is known as resonant frequency. The lowest

value of this frequency is called the fundamental frequency and the higher
frequencies are called harmonics. Waves can propagate between walls and
meet standing wave conditions only along transverse direction and in this

situation one refers to the channels as waveguides.
Plasma waves are damped within plasma so that their energy is dissipated.

Collisions between particles transform the energy of the ordered particle wave
motion into random particle motion. Since plasma has a finite electrical resis-

tance, Joule heating dissipates electrical energy in the form of heat. The Joule
heating involves only collision of charged particles with other particles in the

plasma. When plasma is oscillating as a whole, then viscous damping is said to
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occur on collisions. In cold plasma, oscillation energy can be converted to other
types of oscillations and motions of mass even in the absence of collisions.

Example 3.22

Consider a plane wave given by

c(x, t) ¼ A exp (ikx� ivt):

Examine the behavior of this wave when the wave vector is complex.

It is convenient to describe the wave by means of the wave vector. The
direction of this vector coincides with the direction of propagation of the

wave and the magnitude of this wave vector is equal to the wave number
k ¼ 2p=l.

Let k2 ¼ Aþ iB so that k ¼ bþ ia where A ¼ Re{k2} ¼ b2 � a2 and B ¼
Im{k2} ¼ 2ba.

Therefore, k2 ¼ k*k ¼ (b� ia)(bþ ia) ¼ b2 � a2 � 2iab ¼ Aþ iB.
The wave can be written in the form

c(x, t) ¼ exp (�ax) exp i(bx� vt):

Note that b > 0 implies wave propagation is along þx direction and b < 0

implies wave propagation in the �x direction.
If a > 0, the amplitude of the wave grows whereas if a < 0, the amplitude of

the wave decreases or is damped.
The exponential damping is in the positive direction for a > 0, b > 0 and

negative direction for a < 0, b < 0. If a and b have similar signs, the wave
grows exponentially.

One of the important characteristics of plasma is its ability to sustain a variety
of wave phenomena. Each of the various types of wave propagation is governed
by an appropriate dispersion relationship. The dispersion relationship is the

functional relationship between the angular frequency, v, and the wave num-
ber, k. In addition, it is necessary to specify the polarization behavior of the

wave. The damping of a plasma wave occurs by a variety of dissipative pro-
cesses where the energy is transferred from the wave field to the particles in the

plasma. It is also possible to transfer energy from the particles in the plasma to
the wave field. In this situation, the amplitude of the plasma wave grows with

time and the plasma is said to reveal instabilities. The rich variety of wave
phenomena associated with plasma permits us to examine a few limited areas of

interest in cold plasmas.
Electric fields are generated by electric charges and magnetic fields are

generated by charges in motion or currents. The two fields are not independent
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but are cross-coupled to one another in the sense that each field generates or
induces the other by time variation of the other field. The spatial derivatives of

these fields satisfy certain equations that were originally proposed by Maxwell
and known today as Maxwell’s equations. The spatial derivatives of a vector

field are its divergence and its curl. It is known from vector theorem that the
specification of these two properties is sufficient to uniquely specify the fields.

The analysis of waves is based primarily on Maxwell’s equations. To become
familiar with the much needed terminology, it is useful to review the situation of
electromagnetic waves in free space for which j ¼ 0 and r ¼ 0, and the Max-

well’s equations may be written in the form

r~ . E~¼ 0; r~ .~BB ¼ 0; r~ � E~¼ � @
~BB

@t
and r~ � ~BB ¼ 1

c2

@E~

@t
: (3:207)

We obtain from the above equations the following:

r~ � (r~ � E~) ¼ � @

@t
(r~ � ~BB): (3:208)

But,

r~ � (r~ � E~) ¼ r~(r~ . E~)�r2E~: (3:209)

Since the divergence of E~ is zero, we obtain

c2 @

@t
(r~ � ~BB) ¼ @

2E~

@t2
: (3:210)

so that

r2E~¼ 1

c2

@2E~

@t2
, (3:211)

It is a three-dimensional wave equation. A similar analysis yields

r2~BB ¼ 1

c2

@2~BB

@t2
: (3:212)

Each of the components of E~ and ~BB satisfies the classical wave equation, so that
we can write the wave equation in the form

r2c ¼ 1

c2

@2c

@t2
, (3:213)

where c represents one of the components of E~ and ~BB.

Consider the solution of the wave equation in the form

c(~rr, t) ¼ A exp [i(~kk . ~rr � vt)]: (3:214)
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We have

r~c(~rr, t) ¼ i~kkc(~rr, t), (3:215)

and

@c(~rr, t)

@t
¼ �ivc(~rr, t), (3:216)

so that we can utilize the equivalence of operators

r~ � i~kk and
@

@t
� �iv: (3:217)

The Maxwell’s equations in free space now can be reduced to the following
form:

~kk . E~¼ 0, ~kk .~BB ¼ 0, ~kk� E~¼ v~BB, ~kk� ~BB ¼ � v

c2
E~: (3:218)

We thus find that electromagnetic waves are transverse in nature, since E~, ~BB
and ~kk are perpendicular to one another and collectively form a right-handed

orthogonal system of coordinates. Hence in vacuum there is only one wave
mode, the electromagnetic wave with velocity v=k ¼ c and having oscillating

electric and magnetic fields perpendicular to the direction of propagation.
Since the electromagnetic waves are transverse we can select the direction of

propagation to be along the z-axis. There are two transverse directions along î

and ĵ. The electric fields in each of these directions are in the general case
independent of one another. One may specify the amplitude and phase of fields.

A specific relationship between the amplitude and phase of the electric field in
the two perpendicular directions transverse to the direction of propagation is

called the state of polarization. It is convenient to represent electric field using
complex number notation, remembering that the actual electric field is the real

part of the complex wave function. This technique assists in major simplification
in the mathematics that is needed. We therefore write the electric field of a
transverse electromagnetic wave in the form

E~(~rr, t) ¼ (êe1E1e�ia1 þ êe2E2e�ia2 ) exp [i(~kk .~rr � vt)]: (3:219)

It is customary to distinguish different polarization states by special names as

shown in Table 3.2. Polarization state of an electromagnetic wave is important
to understand how the electromagnetic wave responds to external fields. The
forces acting clearly have different effects in different directions so that one can

expect to observe considerable anisotropy in the behavior of the waves.
Moving waves carry energy from one point to another. Therefore, if energy

goes away from a region, it is due to the fact that it flows away through the
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boundary of that region. If we represent the energy density in the electromag-

netic field by U and utilize a vector~SS to denote the flow of energy per unit time
across a unit area perpendicular to the flow direction, we can write the conser-

vation of energy in the form

� @U

@t
¼ r~ .~SSþ E~.~jj, (3:220)

where E~.~jj is the rate of work done by the field on each unit volume of matter.
Since from Maxwell’s equation we have

~jj ¼ «0c2r~ � ~BB� «0
@E~

@t
:

E~.~jj ¼ «0c2E~. (r~ � ~BB)� «0E~.
@E~

@t
,

(3:221)

We have

¼ «0c2r~ . (~BB� E~)þ «0c2~BB . (r~ � E~)� @

@t
(
1

2
«0E~. E~), (3:222)

We can now identify,

¼ r~ . («0c2~BB� E~)� @

@t

«0c2

2
~BB .~BBþ «0

2
E~. E~

� �

U � «0

2
E~. E~þ «0c2

2
~BB .~BB and ~SS � «0c2(E~� ~BB): (3:223)

The flux vector ~SS is called the Poynting vector after its discoverer.

The force on a charge is given by

F~¼ q(E~þ~vv� ~BB): (3:224)

Hence, the force per unit volume is given by rE~þ~jj� ~BB. Eliminate r and~jj by
Maxwell’s equation and write rE~þ~jj� ~BB in terms of E~ and ~BB only. Rewriting

Table 3.2:

The electric field Relationship of a1 and a2 Name of the polarization state

E1, E2 a1 ¼ a2 Linearly polarized

E1, E2 a1 6¼ a2 Elliptically polarized

E1 ¼ E2 a1 ¼ 0, a2 ¼ p=2 Circularly polarized

E1, E2 a1 ¼ 0, a2 ¼ p=2 Right hand elliptically polarized (RHP)

E1, E2 a1 ¼ 0, a2 ¼ �p=2 Left hand elliptically polarized (LHP)
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the terms and grouping them so that all time dependent terms can be written as
@~gg=@t and all space derivatives can be written in terms of ~SS, we obtain

~gg ¼ 1

c2
~SS: (3:225)

There are two alternative ways in which the basic equations for plasma can be
written. One employs drift velocities of the electrons and ions and uses the

conductor terminology. The other procedure employs the drift displacement of
electrons and ions and use the free electric moment per unit volume in the same

way that bound electric moment per unit volume is used for a dielectric.
In plasma, the condition of quasineutrality implies

0 ¼ qene þ qini: (3:226)

If there are variations in electron and ion densities in the plasma a charge
density r may be said to exist and is given by

r ¼ qedne þ qini: (3:227)

If we know the drift velocities of electrons and ions, we can write for the current

density

~jj ¼ neqe~vve þ niqi~vvi: (3:228)

The equations of continuity for electrons and ions may be written in the form

@dne

@t
¼ �ner~ .~vve and

@

@t
dni ¼ �nir~ .~vvi: (3:229)

The equations of motion for electrons and ions must satisfy

me
@~vve

@t
¼ qe(E~þ~vve � ~BB0)�meve~vve and mi

@~vvi

@t
¼ qi(E~þ~vvi � ~BB0)�mivi~vvi:

(3:230)

We assume that the electromagnetic fields arise from charges and currents

associated with the independent electrons and ions in the plasma. We therefore
neglect the effect of bound electrons in neutral atoms and ions. Under these

assumptions, we can write the Maxwell’s equations in the form

r~ � E~þ m0

@~HH

@t
¼ 0; r~ . ~HH ¼ 0; r~ � ~HH � «0

@E~

@t
¼~jj, «0r~ . E~¼ r: (3:231)

For a wave of the type exp (i(vt �~kk .~rr )), we rewrite Maxwell’s equations in the

form

�i~kk� E~þ ivm0
~HH ¼ 0, � i~kk . ~HH ¼ 0, � i~kk� ~HH � iv«0

~HH ¼~jj,
� «0i~kk . E~¼ r:

(3:232)
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Note that ~HH is perpendicular to ~kk. However, ~kk and E~ are not perpendicular to
one another. E~ is however perpendicular to ~HH. We can write

~jj ¼ �i~kk� ~HH � iv«0E~¼ �i~kk � 1

m0v
~kk� E~

� �
� iv«0E~

¼ �iv«0 E~þ
~kkc

v
�

~kkc

v
� E~

 !( )" #
¼ iv«0

~kkc

v

 !2

�1

8<
:

9=
;E~�

~kkc

v
. E~

 !
~kkc

v

2
4

3
5,

(3:233)

The above equation gives three linear equations expressing (Jx, Jy, Jz) in terms
of (Ex, Ey, Ez). We have a second expression connecting the same three quan-

tities by combining Eqs. (3.231) and (3.232). By equating these two sets of
equations we can obtain the dispersion relationship for plasma waves. The

details of the calculations are available in Booker (1984).

3.9.1. Electrostatic Waves

In any gas, the disturbance of a particle from its position leads to a disturbance

that propagates as a wave at the speed of sound in the gas. Similarly, if particles
of both types of charge are jointly displaced in plasma, acoustic oscillations can

occur. The velocity of sound in a gas is given by

vg ¼
gkBT

m

� �1=2

: (3:234)

We can define the electronic acoustic and ionic acoustic velocities by the

equation

ve ¼
gkBTe

me

� �1=2

and vi ¼
gkBTi

mi

� �1=2

: (3:235)

If the particles of one type of charge are displaced relative to the particles of the

other type of charge, charge separation occurs, an electric field is produced.
This displacement of one charge with respect to other creates the conditions for
oscillation. These are called electrostatic oscillations or plasma oscillations.

When electrons are the displaced charge, the plasma frequency is given by

vp ¼
e2ne

«0me

� �1=2

: (3:236)

The dispersion relation is trivial since it does not depend on the wave number k.
The group velocity does not depend on the wave number so that the waves are
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said to be dispersion less. In other words an initial wave packet will not
propagate but merely oscillate forever at the plasma frequency.

In addition to charge separation, if we allow the effect of pressure variation,
the frequency of oscillation may be written in the form

v2 ¼ v2
p þ k2u2

e, (3:237)

where it is assumed that only electrons participate in charge separation. We

notice that the phase velocity, vf, is given by

vw ¼
v

k
¼

ffiffiffiffiffiffi
v2

p

k2

s
þ u2

e, (3:238)

and goes to infinity at k ¼ 0, and furthermore vf > ue. The direction of motion

of the plasma wave coincides with the direction of the electric field and particle
motion, so that the oscillations are longitudinal.

The inclusion of ion motion has a small effect on the relationship given in Eq.
(3.238). The plasma frequency including ion motion becomes

v2
0 ¼

ne2

«0me
1þ Zme

mi

� �
: (3:239)

In view of the large difference in mass between the electron and the ion, one

can effectively ignore the contribution of ion to v0.
The ions can however support an oscillation at low frequency due to ion

motion. The dispersion relationship for this branch is given by

v2 ¼ (meZ=mi)v2
0k2u2

e þ v2
0k2u2

i þ k4u2
eu2

i

v2
0 þ k2(u2

e þ u2
i )

: (3:240)

We observe for long wavelengths k! 0 and

v2 ffi k2 ZgekBTe þ gikBTi

mi
: (3:241)

For short wavelengths, k!1, and

v2 ffi k2 kBTi

mi
: (3:242)

We find that electrons participate in the propagation of long waves but not short
wavelength waves. If we allow Ti ! 0, at constant wave number and electron

temperature, we obtain

v2 ffi meZ

mi
v2

0, (3:243)
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which is the ion plasma frequency and is the frequency resulting from ion
displacement. The conditions for electrostatic ion oscillations to be possible in

the plasma are

T2
i � ZT2

e : (3:244)

Under these conditions ion oscillates with a constant frequency over a broad

range of wavelengths. For longer or shorter wavelengths, the electrostatic
oscillations become ion-acoustic wave.

3.9.2. Plasma Waves in the Presence of a Magnetic Field

The presence of a magnetic field in plasma renders it to be anisotropic. The
immediate implication is that the direction of the group velocity is generally

different than the direction of the phase velocity. It is therefore convenient to
examine the propagation vector ~kk in terms of components parallel, ~kkk, and
perpendicular, ~kk?, to the magnetic field, ~BB. In addition, if the electric field

is pointing in an arbitrary direction, we consider the component along and
perpendicular to ~BB.

When E~ and ~BB are parallel to one another, they are independent of each
other. When the direction of phase propagation coincides with the direction of

the imposed magnetic field, we have what is known as longitudinal propagation.
The waves that propagate parallel to the magnetic field are termed longitudinal

electrostatic plasma oscillations. The magnetic field has no effect on currents
parallel to its direction and consequently has no effect on oscillations. This fact
is used as a basis to probe plasma with waves propagating at right angles to the

magnetic field but are polarized parallel to it, when the frequency of the waves
exceeds the plasma frequency.

If the electric field is in an arbitrary direction, it is useful to consider the effect
of the components of the electric field parallel and perpendicular to the mag-

netic field. The waves with electric and magnetic fields parallel to one another
have been considered above. When the electric field is perpendicular to the

magnetic field, a new type of oscillation characteristic of plasma located in a
magnetic field arises.

If the frequency is small compared to the cyclotron frequency (i.e. the ion
cyclotron frequency is less than the electron cyclotron frequency), the behavior
of the plasma is that of a conducting fluid. The waves that propagate parallel to

the magnetic field are called Alfven waves (magnetohydrodynamic waves) and
those that propagate perpendicular to it, are known as magnetoacoustic waves.

There are two longitudinal Alfven waves. In one, the electromagnetic vectors
rotate left handed (LHP) about the magnetic field and in the other right handed
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(RHP). However, as v! 0, they both propagate with the same velocity. There-
fore, the most general wave propagating along the direction of the magnetic

field is the sum of the LHP and RHP waves. Note that LHP and RHP refer to
the sense of rotation of the electromagnetic vector about the imposed magnetic

field, and not about the direction of propagation. The dispersion relationships
are independent of the susceptibility along longitudinal direction i.e. there is no

vibrating electric field along the imposed magnetic field. The physical nature of
Alfven waves may be understood if we invoke the concept of frozen-in-field. If
we imagine the plasma to be an ideal conductor, freezing of the magnetic field is

a direct consequence of the law of electromagnetic induction for ideal conduc-
tors. According to this law, if a conductor moves across a magnetic field lines an

electromotive force is induced in it. If the conductor has infinite conductivity,
then a small electromotive force can produce an infinitely large current, which is

physically impossible. One therefore concludes that in an ideal conductor the
motion of the conductor must be such as not to intersect the magnetic field

lines. If an ideal conductor is forced to move across a magnetic field, then it
must drag the magnetic field lines along with it. In a fluid the field must move
with the fluid motion into which it is frozen, so that we can state the magnetic

field lines are stuck to the material particles. Thus in Alfven waves, the mech-
anism of oscillation consists in bending of the magnetic lines together with the

particles which are stuck to them. The material motion is perpendicular to the
direction of wave propagation. It is as though the magnetic field has given

plasma elasticity, since no such vibrations exist either in a liquid or gas. At
these low frequencies the propagation speed of Alfven waves is equal to the

speed of magnetic sound in the plasma.
The magnetoacoustic waves may be thought of as ordinary sound waves

consisting of compression and expansion of the plasma together with the
magnetic field frozen to it. The velocity of propagation is the sum of the sound
speed together with the sound speed if the magnetic pressure is added to the

category of kinetic pressure.
Under conditions of low frequency, the propagation velocity is independent

of frequency. The phase and group velocities coincide and we say there is no
dispersion of the wave. However, at frequencies comparable to the cyclotron

frequency, dispersion effects appear, or the velocity of propagation depends
upon the frequency, or the phase velocity and group velocity differ from each

other.
When the frequency coincides with the cyclotron frequency, the phase ve-

locity goes to zero. There are two cyclotron frequencies, one corresponding to

ion cyclotron frequency and another associated with electron cyclotron fre-
quency. For waves propagating along the magnetic field, the waves for which

the electric field rotates in the same sense as the positive ion does in the
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magnetic field are called ordinary waves (O). These can propagate in the plasma
at frequencies below the ion cyclotron frequency. The waves for which the

electric field rotates in the same direction as the electron in the magnetic field
are called extraordinary waves (X). The phase velocity of this wave goes to

zero at electron-cyclotron frequency. Extraordinary waves can propagate in
plasma at all frequencies up to the electron-cyclotron frequency. In between the

ion and electron-cyclotron frequencies, the propagation velocity passes through

a maximum value, whose value is
1

2

Bffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nemm0
p , which is half the electron

Alfven speed. At lower frequencies, both the ordinary and extraordinary
waves propagate at Alfven velocity.

Waves propagating at right angles to the magnetic field also exhibit anomal-
ies at two frequencies, which in general do not coincide with the cyclotron

frequencies. These frequencies are termed hybrid frequencies. The higher hy-
brid frequency is given by

v2 ¼ v2
0 þ v2

e, (3:245)

and the lower hybrid frequency is

v2 ¼ vive
v2

0 þ vive

v2
0 þ v2

e

: (3:246)

Waves can propagate in a direction perpendicular to the magnetic field in
plasma at frequencies lower than lower hybrid frequency or higher than the

upper hybrid frequency. In between these frequencies it is not possible to
propagate waves exactly perpendicular to the field. The dispersion relationships

are schematically shown in Fig. 3.49.

3.9.3. Plasma Waves at any Angle to the Imposed Magnetic Field

For propagation at any angle to the imposed magnetic field, the direction of

group propagation differs from the direction of phase propagation. A compact
way to represent the solutions of the dispersion relations was given by

Clemmow–Mullaly–Allis (CMA diagram). The diagram is a two-dimensional
representation of the dispersion relationship with vertical axis Y2 ¼ V2

ce=v2 and

the horizontal axis is X ¼ v2
pe=v2. The primary motivation is to display all the

resonance and reflection points as a function of both X and Y2. Increase in Y2

represents the increasing magnetic field direction. As X increases, one encoun-
ters increase in electron density. The various regions that (X, Y2) plane divides
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conform to a number of regions where within each region one has reasonable
constancy of the topological forms of phase velocity surfaces.

The CMA diagram is shown in Fig. 3.50. The various propagating waves are
described by the symbols R, L, O and X for RHP, LHP, ordinary and extraor-

dinary waves. For comparison, in each region the dashed circle represents the
velocity of light. For u ¼ 0	, the loci of resonance’s are given in the CMA

diagram by Y2 ¼ 1. For u ¼ 0	, the loci are given by Y2 ¼ 1. For u ¼ 90	, they
are given by Y2 ¼ 1�X. For any angle u, the loci of reflection are given by

w

w  = ck

w pe

Slope is vg

Slope is vph

No wave propagation

k

P

0

Figure 3.49: Typical dispersion curves.

Y2 = w 2
ce / w 2
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R
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 = •

RX

q = 0�

1
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xo
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Figure 3.50: CMA diagram.
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Y2 ¼ (1�X)2 and X ¼ 1 for any angle except u ¼ 0. The entire CMA diagram
in the (X, Y2) plane is divided into eight regions by the loci of two reflection

parts and two resonance curves. In each region a polar plot indicates the
normalized phase velocity as a function of u. A considerable amount of data

is thus synthesized and displayed in one diagram.

Problems

3.1. The heat of sublimation of pure aluminum is 330 kJ/mol. Express this

quantity in terms of electron volt/atom of aluminum.
3.2. Calculate the temperature to which a gas has to be heated in order to have

the average speed of the atoms to correspond to the speed of the electron
in the ground state orbit of the hydrogen atom.

3.3. Calculate the degree of ionization of hydrogen as a function of temperature

and plot the result in a suitable manner for a given density of hydrogen
atoms. Assume the density of hydrogen atoms to correspond to standard

temperature and pressure. Obtain the temperatures at which the ionization
of hydrogen atoms reaches (a) 1%, (b) 10% and (c) 90%. Repeat the

calculations assuming the density of hydrogen atoms to be 10 times higher.
3.4. Consider a sphere of radius R that has a uniform charge density r. What is

the magnitude of electric field E at a distance r from the center of the
sphere when r < R. If there are n electrons=m3 in an enclosure, of which
1% have separated from positive charges by 1 cm, calculate the electric

field, (a) if n ¼ 1018 electrons=m3 and (b) if n ¼ 1025 electrons=m3. What
would be the acceleration of electrons in each case?

3.5. (a) If~JJt ¼ «0
@E~

@t
þ~jj, show that r~ .~JJt ¼ 0. (b) From E~¼ �r~f, prove thatð

c

E~. d~ll ¼ 0.

3.6. The volume element d3~rr d3~vv is related to d3~rr 0d3~vv 0 by the relationship
d3~rr 0d3~vv 0 ¼ Jd3~rr d3~vv. Utilizing Eq. (3.106), evaluate the Jacobian of the

transformation and show it to be unity plus higher order terms in dt.
3.7. Draw the potential energy versus distance diagram for a diatomic mol-

ecule AB that shows (a) dissociative ionization and (b) dissociative re-
combination for electron collision with molecule.

3.8. Calculate the average energy transferred by an electron to an argon atom

during an elastic collision.
3.9. Assume the hard sphere approximation and estimate the time between

collisions for electrons with neutral atom. Assume argon at a pressure of
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1 torr and 300 K, and electrons have energy of 3 eV. What would be the
corresponding time for collisions between argon atoms?

3.10. Derive Eq. (3.7).
3.11. Show that the sum of the kinetic and potential energy of a charged

particle is constant in the presence of a static electromagnetic field.
3.12. For a transverse electromagnetic wave moving in the z-direction in

vacuum show that
@By

@t
¼ � @Ex

@z
and

@Bx

@t
¼ @Ey

@z
.

3.13. For a linearly polarized electromagnetic wave traveling in the z-direction,
calculate the energy density and energy flux.

3.14. Obtain a relationship between the thermal velocity, Debye length and
plasma frequency.

3.15. Calculate according to the Bohr’s theory of the hydrogen atom the fol-
lowing: (a) the radius of the lowest orbit, (b) the velocity of electron in the

lowest orbit, (c) the characteristic time to complete one revolution in
the lowest orbit and (d) the energy of the hydrogen atom in this orbit.

3.16. If E~ and ~BB are perpendicular show that
(E~� ~BB)� ~BB
j~BBj2

¼ �E~.

3.17. Obtain a relationship between the Debye length and the average energy

of the electrons and the electron plasma frequency.
3.18. Estimate the DC conductivity of cold plasma assuming only the elastic

collisions of electrons with atoms.
3.19. Estimate the characteristic time for collisions for electrons of energy 5 eV

in a gas at pressure 10 mtorr. At 300 K if the gas contains argon, what is
the time between collisions of argon atoms? How do these times compare

with characteristic time for dipole radiation?
3.20. The rate at which electron collides with gas molecules is given by

the electron collision frequency, n. The rate at which the energy of the

electron is lost through collision is nu. Show that nu ¼
2me

M
n.

3.21. Show that in a nonuniform magnetic field the drift due to field gradient

will produce a drift velocity

Vg ¼
V2
?

v

� �
~BB� r

~BB

2B2

 !
:

3.22. Show that in a nonuniform magnetic field the particle will have a drift
velocity which is perpendicular to both the field and its direction of

curvature, given by Vc ¼
V2
k

v

 ! ~RRc � ~BB
� 	

BR2
c

, where ~RRc is the radius of

curvature of the field.
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3.23. The ionization and recombination rates for hydrogen are given by Del-
croix (1965). Calculate the temperature at which one can expect 2%
ionization of the hydrogen gas.

3.24. Consider a plasma with an electron density of 1019 m�3 at an electron

temperature of 1 eV. Assume there is a difference of 0.01% in ion and
electron densities. Calculate the force per unit volume at a distance x.

What is the value of this force per unit volume when x ¼ 0:1 m and
compare this with pressure of an ideal gas under the same conditions.

3.25. Assume that the plasma potential is zero and plasma density is n0. The

energy of the ions at presheath is at least 1=2Mc2
s where cs is the velocity

at the sheath edge. Assuming the electrons are in a Maxwell distribution,

show that the density at the sheath edge is approximately 0:6 n0.
3.26. Calculate the free space wavelength corresponding to microwave fre-

quency 2.45 GHz. If microwaves cannot penetrate into a plasma vp > v,
calculate the maximum density that can be produced in a plasma.

3.27. For an argon ion plasma calculate the magnetic field for which the ions
reach the wall before completing a Larmor orbit. Assume the dimension
of the plasma chamber is 50 cm and the electric field perpendicular to the

Larmor orbit is 25 kBTi.
3.28. Show that in a plasma subjected to an electric field E, the sum of potential

and kinetic energy is constant.
3.29. An electron beam at an energy of 100 eV finds a positive ion at 10 nm. By

how much is the path of the electron beam deflected?
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Chapter 4

Cold Plasma Discharges

4.1. Introduction

The plasma state discussed in the previous chapter is an idealized situation,

where homogeneity of the plasma is assumed to exist. Each of the participating
particles in the plasma is assumed to be in equilibrium with particles of their

own kind, characterized by a well-defined temperature. In addition, the plasma
is assumed to be not in contact with any solid surface. These assumptions are

not valid for plasmas generated in practice. We shall consider in this chapter a
number of features that are associated with realistic plasma that one can obtain

in practice. The cold plasmas are usually created and maintained by direct
current (DC), radio frequency (RF) or microwave power applied to a gas at

low pressures. In general, we find the treatment of a real plasma discharge in a
reactor not easily amenable to analytical or even numerical approaches, due to
the variety of complex interactive phenomena. However, our attempt in this

chapter is to obtain approximate behavior of the real plasma by simple physical
reasoning.

The most important feature in a cold plasma discharge is the appearance of
a plasma sheath adjacent to the substrate or the wall. The plasma sheath is

a region consisting of predominantly cations and owes its appearance to
the difference in mass between the cation and electron. The potential is virtu-

ally constant in the plasma except at the plasma sheath where it acquires
a negative potential with respect to the plasma. A presheath within which
the cations acquire enough kinetic energy to move towards the cathode con-

nects the plasma sheath and the plasma region in the discharge to one another.
The physical and chemical nature of the plasma is affected by the different

mechanisms available for the generation of electrons in the discharge. These
mechanisms are discussed within the framework of elastic and inelastic colli-

sions. The earliest plasma created in the laboratory was by means of a glow
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discharge. This discharge is analyzed in terms of its current voltage character-
istics and is easily examined as comprising of several distinct regions. These

regions are conveniently discussed as consisting of a positive column, require-
ments to maintain a discharge as exemplified by Paschen’s relationship,

cathode sheath, negative glow and Faraday dark space. These regions have
their corresponding counterparts in terms of the glow behavior exhibited by the

discharge.
The simplest discharge used in processing is the time independent DC dis-

charge. The need to utilize nonconducting materials for electrodes in applica-

tions has necessitated the use of RF discharges. A distinct feature of the RF
discharge is the appearance of self-bias on the electrode that can be increased

by the use of a capacitor connected to the driven electrode and by designing the
ratio of the area of the anode to cathode. A simple circuit model will provide a

pathway to consider a number of macroscopic features associated with the RF
discharge. The efficient transfer of power to the RF discharge requires the use

of a matching network wherein the source and the discharge loads are allowed
to match each other’s impedance. The attempts to increase the ionization
density in plasma at low pressures have prompted the development of magne-

trons where the magnetic field is designed to confine electrons to particular
paths. The need to have high-density plasma source and low potentials at the

substrate has resulted in the design of inductive plasma discharges. A variety of
applications call for generating wave heated plasma discharges. The computer

simulation of plasma processing has had limited success and some of the issues
considered are outlined.

4.2. The Plasma Sheath

One can identify at least three types of particles in the plasma: electrons, ions

and neutrals. In cold plasma, one may associate a temperature to each of these
types of particles. In the plasma, the electron and ion density are the same on

the average so that the plasma as a whole is electrically neutral. The vast
difference in the average velocity between electrons and ions produces a

condition near the isolated substrate/wall that is in contact with the plasma
and gives rise to a plasma sheath.

The current density due to electrons and ions striking an isolated object such

as a substrate or wall are given by~jje and~jji respectively where

~jje ¼ qeneh~uuei and ~jji ¼ qinih~uuii, (4:1)

where~uu represents the drift velocity. For electrons in cold plasma, the average
speed of the electrons is much greater than the average speed of the ions. The
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number of electrons and ions are the same in the plasma, which by definition
is electrically neutral. Hence the isolated substrate or wall receives quickly

more electrons than ions. As a result, the substrate or wall builds up a negative
potential with respect to the plasma. The presence of this potential alters

the normally random movement of ions and electrons near the substrate or
the wall. The negative charge of the substrate with respect to the plasma tends

to repel electrons, thereby trying to reduce the number of electrons that may
reach the substrate or wall. However, the positive ions are now attracted to the
substrate or the wall. Therefore under steady state conditions the electron flux

is reduced sufficiently to balance the ion flux. The plasma is thus charged
positively with respect to the wall at the ground potential. The plasma sheath

therefore represents the non-neutral potential region between the plasma and
the wall.

Ions and electrons reaching a solid substrate recombine and are lost as
charged particles from the plasma system. Since electrons have much higher

thermal velocities than ions, they reach the surface sooner than ions leaving the
plasma devoid of some electrons and thereby leaving the plasma with a positive
charge in the vicinity of the surface. The consequence is the development of an

electric field that retards the electrons and accelerates the ions until the current
due to the ions balances the current due to the electrons. The electric field lines

start on positive ions in the sheath and end on electrons in the wall. Therefore,
the surface achieves a negative potential with respect to the plasma. Hence, the

plasma is always at a positive potential relative to any surface that is in contact
with it. It is expected that the thickness of the potential layer developed

between the solid surface and the plasma is of the order of several Debye
lengths due to the Debye shielding effect. The walls will draw currents from

the plasma if electrodes are grounded otherwise float to a given potential. In
addition, the walls and surfaces can capacitively couple to the RF or the AC
component of plasma.

Example 4.1

Calculate the average velocity of the ions and electrons in an argon plasma,

assuming Te ¼ 2 eV and Ti ¼ 0:025 eV. If the pressure is 10�2 torr, how many

more electrons will hit the walls of the plasma than ions assuming 0.0001%
ionization?

The average velocity of the particles according to kinetic theory is

hvi ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

pm

r
,
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with temperature in eV and mass of ion in kg/mol, we can write the above
expression in the form

hvioni ¼ 15673:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T(eV)

M(kg=mol)

s
and hvelectroni ¼ 669197:1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T(eV)

p
:

Hence,

hvioni ¼ 392 m=s and hvelectroni ¼ 946388 m=s:

The flux of ions and electrons is given by

fion ¼ (0:0001=100)
nhvioni

4
and felectron ¼ (0:0001=100)

nhvelectroni
4

n ¼ p

kBT
¼ 10�2 � 133

0:025� 1:602� 10�19
¼ 3:3208� 1020 m�3

fion ¼ 3:14� 1016 m�2s�1 and felectron ¼ 7:6� 1019 m�2s�1:

Therefore there are 2415 more electrons hitting the wall for each ion in the
initial phase until the potential set up reduces this number to the same value as

those of ions.
The plasma region is essentially quasi-neutral and is at a constant potential,

which may be represented by Vp. The potential acquired by the isolated sub-
strate or wall may be designated by Vf, and is termed the floating potential. If
the wall is an insulator, different parts of the surface may be at different floating

potentials due to the difference in the speed distribution of electrons in the local
area surrounding the plasma and the electric field set up in the insulator itself.

Electrons being repelled by the substrate or the wall imply Vf < Vp. After a
period of time, the electrons have to overcome a potential barrier of Vp � Vf in

order to reach the substrate or the wall as shown in Fig. 4.1. The electric fields
are therefore the strongest where the plasma is in contact with the wall or the

substrate.
In cold plasma, electrons are in mutual equilibrium characterized by an

electron temperature Te. In the absence of electron drift, we have the density
of electrons in thermal equilibrium at varying positions in the plasma. For a
spatially varying potential, the electron force balance equation may be written

eneE~þr~p ¼ 0, (4:2)

where E~¼ �r~f and pe ¼ nekBTe.
Hence,

�ener~fþ kBTer~ne ¼ 0, (4:3)
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Therefore,

r~(ef� kBTe ln ne) ¼ 0: (4:4)

On integration, we obtain

ef� kBTe ln ne ¼ constant: (4:5)

Hence,

ne(~rr ) ¼ n0 exp (ef(~rr )=kBTe): (4:6)

The density of electrons is n0 where r ¼ 0 and f ¼ 0. This is the Boltzmann’s

relation for electrons, and one observes that the electrons are drawn towards
the region of positive potential.

The ions experience no resistance to their motion towards the substrate or
the wall. The field will allow however only the most energetic electrons to get to

Vf

VP Wall

Potential

Sheath

Electrons

Ions

e (VP − V f)

e (VP −Vf)

Plasma

0

0

Figure 4.1: Variation of potential and potential energy of ions and electrons in the

vicinity of a floating wall.
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the wall. The fraction of electrons in the plasma that have sufficient energy to
enter the sheath from the plasma is given by

n
0
e

ne
¼ exp �

e Vp � Vf

� �
kBTe

� �
, (4:7)

where n
0

e is the number of electrons that have sufficient energy to overcome the

potential barrier (Vp � Vf). At steady state the flux of electrons making it to the
substrate or the wall must balance the flux of ions traversing to the sheath so

that we have

n
0
ehu

0
ei

4
¼ nihuii

4
: (4:8)

We can therefore write the above condition in the form

ne exp �
e Vp � Vf

� �
kBTe

� �
hu0ei

4
¼ nihuii

4
: (4:9)

It is easy to demonstrate that hu0ei ¼ huei. In other words, the n
0
e electrons have

the same average energy as other electrons, since they are at the same tem-

perature. It is only the electrons that have high energy that are able to cross the
barrier offered by the sheath potential and reach the substrate or the wall.

Assuming

ne ¼ ni and hui ¼ 8kBT

pm

� �1=2

, (4:10)

we obtain in order to maintain the flux balance in Eq. (4.8), the relationship

ne exp � e(Vp � Vf)

kBTe

� �
8kBTe

pme

� �1=2

¼ ni
8kBTi

pmi

� �1=2

: (4:11)

Hence, on simplification, we obtain

Vp � Vf ¼
kBTe

2e
ln

miTe

meTi

� �
: (4:12)

The speed with which electrons move in the plasma has a direct influence on
creating a plasma sheath wherever plasma is in contact with a solid surface. The

order of magnitude of the potential from Eq. (4.12), is in the neighborhood of
15 V for a typical argon plasma, and the plasma is more positive than the sheath.
The potential contributes to the limiting process by which electrons can escape

the plasma to the walls of the container. The positive ions are attracted to the
walls by the sheath potential as shown in Fig. 4.2. The ion flux however does not
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increase, because the arrival rate at the edge of the sheath is controlled by the

thermal distribution of the energy of the ions. The ions enter the edge of the
plasma sheath with little energy but are accelerated towards the substrate or the

wall by the sheath voltage Vf � Vp. The ions therefore strike the substrate or the
wall by the sheath voltage with kinetic energy equivalent to ej(Vf � Vp)j, if it

suffers no collisions during its transit in the sheath. Note however this energy is
typically larger than the bonding energy of atoms in a solid. The ions move

nearly normal to the surface and this feature is an important aspect in the
plasma processing of materials utilized in faithful transfer of pattern during
etching. The above features are important in considerations of sputtering ma-

terial from the surface, assess damage to the surface of the material, understand
the implantation of ions in the surface and evaluate the conditions for transfer

of heat when the ions hit the surface. The electrons however are involved in
causing ionization of molecules, breaking up of molecules into radicals, heating

the surface they bombard and creating molecules in excited states. The pres-
ence of radicals often initiates chemical reactions that are normally not encoun-

tered in equilibrium conditions in the laboratory and these radicals may also
polymerize and deposit on the surfaces in the chamber or on the substrate.

The simplification of assuming the plasma region and the sheath region as two

different regions with an abrupt boundary between them is unrealistic as was
shown by Bohm (1949). There is a transition zone between the plasma and the

positive space charge region near the substrate or the wall as shown in Fig. 4.3
called the presheath. We now explore the consequences of this transition region.

It is reasonable to assume that the potential V(x) near the sheath and plasma
boundary as a monotonically decreasing function and define x ¼ 0 as the

Figure 4.2: Space charge in front of a floating substrate.
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Sheath

Transition region
or presheath

x = 0

0

v(0)

Plasma

Figure 4.3: Potential variation including the presheath near a negative electrode in a

DC discharge.

location where ni(0) ¼ ne(0). We assume that there are no collisions in the

sheath, so that there is no change in the ion current, ni(x)eu(x). In other words,
there occurs no ionization in the sheath. The energy of the ions must obey the

law of conservation of energy, so that

1
2 miu

2(x) ¼ 1
2 miu

2(0)� e[V(x)� V(0)]: (4:13)

The ions are assumed to have a velocity u(0) at the plasma sheath edge. After

substituting from Eq. (4.13), we obtain the continuity equation of ion flux as
(assuming no ionization in the sheath)

ni(x) ¼ ni(0)u(0)

u(x)
¼ ni(0) 1� 2e(V(x)� V(0))

miu2(0)

� ��1=2

, (4:14)

where ni(0) is the ion density at the sheath edge. Invoking the Boltzmann’s
relationship for the distribution of electrons, we have

ne(x) ¼ ne(0) exp
e(V(x)� V(0))

kBTe

� �
: (4:15)

The Poisson’s equation may now be written in the form, with f ¼ V(x)� V(0)

d2f

dx2
¼ e[ne(x)� ni(x)]

«0
,

¼ ene(0)

«0
exp

e[V(x)� V(0)]

kBTe

� �
� 1� 2e[V(x)� V(0)]

miu2(0)

� ��1=2
" #

, (4:16)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch04 Final Proof page 266 18.11.2005 11:58am

266 Cold Plasma Discharges



where 1=2miu
2(0) ¼ eEs is the initial ion energy. The above equation governs

the sheath potential and ion and electron densities. In order for the sheath to be

a positive space charge sheath, we must require (d2V=dx2) < 0 for all x > 0 and
zero for x ¼ 0. Hence, we must require

1� 2e[V(x)� V(0)]

miu2(0)

� ��1=2

> exp
e[V(x)� V(0)]

kBTe

� �
Or,

exp � 2e[V(x)� V(0)]

kBTe

� �
> 1� 2e[V(x)� V(0)]

miu2(0)

� �
:

(4:17)

At the start of the space charge in the sheath, it is reasonable to assume
V(x)� V(0) is small compared to kBTe. Therefore,

exp � 2e[V(x)� V(0)]

kBTe

� �
ffi 1� 2e[V(x)� V(0)]

kBTe
: (4:18)

Combining Eqs. (4.17) and (4.18), we obtain

u(0) >
kBTe

mi

� �1=2

: (4:19)

Thus, one consequence of the removal of the abrupt transition assumption is that
only the ions that have a velocity uB, called the Bohm velocity, or greater can

enter the sheath. The presence of electron temperature in the Bohm velocity
emphasizes the coupling that exists between the electron motion and ion motion.

The Bohm criterion effectively increases the ion flux to any object that is
negatively biased with respect to the plasma. However, the logarithmic depend-
ence of the floating potential on fluxes means the potential Vp � Vf is affected

much less severely, but is reduced nevertheless. The ions thus have to enter the
sheath with a velocity that is much larger than the thermal velocity. There must

therefore be a small electric field in the quasi-neutral region of the main body of
the plasma that accelerates ions to an energy at least 1=2 kBTe towards the

sheath edge. The existence of this field is attributed to collisions, ionization or
other sources of particle collisions. One refers to this region as the presheath

which extends over distances of the order of plasma dimensions and the pre-
sheath field is weak enough not to violate quasi-neutrality condition.

The difference in mass between the electrons and ions results in the electrons

streaming to the electrodes, much faster than the ions, creating a plasma sheath.
The distribution of potential in a discharge between the electrodes is not

uniform, and is restricted to sheaths adjacent to the electrodes while the interior
is electrically neutral and at constant potential. The electric fields at the sheaths

are such as to repel electrons from reaching the electrodes allowing only the
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most energetic electrons to reach there, while attracting the positive ions, so
that plasma is at the most positive potential in the discharge. Sheaths thus

correspond to electron deficient poor conducting regions, which exist whenever
the plasma encounters an interface such as an electrode or a wall. The large

electric field that occurs in the sheath in turn can lead to gradients in concen-
tration, temperature and flux of ions and radicals to and from the electrodes or

surfaces. It is these gradients that are responsible for the nonequilibrium, low
temperature and anisotropic heterogeneous processes which is one of the
primary reasons for utilizing plasma in processing.

Example 4.2

Plot the electron and ion density versus distance in the sheath for various

velocities of the ion and show that for velocities less than the Bohm velocity the

electron density exceeds the ion density at some point in the sheath.

The variation of electron density in the sheath is given by

ne(x) ¼ ne(0) exp � e[Vp � V(x)]

kBTe

� �
,

where ne(0) is the electron density at x ¼ 0 considered to be far from the surface.

The energy of ions at the edge of the sheath x ¼ 0 is given by 1=2mu2
i (0)þ eVP.

The energy of the ion at position x is given by 1=2mu2
i (x)þ eV(x). Since the flux

of ions must be conserved we have ni(0)ui(0) ¼ ni(x)ui(x). Hence

ui(x) ¼ 2
m

1
2 mu2

i (x)þ 2
m e[VP � V(x)]

� 	
:

The distribution of ions is given by

ni(x) ¼ ni(0)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

i (0)

u2
i (0)þ 2

m e[VP � V(x)]

s
:

Writing 1=2 mu2
i (0) ¼ C1=2kBTe where C is a constant, we write

ni(x) ¼ ni(0) 1þ 2e[VP � V(x)]

CkBTe


 ��1=2

:

The variation of ni(x) vs x for different ion velocities are shown in Fig. 4.4.

Note that for ion speeds less than the Bohm velocity, the electron density is
higher than the ion density at some point in the sheath. This of course is not

consistent with the positive potential of the plasma. Hence the ions must enter
the sheath with a velocity greater than the Bohm velocity.
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Example 4.3

Estimate the sheath voltage drop assuming the ions enter the sheath with Bohm

velocity.

The ions entering the sheath must have a velocity greater than the Bohm
velocity uB ¼ ui(0).

The ions acquire this velocity due to an electric field across the transition
region.

If the potential at the boundary is V(0) with respect to the plasma, we can by
neglecting the random thermal motion of the ions write

1
2 miu

2
i (0) ¼ eV(0):

Hence,

V(0) ¼ miu
2
i (0)

2e
¼ mikBTe

2emi
¼ kBTe

2e
:

Variation of electron and ion density with potential in sheath.
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Figure 4.4: The distribution of electron and ion concentration for velocities less than the

Bohm velocity.
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The number of electrons at a given V(0) is

ne(0) ¼ ne exp � V(0)

kBTe

� �
¼ ne exp � 1

2

� �
¼ 0:6 ne:

We now equate the electron and ion flux to obtain

ne exp � e(VP � Vf)

kBTe

� �
< ue >

4
¼ ni0:6

kBTe

mi

� �1=2

:

Hence,

VP � Vf ¼
kBTe

2e
ln 2:4

kBTe

mi

� �1=2
pme

8 kBTe

� �1=2

¼ kBTe

2e
ln

me

2:3 mi

� �
:

4.3. Electron Emission from Surfaces

An important part of the plasma discharge, especially in the DC discharge, is

the emission of electrons from the surface when energetic particles strike it. The
incident particle could be ions, photons, electrons or neutrals. The nature of this
emission of electrons is discussed briefly. It is common to refer to the electrons

emitted when a particle strikes a surface as secondary electrons. The number of
electrons emitted per incident particle is called secondary electron yield. The

yield and energy dependence of the secondary electrons are different for
different particles hitting the surface. Impurities and surface structure have a

large influence on the yield of secondary electrons.
Electrons bombard the anode in a plasma discharge. The cathode is relatively

free of electron bombardment compared to the anode. The electrons on
encountering a solid surface can undergo two types of collisions: elastic and

inelastic collisions. During elastic collisions the trajectory of the electron is
affected but not its kinetic energy. There are a number of other interactions
when electron strikes a solid, which may be lumped in the category of inelastic

collisions. Some of them will be referred to in a qualitative fashion. Inelastic
scattering reduces progressively the energy of the incident electron until it is

captured in the solid, so that it limits the distance an electron can travel inside
the solid. The probability that a particular inelastic scattering event occurs is

proportional to the inelastic scattering cross section. The number of electrons
emitted as a function of energy is shown in Fig. 4.5a. The details of secondary

electron energy distribution become more apparent if one plots the derivative
of the number of electrons with energy as a function of energy (Fig. 4.5b).

Elastic scattering of an electron changes the direction of travel of the electron

without losing its kinetic energy. The angle by which the electron is scattered
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can assume values anywhere from 08 to 1808. The cross section for elastic

scattering is given by Rutherford’s formula that reveals a strong dependence
on atomic number (Z2) and energy (1=E2). The elastic scattering is due to
Coulomb interaction with the charge on the nucleus as modified by the shield-

ing from the outer electrons. It is found experimentally that a significant
number of electrons are backscattered. Backscattered electrons are dependent
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Figure 4.5: (a) The number of secondary electrons emitted from a solid surface

bombarded by electrons as a function of energy. (b) The derivative of the number

of electrons emitted with respect to energy versus energy of electrons.
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on the composition of the solid (increases with Z), local inclination of the
specimen surface (increases with tilt), crystallographic orientation, and internal

magnetic fields. The backscattered electrons cannot suffer any energy loss, by
definition, and constitute an important portion of the electrons scattered from

the surface of the material. The elastically scattered primary electrons have the
same energy as the incident electrons. The elastically scattered primary elec-

trons produce diffraction effects and are utilized to gain atomic structural
information of the scattering material.

In inelastic scattering, the electrons can transfer any amount of energy from a

very small fraction of its energy to virtually all of its energy when it collides with
the atoms in the solid. Electrons transfer their energy to atomic vibrations in a

solid in increments of the order of 0.1 eV or less thereby heating the specimen
when electrons collide with it. The consequence of this energy transfer is the

temperature rise of the solid. If electrons fall on a metal, they can excite waves
in the free electron sea in a metal. The energy associated with the excitation of

waves in a sea of electrons is of the order of 10 eV and is called the plasmon

energy. The electrons that have excited the plasmons (elementary quantum
excitations of the temporal oscillations of the fluid of free electrons) in a

metal emerge as secondary electrons and have energies less than the incident
energy by the plasmon energy that is given by

�hvp ¼ (4pn0)1=2, (4:20)

where n0 is the free electron density. In addition, there can be excitation of
electrons in the surface with a frequency that is given by

vsp ¼
vpffiffiffi

2
p : (4:21)

Electrons can also excite electrons in a solid to other normally unoccupied
states of energy levels in a solid. The secondary electrons return with energy
less than the incident energy by the amount of energy utilized for excitation

of the electrons. The detection of peaks in the secondary electron spectra
due to the excitation of molecules into empty vibration or rotation states

are quite small and require high resolution and extremely sensitive detection
apparatus.

The true secondary electrons are those electrons that were originally in the
solid and are ejected from it after an encounter with the primary electrons

when they receive energy to raise their energy above the vacuum level.
The secondary electron yield is more than unity for most materials. The emis-

sion of secondary electrons is extremely sensitive to the surface condition.
The electrons when they escape from the solid are called true secondary
electrons and typically have energies less than 15 eV. The secondary electron
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yield is relatively insensitive to the specimen composition. The secondary
electron yield is defined as d

d ¼ nSE

nB
, (4:22)

where nSE is the number of secondary electrons emitted from the sample

surface bombarded by nB electrons.
The deceleration of electrons as they hit the solid gives rise to electromag-

netic radiation whose energy range can vary from a maximum of the energy of
the incident electrons to a fraction of an electron volt. This radiation is known

as bremstrahlung or continuous radiation. An electron with sufficient energy
can knock an electron from an inner shell in an atom. This energy state can be

subsequently filled by an electron from the upper energy level giving rise to the
emission of characteristic radiation as shown in Fig. 4.6. However, the relaxation
can also occur without the emission of radiation, but with the emission of an

electron as shown in Fig. 4.7. The depth from which the secondary electrons are
ejected without undergoing inelastic collisions on their way out is known as the

inelastic scattering mean free path and is a function of the energy of the incident
electrons. The inelastic mean free path has a minimum value which is less than

2 nm over a wide energy range of 50–100 eV and this fact is utilized in surface
analysis tools. When these electrons emerge from the solid without loss of

energy they are termed Auger electrons and are characteristics of the atom
from which they emanate. The Auger electrons emitted from the solid are in

competition with emission of characteristics radiation from the solid. Low
atomic number elements are more efficient to result in Auger electron emission
than high atomic number elements. The secondary electron yield as a function

of energy shows a threshold energy above which there is an initial rapid rise
followed by a decreasing rate at high energies as shown in Fig. 4.8.

L3
L2
L1

L3
L2
L1

e−

e−

K K
(a) Before (b) After

hv

Figure 4.6: Emission of characteristic radiation from an atom that encounters a

high-energy electron.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch04 Final Proof page 273 18.11.2005 11:58am

Cold Plasma Discharges 273



2.0

1.5

1.0

0.5

0
0 500 1000 1500 1500

Secondary
emission
ratio d

Ag

W

Cu

Mo

Incident energy E (eV)

Figure 4.7: True secondary electron yield.
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Figure 4.8: Schematic diagram of the emission of Auger electron from the L2,3 level by

a vacancy in the K level due to the ejection of an electron from the K level by the

incoming electron.
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When electrons fall on certain semiconductors or insulators and excite
electrons from the valence band to conduction band, and as the electrons

relax to valence band, the material emits radiation in the region of ultraviolet,
optical or infrared ranges and this phenomenon is called cathodoluminescence.

Electrons are emitted from surfaces that are subjected to ion bombardment
and these are also called secondary electrons. The total yield of electrons for

incident ion bombarded is called the secondary electron yield g (Fig. 4.9). The
ions have less penetrating power in the solid than electrons so that one does not
observe a maximum in the secondary electron yield with energy of the incoming

ion. At constant energy the secondary electron emission decreases with the
square root of the mass of the ion. The incident ion has a larger influence on the

yield than the specimen on which it falls. In DC plasma discharge these elec-
trons are necessary to sustain the discharge. g depends on the crystal surface

exposed and depends sensitively on the impurities on the surface. In sputtering
metals the target is initially contaminated by oxide so that the current voltage

characteristics continually change as the surface layer is removed. Hence con-
ditioning of the target is necessary before actual sputtering can be usefully
employed. Typical energies of the emitted secondary electrons are in the

neighborhood of 5–10 eV.
When energetic neutral particles bombard the solid surface, electrons

are emitted. Neutral particles acquire kinetic energies when they collide with
an energetic ion either elastically or with charge exchange in the sheath at

the electrode. In the so-called potential emission, neutralization of the incident
ion occurs. The potential emission occurs just prior to the ion impact.

The intense electric field around ion causes an electron to tunnel out of
the surface and neutralize the ion. This releases energy when the electron

drops in the potential well of the ion and cause the ejection of an electron
from one of the energy levels by the process called Auger emission.
The electron yield does not depend upon the kinetic energy of the incident

ion in this region. In the kinetic emission, the interaction is between the
fast incident ions and electrons in the solid. Potential emission is not envis-

aged to occur for ground state neutrals. The threshold energy exists above
which kinetic emission of electron starts and further emission increases

with increase in the energy of the incident particle. If there is potential emission,
the emission of electrons is constant until the threshold is reached after

which the emission of electrons increases with increase in energy as shown in
Fig. 4.10.

Electrons are also emitted from surfaces when photons fall on it by a process

known as photoemission. The photoemission yield depends upon the work
function of the metal. The yield is zero until a threshold energy of the incident

photon is reached, which is given by hv0 ¼ ef, where f is the work function.
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Figure 4.9: Secondary electron yield from a surface bombarded with ions as a function

of energy of the bombarding ion on tungsten.
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Figure 4.10: Secondary electron emission as a function of energy for neutral argon atom

as it bombards molybdenum.
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The kinetic energy of the electron is given by the formula proposed by Einstein
and is

1
2 mv2 ¼ hv ¼ hv0 ¼ hv ¼ ef: (4:23)

The photoemission yield is typically 10�4 � 10�3 electrons per photon in the
visible to ultraviolet frequencies.

Example 4.4

A field of E V/m is applied to a planar surface of a metallic cathode having a

work function of f eV. Determine the maximum value of the potential in front of

the cathode and the length of the potential barrier experienced by an electron to

escape the metal surface. By how much is the work function of the metal

reduced?

Consider the metal surface to which a potential is applied as shown in
Fig. 4.11.

The energy of the electron to leave the surface is modified by the effect of the
external electric field.

An electron leaving the surface in the absence of an electric field

experiences a force at a distance x from the surface given by �[e2=4p«0(2x)2],
where the image charge is located at a distance �x from the surface of the

Metal

Wt,max

Xm X
Vacuum

e2

4πε0(2x)2

−eEx

Figure 4.11: Potential experienced by an electron escaping from a metallic planar

surface subjected to an electric field.
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metal. The potential energy of the electron at a distance x from the surface is
given by

ðx
1

� e2

4p«0(2x)2
dx ¼ � e2

16p«0x
:

The effect of the electric field is

Wf ¼ �eEx:

The total potential energy experienced by the electron is given by

W ¼ �eEx� e2

16p«0x
:

The maximum in W occurs at xm when

dW

dx
¼ 0 ¼ e2

16p«0xm
� eE:

Hence,

xm ¼
e

16p«0E

� �1=2

:

The maximum value of the potential energy is given by

Wt, max ¼ �2xmEe ¼ � eE

4p«0

� �1=2

e:

The work function is thus reduced by

ef� D(ef) ¼ e f� eE

4p«0

� �1=2
" #

:

4.4. Glow Discharge Plasma

Gases are normally insulators and conduct electricity only under certain con-
ditions. The conduction of electricity through a gas was attributed to the motion

of electrons and ions by the works of Crookes and J. J. Thompson. A positive
charge present in a gas does not have a preferred direction of motion, in the

absence of an electric field. Hence, no current flows in a galvanometer con-
nected to two electrodes as shown in Fig. 4.12a. If the charge moves under the
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influence of an electric field, the electrodes will acquire an imbalance of charges
that reside on them due to the induced charge. In order to compensate for this

imbalance, a charge must flow in the outside circuit, so that the galvanometer
registers a current flow (Fig. 4.12b). Since the number of free charge carriers in
a gas at normal temperature is very small, the understanding of electrical

discharges must comprehend how more charges are produced.
The presence of positive and negative charges in a gas implies current flow is

due to movement of both charges. Considering only singly charged positive ions
and negatively charged electrons to be present in the gas, the current density

j(x) at a distance x from the cathode is

j(x) ¼ dr

dt
¼ d

dt
rþ þ r�ð Þ ¼ jþ þ j� ¼ nþqþ

dxþ

dt
þ n�q�

dx�

dt
¼ nþqþuþ þ n�q�u�

(4:24)

where uþ and u� are the drift velocities of positive and negative charges
respectively. If the external force were due to an electric field, one would expect

the charges to accelerate, if they are free. In a plasma, the accelerated particles

G

q+

G

dx

j

(a)

(b)

q+

Figure 4.12: Current in an external circuit when a charge moves in a direction

perpendicular to two parallel electrodes, j(x) ¼ qþ(dx=dt) ¼ qþv.
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loose their energy by collisions and the directions of their velocities is random-
ized after each collision, so that the charges move with a drift velocity. The

mobility of the charged particle is defined as the drift velocity per unit electric
field and is given by

mþ � uþ

E
; m� � u�

E
: (4:25)

The drift motion of the charged particles is superimposed on the random

thermal motion of the charges. Electrons being light can be moved with little
effort, whereas ions which are several thousand times heavier can move very

slowly, so that the majority of the current is carried by electrons.

Example 4.5

Obtain an expression for the mobility of ions moving in an electric field and

show its dependence on pressure and temperature. Assume a constant mean free

path and elastic collisions.

Let the ions have an average mean free path l for their elastic collisions with

neutral particles.
If x is the average distance traveled by the ion in the field direction, then

x ¼ 1=2 _vvt2 where t is the average time between collisions and v is the average
velocity in the field direction. We assume that each collision ion looses all its

kinetic energy in the field direction.

x ¼ 1

2
_vvt2 ¼ 1

2

eE

m
t2 ¼ 1

2

eE

m

l

v

� �2

:

Therefore,

v ¼ x

t
¼ eEl

2mv
,

so that

mþ ¼ el

2mv
¼ ekBT

2mv
ffiffiffi
2
p

ppd 2
¼ ekBT

2
ffiffiffi
2
p

mppd 2

pm

8kBT

� �1=2

¼ e(kBT)1=2

16
ffiffiffiffiffiffiffiffiffiffi
2mp
p 1

pd 2
:

Thus ion mobility is directly proportional to square root of temperature and
inversely proportional to pressure. This simple analysis does not correlate well

with experimental results especially in respect of temperature dependence.
The simplest and the most common method of creating a plasma is to apply a

DC potential to two metal electrodes in a partially evacuated enclosure
(0:1 < p < 103 Pa) as shown in Fig. 4.13. An electrical discharge results when
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a conducting path between two points of different electric potential in the gas is
created. The gas discharge is permanent if the electric charge supply is continu-

ous, but otherwise it is temporary. The DC discharge is characterized by
macroscopic time independence, but complicated by the need for current to

be continuous through the sheath regions. The discharge is visually nonuniform
between the electrodes. The schematic variation of current versus voltage

applied to a discharge tube is shown in Fig. 4.14. It is convenient to consider a
configuration where a long glass cylinder is provided with metallic electrodes at

its ends, and a high impedance power supply is used to provide the electric field.
The electrodes are conductors and the electrode at positive potential is the
anode, whereas the electrode at the lower or negative potential is the cathode.

The voltage across the electrodes, when applied slowly, results in a burst of
very small current (10�16 A) with electrons migrating to the anode and ions to

the cathode. The nature of the electrode has little effect on the characteristics of
the discharge. This current is due to the presence of a small number of ions and

Dark space shield

Wall of 
vacuum chamber

Plasma

Cathode

Anode

Anode sheathCathode sheath

V 0

0

V f

V p

V

Figure 4.13: A typical set up for DC glow discharge.
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electrons that are in the gas as a consequence of its exposure to cosmic

radiation, natural radioactivity or ambient ultraviolet radiation. With increased
voltage, the current reaches a saturation value, isat. This condition reflects the
situation when all the charges in the gas are able to reach their respective

electrodes. If the volume of the gas between the electrodes is v, and r ion
pairs are generated each second, then rv ions pairs are generated throughout

the volume each second. If current flows in the discharge tube, i.e. electrons
arrive at the anode every second and positive ions at the cathode then the

number arriving at the electrodes cannot be greater than the number gained in
the gas and we have

i

e
� rv: (4:26)

Hence, the saturation current is isat ¼ rev, and represents the situation when the
electric field applied along the axis of the discharge tube sweeps out the ions

H
Arc

Glow to arc

Abnormal glow

Normal glow

Transition
G

F

E
Current

isat

C
Breakdown

Townsend region

Varc Vsat VB
Vg

Applied voltage

i

D

BA

Figure 4.14: Variation of the ionization current with applied voltage.
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and electrons created due to ionization from background radiation. Therefore
isat can be influenced by increasing the volume and gas pressure, p, since p

depends on the number density of molecules. An electron has to travel a
distance x before it can gain energy qEx from the electric field. Thus the voltage

needed to produce an appreciable increase in the current above isat depends on
the distance between the electrodes and the nature of the gas as well as the

pressure of the gas. The applied voltage is needed to sweep all the electrons out
of the volume between the electrodes as fast as they are created, and sending
them to the anode where they are collected.

As the voltage is increased, the current does not increase significantly since
all the available electrons and ions are swept away. All that happens is that

charges move faster as they pick up energy from the external electric field. The
ions share their meager kinetic energies with other ions and molecules in elastic

collisions and increase only slightly in temperature above the ambient in cold
plasmas. The electrons receive their energies from the electric field, but cannot

dispense their energies to the neutrals or ions in elastic collisions because of the
large difference in mass. The average fraction of energy lost by an electron in an
elastic collision with a particle is of the order of 2me=m where m is the mass of

the particle. This is typically 10�5 when electron collides with a neutral atom.
Electrons however continue to gain in energy between collisions from the

electric field. However, as we have observed, when the electrons have sufficient
kinetic energy they can initiate inelastic collisions. Excited molecules, ionized

molecules and fragmented molecules are thus created. Therefore electrons
already in the discharge can add to their number by ionizing gas molecules by

collision, with each ionizing collision producing a new electron. The new elec-
trons produced in the ionization process are in turn accelerated by the electric

field and these produce further ionization by collision with the neutral atoms or
molecules of the gas. Collisions between ions and neutrals may also produce
ionization, but during elastic collisions they can dispense with almost one-third

of their kinetic energy gained by the electric field. It is difficult to energize the
ions to a level where they have sufficient energy to initiate ionization and

furthermore the energized ions move towards the electrodes and not to the
plasma. It is found that the current in the saturation region depends linearly on

radiation source strength, a regime useful in some radiation counters.
If an electron frees another electron by an ionizing collision, then the two

additional electrons can free further additional electrons and so on. The manner
of multiplication of electrons in the discharge tube may be characterized by
a coefficient aT. The coefficient aT is called the first Townsend coefficient

and represents the average number of ion–electron pairs formed when an
electron travels a path of 1 cm. The coefficient aT depends on the electric

field, E, the gas pressure, p, and the nature of the gas. It is known from
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experiments that for a given gas, aT depends upon E/p as shown in Fig. 4.15.
We can appreciate this dependence qualitatively from the arguments given

below.
An electron gains an energy Eel between two successive collisions, where l is

the mean free path for the electrons. Since l ¼ 1=sn and n ¼ p=kBT, we have
the energy gained in a single flight between collisions proportional to

eEkBT=sp. The applied electric field is low if this energy is less than kBT . Thus

eEkBT

sp
� kBT,

E

p
� s

e
: (4:27)

Only when E=p exceeds a certain critical value there is a sudden increase in the

current. The empirical expression that was originally proposed by Townsend to
represent the dependence of aT on pressure and electric field is

aT

p
¼ Ae�Bp=E, (4:28)

where B is a constant. The ionization efficiency (aT=E) increases with energy,

reaches a maximum and drops off at higher energy of electrons as shown in
Fig. 4.16. Very high-energy electrons thus can reach the anode without partici-

pating in ionization reaction.
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Figure 4.15: The variation of a=p0 with E=p0 in hydrogen and nitrogen.
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Example 4.6

Given h ¼ aT=E is the ionizing efficiency, show that hmax ¼ (aT=p)=(E=p) and

it occurs when the tangent of aT=p vs E=p curve passes through the origin.

We have h � aT

E
¼ aT=p

E=p
¼ A

E
pe�Bp=E:

dh

d(E=p)
¼ AB

(E=p)3
e�Bp=E � A

(E=p)2
e�Bp=E ¼ 0:

The maximum h occurs at E=p ¼ B with a maximum value hmax ¼ (A=B)e�1.

At E=p ¼ B,

@(aT=p)

@(E=p)
¼ A

Be
:

h max ¼
@(aT=p)

@(E=p)
¼ aT=p

E=p
:
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Figure 4.16: The variation of ionizing efficiency with E/p.
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As the electric field increases, the electrons can gain more energy so that aT=p

rises quickly with E/p. The very high-energy electrons do not use all their energy

to ionization, and the excess energy is ultimately delivered to the anode. Hence
there is a maximum in the ionization efficiency as a function of E/p. The results

are plotted in Fig. 4.17 for A ¼ 5:1 torr�1cm�1, B ¼ 138:8 V cm.
An electron starting at the cathode, x ¼ 0, will be accelerated towards the

anode by the electric field E ¼ V=d, where V is the voltage between the two
electrodes and d is the spacing between them. When the electrons have suffi-
cient energy to ionize neutral atoms they can increase the number of electrons.

The newly generated electrons can in turn acquire energy from the electric field
and create more electrons on collision with atoms, thus creating a process called

electron avalanche or electron multiplication. The current will rise exponen-
tially and this region is called the Townsend discharge.

We can estimate the number of electrons produced in this way as follows.
Consider a region between x and xþ dx where x is the distance from the

cathode as shown in Fig. 4.18. If n electrons enter this region, let us assume
dn electrons are produced as it travels the distance dx. We therefore write

dn ¼ an dx (4:29)
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Figure 4.17: Variation of a=p with E=p for hydrogen.
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where a is a constant in the uniform field. Integrating Eq. (4.29), we obtain

ðn
n0

dn

n
¼
ðx
0

a dx: (4:30)

Therefore,

ln
n

n0
¼ ax; (4:31)

where we have assumed that a is independent of x in a uniform field. We can

also write Eq. (4.31), in the form

n ¼ n0 eax: (4:32)

The current due to the electrons is therefore given by

i ¼ i0 eax, (4:33)

The drift velocity of electrons is independent of x and depends only on the
electric field. i0 is the result of primary electrons emitted from the cathode. Ions
do not participate in this process of multiplication because of their large mass

and the sharing of their energy with other ions and neutrals.
On increasing the voltage corona discharges occur typically in the regions of

high electric field such as sharp points, edges and so on prior to the complete
electric breakdown. The increase in voltage leads to the formation of a channel

of ions between the electrodes and it takes the form of a spark at high pressure
or a glow at low pressure of gas. The transition region is termed ‘‘breakdown’’

and it represents an irreversible process, so that lowering the voltage does not
retrace the current voltage curve. During this stage of breakdown, the external

circuit represented by the internal resistance of the power supply connected
between the plates governs the current that flows. The current may increase by

Cathode Anode
dx

d

x

Figure 4.18: Determination of the number of electrons produced from a given region.
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a factor of 104---108, and is usually limited only by the internal resistance of the
power supply connected between the plates. Breakdown is recognized when the

sudden drop in voltage occurs while sustaining the discharge at a fixed current.
An increase of current of several orders of magnitude with almost no increase in

voltage is characteristic of the breakdown stage. The situation is caused by the
onset of secondary electrons emission at the cathode and is also accompanied

by a drastic spatial rearrangement of the discharge. One refers to this region as
self-sustaining discharge because the current becomes independent of the ex-
ternal ionizing source and is thus self-contained. A steady state situation exists,

when the rate of formation of ions is equal to their rate of recombination with
electrons. A glow appears in the discharge tube, the voltage drops and the

current rises abruptly. The glow is due to the decay of excited state of molecules
and atoms. The glow discharge derives its name to the fact that the plasma is

luminous. The sustaining of the glow discharge depends on the emission of
secondary electrons.

A secondary electron emission coefficient may be defined by the ratio of the
emitted secondary electrons to the number of impinging ions on the cathode and
is typically in the neighborhood of 10–20. If one reduces the series resistance in

the external circuit, the voltage across the discharge tube drops until it reaches
low values. The glow discharge is said to be in the normal glow condition. In the

normal glow region only a portion of the cathode carries the current. Increasing
the power applied to the system increases the size of the cathode region carrying

the current. In the abnormal discharge region the entire cathode area is utilized
in carrying the current. Because of their higher inertia the ions generate a much

thicker double layer at the cathode than the electron layer next to the anode.
Therefore the major voltage drop, known as the cathode fall extends over this

region, where ions obtain their energy for subsequent sputtering and for the
ejection of secondary electrons to sustain the discharge.

A self-ustaining discharge is attained only when the discharge voltage is high

enough to accelerate the ions such that their impact on the cathode surface
produces secondary electrons and each secondary electron produces sufficient

ions to produce one more electron from the cathode surface. Note however
while the volume ionization increases with the discharge voltage, limitation is

soon reached because ionization cross-section decreases with increasing energy
of the electrons particularly beyond 100 eV. Increasing pressure to increase the

ions slows down the ions because of the increase in the number of inelastic
collisions. If the separation between the electrodes is large the secondary
electrons can safely be assumed to undergo inelastic ionizing collisions. On

the other hand, if this separation is too large, the ions generated may loose their
energy due to collision on their way to the cathode. Paschen’s law as shown in

Fig. 4.19 gives the combined effect of pressure and distance between electrodes.
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Even though the main source for secondary electrons is by the impact of
ions on the cathode, other sources contribute. These include ionization by

photons that are emitted in the recombination processes. Photons can also
impact on the cathode releasing photoelectrons by photoemission. Excited

atoms and metastable atoms can also release electrons on impinging on the
cathode. The interaction between metastable molecules and neutrals can pro-

duce ionization by the Penning effect. The pressure of the gas, as well as the
nature of the gas determines the contributions of these various processes for
electron generation.

When the current of the discharge is increased (by cutting down the series
resistance of the outer circuit) beyond the point where complete area of the

cathode is involved, the voltage begins to rise. This region is known as the
abnormal discharge region. The glow discharge regime owes its name to the fact

that the plasma is luminous and this is due to the high electron energy and
number density that generates visible light by excitation collisions. Glow dis-

charge processing (DC parallel plate plasma reactors, magnetron discharges for
depositing films) is typically carried out in this region. The discharge current is

determined by the area of the electrodes and by the resistance of the power
supply and the electrical circuit. If the power is increased further, the cathode
begins to heat, which after a sufficient amount of temperature is reached, results

in thermionic emission of electrons. When one reaches this stage, the voltage
decreases and the glow changes into an arc discharge. Under these conditions

the cathode emits electrons by thermionic emission.
In the DC discharge many of the secondary electrons are lost to the anode

before they have contributed to the ionization process. The current density in
normal glow discharge obeys j ¼ cp2 where p is the pressure of the system and c

pd (torr cm)
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Figure 4.19: Paschen’s law curves.
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is a constant whose value depends upon the type of gas and the nature of the
cathode material. During abnormal glow the current density follows j ¼ aVn

where n is typically 3–5 and is a constant.

4.4.1. The Positive Column

The positive column is used as a light source and consequently has attracted the
attention of a number of investigators. It has also found uses in plasma torches

and plasma sources. The positive column is luminous and stretches from the
edge of the Faraday dark space to the anode dark space. The color of the

positive column is dependent on the gas and varies slightly with the electric
field. The mechanism of emission of light arises from the de-excitation of the

excited particles and is not associated with the recombination processes. In a
cylindrical tube, the positive column reveals the appearance of a uniform and
steady light source, even though in reality it is composed of alternate dark and

luminous bands known as striations that can be moving or standing. The
appearance of uniform column hides the fast moving striations in both direc-

tions. The positive column represents more of the plasma state with equal
densities of positively and negatively charged particles.

The positive column established in a vessel of cylindrical symmetry at low
pressures (p < 10 torr) fills the tube laterally. The length of the positive column

occupies whatever space it finds in order to establish itself. If the distance
between electrodes is reduced, the length of the positive column also reduces

and ultimately, when it reaches the length of the Faraday dark space, the
discharge is extinguished. Even at high pressures, the positive column contracts
in the radial direction, but maintains it axial symmetry. Therefore the analysis

of measurable variables such as a particle density, current density and tempera-
ture are a function of radial position only.

Assuming only electrons and ions of densities ne and ni respectively are the
charge species present in the positive column, we can perform a simple one-

dimensional analysis in the radial direction. The macroscopic charge density is
assumed to be zero, or

nþ ¼ n� ¼ n: (4:34)

Hence, Poisson’s equation states

dE

dx
¼ e(nþ � n�)

«0
¼ 0, (4:35)

so that E is found to be independent of x. E depends on the type of gas and

pressure of gas.
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Consider an elementary volume of a coaxial cylindrical shell having an inner
radius r, and external radius r þ dr, and of unit length. Under steady state

conditions, n is constant, so that loss rate and production rate of charges must
be equal. The number of particles leaving the elementary volume is given by

2p(r þ dr)Da
dn

dr

� �
rþdr

�2prDa
dn

dr

� �
r

¼ 2pDa r
d2n

dr2
þ dn

dr

 !
dr, (4:36)

where Da is the ambipolar diffusion coefficient. The number of new particles

produced in the elementary volume by electron collision only is nizn(2pr dr),
where niz is the number of ionizing collisions one electron undergoes in unit

time. We have assumed that no negative ions exist and recombination processes
in the volume of the column are negligible. Hence, (Schottky, 1924)

d2n

dr2
þ 1

r

dn

dr
þ niz

Da
n ¼ 0: (4:37)

The solution of the above equation is

n ¼ n0 J0 r

ffiffiffiffiffiffi
niz

Da

r� �
, (4:38)

where n0 is the particle concentration at r ¼ 0 at the axis and J0 is the zero order
Bessel function. We apply the boundary condition n ¼ 0 at r ¼ R and obtain

J0 R

ffiffiffiffiffiffi
niz

Da

r� �
¼ 0: (4:39)

From the tabulated values of Bessel functions,

R

ffiffiffiffiffiffi
niz

Da

r� �
¼ 2:405, (4:40)

so that

n ¼ n0 J0 2:405
r

R

� 
, (4:41)

which represents the radial density distribution of positive ions and electrons.
Thus the distribution is independent of current and all other gas parameters.

We can now calculate the radial potential difference as follows. Initially as
the positive column is set up, electrons will diffuse more rapidly to the wall. The

negative charge surrounding the column will slow down the electrons and
accelerate the positive ions. Under steady state conditions, ions and electrons

reach the wall in equal numbers, so that the net electric current will be zero. The
equation of motion for the positive ions and electrons in the radial direction is
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n ¼ �Dþ

n

dn

dr
þ mþEr ¼ �

D�

n

dn

dr
þ m�Er, (4:42)

where m denotes the mobility. We can write the above equation in the form

Er(mþ þ m�) ¼ 1

n
(Dþ �D�)

dn

dr
: (4:43)

Since m� � mþ and D� � Dþ, we can simplify by writing

Er ¼
1

n

De

m�
dn

dr
: (4:44)

Utilizing Einstein’s relationship we have

Er ¼ �
kBTe

e

1

n

dn

dr
¼ � dV

dr
: (4:45)

Therefore, on integration we obtain

V � V0 ¼ �
kBTe

e
ln

n0

n
¼ kBTe

e
ln J0

2:4r

R

� �� �
: (4:46)

The radial potential difference is obtained from the knowledge of the electron

temperature.
We may calculate the longitudinal potential gradient as follows. The input

power absorbed is given by

Pabs ¼ 2p

ðR
0

~JJ . E~r dr: (4:47)

The power lost is

Ploss ¼ 2pRJreET, (4:48)

where Jr is the radial flux and eET is the total energy carried out per electron–

ion pair created. Therefore,

en0meE22p

ðR
0

J0( bR)r dr ¼ 2pR(Daniz)1=2 n0J1( bR)eET, (4:49)

since

Jr ¼ �Da
dn

dr
so that � (Daniz)1=2 J1( bR) ¼ J0( bR)us and b � niz

Da

� �1=2

:

(4:50)
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The current density along the longitudinal direction is

J ¼ enmeE, (4:51)

where we have assumed me is constant. Therefore

E ¼ nizET

me

� �1=2

¼ m

e
niznmET

� 1=2

, (4:52)

where

me ¼
e

mnm
: (4:53)

Since

b ¼ 2:405

R
, (4:54)

we write

E ¼ 2:405

R

DaET

me

� �1=2

: (4:55)

The current I is obtained by integrating the current density over the discharge
cross section to give

I ¼ 2pen0
R2

2:405

� �
J1(2:405)meE: (4:56)

E can thus be obtained for a given discharge current I. The above analysis assumes

that pressure is sufficiently high and a diffusion equation with constant diffusion
coefficient Da is applicable. At low pressures (Tonks and Langmuir, 1929), and at

intermediate pressures (Godyak et. al., 1991), different analysis is required.

Example 4.7

Obtain an expression for the number of ionizing collisions per unit time, z, for

a gas bombarded by electrons, assuming that the number of collisions increases

linearly with electron energy above the ionization energy of the gas.

Assuming that the number, F(W), of ionization increases linearly with

electron energy above the ionization energy of the gas, we write

F(W) ¼ a 0(n=le)(W �Wi),

where W ¼ eV is the electron energy, Wi ¼ eVi is the ionization energy, (n=le)

is the total number of collisions per second and a ’ is a constant.
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Assuming Maxwellian distribution the number of electrons having velocity
greater than v is

dn

n
¼ 4ffiffiffiffi

p
p m

2kBTe

� �3=2

n2e�(mn2)=(2kBT) dn:

The ionization frequency is

ni ¼ Nsin:

where N is the density of particles, si is the effective cross section for ionization

by electron collision. Hence,

z ¼
ð1
ni

Nsin
dn

n
:

Assuming the linear dependence of cross section on energy above the ionization

energy, we write

Nsi ¼
a 0

le
(W �Wi) ¼

F(W)

n
:

Hence,

z ¼ ApV
3=2
i

eVi

kBTe

� ��1=2

e�(eV)=(kBTe),

where A is a constant dependent on the gas.

4.4.2. Paschen’s Criterion

Consider a gas contained in a tube, which is subjected to a uniform and constant
electric field, applied between parallel plane electrodes. A number of processes

contribute to the ionization of atoms in the gas. Processes in which electrons
are liberated from the cathode by action in the gas are referred to as
g-processes. Electrons are emitted from the cathode on ion bombardment,

radiation incident on the cathode, and action of metastables or excited mol-
ecules when they impinge on the cathode. The gaseous discharge becomes

self-sustaining due to the contribution of electrons emitted by the cathode by
various g-processes.

We may now evaluate the manner in which electron multiplication occurs in
the gas by g-processes. Let n00 be the total number of electrons liberated from

the cathode per unit area per unit time due to g-processes. We denote by n0 the
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number of electrons emitted per unit area per unit time by external radiation
and indicate by n the number of electrons arriving at the anode per unit area per

unit time. Therefore,

n00 ¼ n0 þ gi(n� n00) ¼ n0 þ gin

(1þ gi)
: (4:57)

These electrons move towards the anode and ionize neutral atoms by gas

collisions, resulting in a total number of electrons between the electrodes
given by

n ¼ n0 exp (ad ), (4:58)

where d is the distance between the electrodes. Hence

n ¼ n0 þ gin

(1þ gi)
ead: (4:59)

We rewrite in the form

n

n0
¼ ead

1� gi(ead � 1)
: (4:60)

Note that when

gi(ead � 1) ¼ 1 (4:61)

the condition for breakdown is reached. We can write

d ¼ 1

a
ln 1þ 1

gi

� �
: (4:62)

We now write a in the form

a ¼ Ap exp (�Bp=E) ¼ Ap exp (�Bpd=Vb), (4:63)

where Vb ¼ Ed. Therefore,

Apd exp �BPd

Vb

� �
¼ ln 1þ 1

gi

� �
: (4:64)

Consequently,

Vb ¼
Bpd

ln
Apd

ln [1þ (1=gi)]


 � : (4:65)

For large pd, Vb varies essentially linearly with pd. At low values of pd, the
denominator will start diminishing faster than the numerator and Vb will begin
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to increase. Therefore, Vb has a minimum value, which can be obtained by
taking

dVb

d( pd )
¼ 0: (4:66)

We have therefore,

dVb

d( pd )
¼ B

ln
Apd

ln [1þ (1=gi)]


 �� B

ln
Apd

ln [1þ (1=gi)]


 �� �2
¼ 0: (4:67)

Therefore, at the minimum,

ln
Apd

ln [1þ (1=gi)]
¼ 1, (4:68)

or,

( pd )min ¼
e

A
ln 1þ 1

gi

� �
: (4:69)

Hence,

Vb, min ¼ 2:718
B

A
ln 1þ 1

gi

� �
: (4:70)

Therefore, for voltages smaller than Vb, min, it is impossible to cause a uniform

gap to reach breakdown conditions no matter how small is the spacing or how
low the pressure is made. The breakdown voltage versus pd is shown in Fig. 4.19

and is referred to as Paschen curves. For most gases the minimum breakdown
voltage is in the range of 100–500 V for pd in the range 10�1---10 torr cm. When

the gas has low ionization potential, or when Penning ionization predominates,
the breakdown voltage is reduced.

If the distance between the electrodes is small or the pressure low the emitted
electrons from the cathode will reach the anode with very few collisions in the

gas and thus will not create sufficient number of ions. For high pressures, the
electrons cannot acquire sufficient energy between collisions to produce enough
ions. For large distances between electrodes insufficient number of ions will

succeed in reaching the cathode, to create secondary electrons. Thus at both
extremes of the product pressure times distance, the probability of ionization

and or ion collection is small, necessitating a high breakdown voltage. There is
therefore a minimum break down voltage between the two extremes. The

extent of Crooke’s dark region corresponds mainly to the distance needed by
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an electron for an ionizing collision. Therefore if the distance between the
anode and the cathode is less than this distance a discharge cannot be initiated.

This feature is important in the construction of sputtering targets. It also means
the distance between the electrodes in a sputtering system cannot be less than a

critical distance. This distance is inversely proportional to the pressure in the
system.

Example 4.8

For a gas for which A ¼ 13:6 cm�1 torr
�1

, B ¼ 235 V=cm=torr and g ¼ 10�4,
obtain the minimum value of d for a pressure of 1 torr and the critical voltage that

must be exceeded to obtain the discharge.

( pd )min ¼
e

A
ln 1þ 1

g

� �
¼ 2:71828

13:6
ln 1þ 1

10�4

� �
¼ 1:84 torr cm:

For a pressure of 1 torr, d ¼ 1:84 cm.
The minimum voltage that must be exceeded to obtain the discharge is

Vmin ¼ 2:71828
B

A
ln 1þ 1

g

� �
¼ 2:71828� 235

13:6
� ln 1þ 1

10�4

� �
¼ 432:6 V:

4.4.3. Cathode Sheath

The most important part of the gaseous discharge is the region between the
cathode surface and the bright edge of the negative glow, because it carries

most of the voltage between the electrodes. A glow discharge cannot exist
without the cathode dark space, even though the positive column, Faraday
dark space and the negative glow may be absent. Most of the electrons are

prevented from reaching the cathode. The ions however are unable to carry the
necessary current to maintain continuity of current. The discharge can only be

maintained by secondary electrons produced at the cathode by the bombarding
ions. The analysis of the cathode sheath may be carried out under the boundary

conditions stated below. The boundary at the edge of the negative glow is
assumed to be an electrode capable of supplying the necessary positive ions.

At the cathode, we assume the number of electrons emitted per unit area per
unit time is n0, where

n0 ¼ gi(n� n0), (4:71)
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where n is the number of electrons at a distance x from the cathode. We have

n

n0
¼ 1þ gi

gi

¼ exp

ðx
0

a dx

0
@

1
A, (4:72)

so that

ðx
0

a dx ¼ ln 1þ 1

gi

� �
: (4:73)

We recall,

a

p
¼ Ae�Bp=E: (4:74)

We wish to determine the thickness, dc, the current, j, and the voltage, Vc, in the
cathode sheath (Ward, 1962, 1963).

The total current density is due to electrons and ions crossing the surface
per second and is

j ¼ jþ þ j�: (4:75)

We write

j� ¼ j0 þ gi jþ, (4:76)

where j0 is the current density due to electrons emitted by radiation incident on

the cathode. In a glow discharge, j0 � g1jþ, so that

j ¼ jþ(gi þ 1): (4:77)

In order to obtain the variation of field in space, we write the Poisson’s

equation

r~ . E~¼ e(nþ � n�)

«0
: (4:78)

In one dimension,

dE

dx
¼ 1

«0

jþ

vþ
� j�

v�

� �
ffi 1

«0

jþ

vþ
¼ 1

«0

j

vþ(1þ gi)
since v� �; vþ: (4:79)

We write

vþ ¼ mþE

p
, (4:80)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch04 Final Proof page 298 18.11.2005 11:58am

298 Cold Plasma Discharges



so that

dE

dx
¼ 1

«0

jp

mþE(1þ gi)
: (4:81)

Integrating form x ¼ 0 to x ¼ dc when E ¼ E0 and 0 respectively. we obtain

dE ¼ E2
0

2dc

1

E
dx: (4:82)

From the expression

a

p
¼ Ae�Bp=E, (4:83)

and letting

y � Bp

E
, (4:84)

so that

a ¼ Ape�y: (4:85)

Hence,

dE ¼ �Bp

y2
dy: (4:86)

Therefore,

ðx
0

a dx ¼ Ap

ðdc

0

e�y dx: (4:87)

We observe

E2
0

2dc

1

E
dx ¼ �Bp

y2
dy, (4:88)

so that

dx ¼ 2y2
0dc

y3
dy, (4:89)

where

y0 �
Bp

E0
: (4:90)
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Therefore,

l �
ðx
0

a dx ¼ 2 Apdcy2
0

ð1
y0

e�y

y3
dy: (4:91)

Hence, the length of the cathode dark space is given by

dc ¼
l

2Apy2
0

1ð1
y0

y�3e�y dy

: (4:92)

We find the current density j as

j ¼ «0xþ(1þ gi)E2
0

2dcE
¼ «0mþ

1þ gi

l
AB2p2

ð1
y0

y�3e�y dy: (4:93)

The proportionality of j to p2 is experimentally observed. The cathode fall is

Vc ¼
ðd
0

Edx ¼
ð0
E0

E
2dcE

E2
0

� �
dE ¼ 2

3
dcE0 ¼

lB

3Ay3
0

ð1
y0

y�3e�y dy

¼
ln 1þ 1

gi

� 

3AB2

ð1
y0

y�3e�y dy

:

(4:94)

As expected Vc shows a minimum. Note that Vc is proportional to the length of

the dark space and the voltage gradient at the cathode. One can show that this
minimum occurs by differentiating with respect to y0 and setting the result to

zero, we obtain

Vb, min ¼ 2:88
B

A
ln 1þ 1

gi

� �
: (4:95)

Example 4.9

Show that in argon plasma for DC glow discharge initiated at a pressure of

10 m torr, with electron temperature of 3 eV, the current density of electrons

and the current density of ions require the augmentation by secondary electrons.

Assume the electron mobility is 103 m2=V=s and electric field is 60 V/cm.

The current density due to electrons is given by

J(r) ¼ en(r)meE:
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The current density carried by ions at the edge of the cathode sheath is

Ji(r) ¼ ens(r)mBE:

The Bohm velocity is

uB ¼
kBTe

mi

� �1=2

¼ 8:617� 10�5 eV=K� 1:602� 10�19 J=eV� 3eV

39:948 kg=mol� 1:6606� 10�27 amu� 8:617� 10�5 eV=K

� �1=2

,

¼ 269:16 m=s:

The drift velocity of the electrons

Ve ¼ meE ¼ 103 m2=V=s� 60 V=m ¼ 6� 104 m=s:

Ignoring the difference between ns and n, it is therefore necessary for the

secondary electrons created in the cathode to contribute to current in order to
sustain the discharge.

4.4.4. The Negative Glow and the Faraday Dark Space

The brightest portion of the glow discharge is the negative glow and adjacent to
it is the dark space known as the Faraday dark space. Electrons arrive at the end

of the cathode dark space with sufficient energy to initiate inelastic collisions
with atoms. The excitation and ionization cross sections are maximum when
resonance conditions are reached. The negative glow has relatively low electric

field, long, compared to the cathode glow and is the most intense on the cathode
side. The electrons in the negative glow region carry the current almost entirely.

The electrons that acquire high speeds in the cathode region produce ionization
whereas the slower electrons that have had inelastic collisions produce excita-

tions. The slower electrons are responsible for the negative glow. As the
electrons slow down, energy for excitation is no longer available and the

Faraday dark space begins. The kinetic energy gained by the electrons is

1

2
mv2

res ¼ eEle ¼ eVres, (4:96)

where Vres is known as the resonance voltage. The current density is

J ¼ envres ¼ en
2eEle

m

� �1=2

: (4:97)

The Poisson’s equation is obtained by substituting for n to result in

dE

dx
¼ J

«0

m

2eEle

� �1=2

: (4:98)
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Integrating and noting E ¼ Vres=le, we have

Vres ¼
2e

m

� ��1=2 3

2

Jlex

«0

� �2=3

: (4:99)

If Vres is constant, then the length of the Faraday dark space scales as

x / 1

Jle
/ p

J
: (4:100)

At higher pressures, there is experimental support for this relationship.

4.4.5. Characteristics of Glow Discharge

The current voltage characteristics of a glow discharge are accompanied by a
number of interesting visual phenomena. For the normal glow discharge region

Nasser (1971) has prepared a schematic sketch of the various luminous regions
and their accompanying properties as shown in Fig. 4.20.

Adjacent to each electrode, there is a sheath that is low in electron density.
The Aston dark space lies directly in front of the cathode surface and represents

the region in which the electrons have not yet accelerated sufficiently far in the
electric field near the cathode to gain enough energy to generate any excitation

collisions. The Aston dark space is followed by a thin feeble luminous layer,
which is called the cathode glow. The Aston dark space and the cathode glow
are observed only in rare gases and not in more complex molecules, which have

a variety of energy losses possible in them. Next is the region called cathode
dark space (also known as Crooke’s dark space). There is no possibility of

inelastic collisions with neutrals here and thus no chance for atoms to emit
radiation by returning to the ground state from the excited state. Hence the

region is dark without any luminosity. This region near the cathode is called
Crooke’s dark space where most of the voltage drop occurs. Adjacent to the

cathode dark space is the cathode glow region. The cathode glow region is
accompanied by a Faraday dark space, which is followed by a region called

negative glow in which intense ionization and excitation occurs. The major
portion of the discharge is filled with the so-called positive column. Changing
the distance between the electrodes at constant pressure and constant voltage

drop may vary the length of the positive column, and it appears to have no limit
as to how far it can extend. All other regions remain more or less fixed in length.

The Faraday dark space and positive glow region that occur from the negative
electrode occur only at high pressures and larger cathode to anode spacing. At

the anode, there may be a region of intensity brighter than the positive column
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called the anode glow. There is usually a dark layer called the anode dark space
between the end of the positive column and the anode glow.

The positive column is usually not present in plasma discharge processing
applications of importance in thin film applications. It is truly the quasi-neutral

region of the plasma in the discharge and in this way resembles most the plasma
discussed in the previous chapter. Loss of energy per electron pair created is
balanced by power~JJ . E~ integrated over the cross section of the discharge tube.

The length of the positive column apparently can be varied at will by changing
the distance between the electrodes at a constant pressure and approximately

constant voltage drop.
The electrons drift in the positive column due to the applied electric field.

However their drift velocity in the weak electric field of the positive column is
much less than the thermal velocity. In order to prevent the full thermal

Crookes
Aston Faraday

Anode
Dark space

Cathode
Cathode 
glow

Negative
glow

Positive
column

Anode
glow

Anode

Light intensity

Potential distribution

Field strength

Net space charge

Negative charges

Positive charges

Figure 4.20: The luminous regions of a glow discharge.
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electron current from reaching the anode, a retarding electric field in the
neighborhood of the anode is necessary. On the other hand the anode itself

must be negative with respect to the positive column in order to maintain the
current. However, the voltage drop near the anode is very small. If the anode

has a large area, current density is less than the thermal current density. In this
case, there is a positive space charge at the anode. If the anode area is very small

that the current density must exceed the thermal current density, then the
anode potential will be above the plasma potential. However, in all thin film
processing situations, the anode area is usually very large.

High velocity electrons increase in density exponentially near the cathode.
This result in a bright cathode glow in which intense ionization and excitation

and subsequent recombination occurs. Before the electrons reaches the positive
column it must try to dissipate its energy by inelastic collisions as well as elastic

collisions. It does this by a complicated process by first losing almost all of its
energy and then re-accelerating in a weak field over the distance of a mean free

path thereby giving rise to the negative glow region and the Faraday dark space.
The most important region is the cathode sheath, which is the region wherein

most of the voltage drop occurs. The current has to be continuous through the

DC sheath. Electrons from the positive sheath are prevented from reaching the
cathode and massive ions are unable to carry the current required. So the

discharge is maintained by the secondary electrons emanated when the ions
hit the cathode. The net positive charge ni � ne within the cathode sheath leads

to an electric potential profile that is positive within the plasma and falls sharply
to zero near the wall. This potential acts as a barrier for the electrons but allow

the ions to move in a potential gradient. Cathode dark space depends on the
pressure and is typically 1–4 cm or equal to the mean free path of the secondary

electrons emanated from the cathode.
The cathode dark space and the negative glow are attached to the cathode.

They move if the cathode moves, and their shape follows the shape of the

cathode. The negative glow decreases in luminosity from the cathode dark
space to the Faraday dark space. The extent of the negative glow is a function

of the applied voltage, gas pressure and gas type. The size of the negative glow
increases with increase in the voltage or decrease in the gas pressure. The

negative glow is due to electrons shooting from the cathode that ignite and
excite any molecule, which decay and emit light. The extent of the negative

glow thus depends upon the range of electrons emanating from the cathode.
The cathode can emit electrons from several different physical processes.

Direct emission of electrons from the cathode is the result of thermionic

emission and field emission. All indirect processes of emission of electrons are
called secondary electron emissions. These consist of ejection of electrons

from the cathode by energetic particles such as ions, high-energy neutrals,
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metastables, electrons and photons. In cold plasma, the direct process of elec-
tron emission is negligible. In addition, by virtue of the large positive potential

gradient at the cathode, electrons are not impinging on the cathode. Hence,
ions, high-energy neutrals, metastables and photon bombardments are the main

causes of electron emission from the cathode.

4.5. DC Sheaths

Electrodes have potentials impressed on them, so that cations moving towards
the cathode have much higher energy than that provided by the sheath poten-

tial. The potential in this sheath is highly negative with respect to the plasma, so
that for all practical purposes the electron density is zero in the sheath. One

enquires if the emitted electrons density from the cathode actually reaches the
anode. If the field that is present draws electrons faster than the cathode

generates them, then all the electrons reach the anode. If the applied field is
small, electrons will pile up in front of the cathode and produce a negative space
charge in that location, which limits the current flow. The space charge limited

current flow was derived by Child and Langmuir, which is outlined below.
If one assumes the electron density in the sheath is negligible, the maximum

current that flows in the sheath can be found by solving Poisson’s equation as
outlined below. The current density in the sheath may be given by

j0 ¼ n(x)eu(x): (4:101)

Since the entire potential drop occurs in the sheath, the maximum current
density is given by the maximum value of u(x). By the law of conservation of

energy

1
2 m2(x) ¼ �ef(x), (4:102)

where we have assumed that the ions moving through the sheath do not
experience any collision. From Eqs. (4.101) to (4.102), we obtain

n(x) ¼ j0

e
��2ef

m

� ��1=2

: (4:103)

We recall Gauss’s law in the form

r~ . E~¼ r

«0
: (4:104)

Since,

E~¼ �r~f, (4:105)
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we have the Poisson’s equation

r2f ¼ � r

«0
: (4:106)

In one dimension we write this equation in the form

d2f

dx2
¼ � r

«0
¼ � j0

«0
� 2ef

m

� ��1=2

: (4:107)

Multiplying throughout by df=dx we obtain,

df

dx

d2f

dx2
¼ j0

«0

2ef

m

� ��1=2 df

dx
: (4:108)

Integrating the above expression one obtains

1

2

df

dx

� �2

¼ 2
j0

«0

2e

m

� ��1=2

(� f)1=2: (4:109)

Therefore, choosing df=dx ¼ �E ¼ 0 at f ¼ 0, at x ¼ 0, we obtain on integration

�f3=4 ¼ 3

2

j0

«0

� ��1=2 2e

m

� ��1=4

x: (4:110)

If we let f ¼ �V0 at x ¼ s, and solve for j0, we obtain

j0 ¼
4

9
«0

2e

m

� �1=2 V
3=2
0

s2
: (4:111)

The above equation is known as the Child–Langmuir equation for space charge
limited current in a planar diode. Since

j0 ¼ ensuB, (4:112)

we can obtain the relationship between the sheath potential V0 and the sheath
thickness s and the plasma parameters. We have

s ¼
ffiffiffi
2
p

3
lDe

2eV0

kBTe

� �3=4

: (4:113)

According to the Child–Langmuir law, the sheath width can be of the order of
100 Debye lengths or so in a plasma discharge used in processing applications.

The sheath potential has to be large compared to the electron temperature in
order to use the Child–Langmuir equation. Consequently, it is not appropriate

to use this equation when a potential develops between plasma and a floating
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electrode. It is also not appropriate when the pressure is high because of the
assumption that there are no collisions in the sheath.

Example 4.10

Calculate the potential, electric field and ion density in the situation represented

by Child–Langmuir equation for collision less sheath.

Substituting for j0 from Eq. (4.111), in Eq. (4.110), we obtain

f ¼ �V0
x

s

� 4=3

:

The electric field is given by

E ¼ df

dx
¼ 4

3

V0

s

x

s

� 1=3

:

The ion density is given by

n ¼ «0

e

dE

dx
¼ 4

9

«0

e

V0

s2

x

s

� �2=3

:

The singularity in n at x ¼ 0 may be removed if we start with assumption of

Eq. (4.13).
Consider the situation when the mean free path of the ions, li, for momentum

transfer is less than the sheath width, s, then the assumption of energy conser-
vation Eq. (4.102), is not valid. Consequently the dynamics in the high potential

region and the velocity of the ion at the sheath edge is altered. Assuming the
current continuity, we have

niui ¼ nsus, (4:114)

where ns and us are assumed to be the appropriate values corresponding to the
sheath edge. Assuming collisions we define the mobility of the ions by

mi ¼ ui=E: (4:115)

We will take the mobility and collision frequency to be independent of velocity

of the ions. Hence,

ni ¼
nsus

ui
¼ nsus

miE
: (4:116)

We have

d2f

dx2
¼ dE

dx
¼ nie

«0
¼ nsuse

mi«0

1

E
: (4:117)
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On integration, we obtain

1

2
E2 ¼ j

mi«0

� �
x: (4:118)

Hence,

E ¼ 2jx

mi«0

� �1=2

¼ dV

dx
: (4:119)

Therefore,

V ¼ 2

3

2j

«0mi

� �1=2

x3=2, (4:120)

and

j ¼ 9«0mi

8

V2

x3
: (4:121)

The above equation is the mobility-limited version of the Child–Langmuir

equation. It may be appropriate for high-pressure region.
In a DC discharge, we have a cathode that attracts cations, and an anode,

which attracts anions. The anode current is primarily due to electrons flowing
into the anode facilitated by a small sheath voltage over a narrow sheath. The

cathode current comes mainly from cations moving through a fairly wide sheath
and subjected to a large voltage. At the cathode, ions receive an electron,

become neutralized and are returned to the plasma.
The voltage for breakdown plotted against the product of pressure and distance

between electrodes reveals a minimum. There can be no discharge that can be
sustained below a certain voltage for a minimum value of pd. This is utilized to
confine the DC discharge to areas of the cathode surface where ion bombardment

is desired. A ground shield in close proximity to the surface where bombardment
is not desired is utilized, so that no discharge is initiated in this region. Shields can

however cause curvature of the electric fields near the vicinity of the shields,
which affect electron and ion trajectories and alter eroding patterns on surface.

In actual plasma discharges neither approximation considered above repre-
sents the real situation. The more general situation should take into account the

different temperatures of the electrons and ions without ignoring the latter,
which is of particular interest in highly ionized plasma. Furthermore, it is
necessary to take into account the distribution of electron and ion velocities

that may be different than the Maxwell–Boltzmann distribution function. The
presence of negative ions further complicates the issue and is of particular

interest in plasma etching. Collision effects cannot be completely ignored and

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch04 Final Proof page 308 18.11.2005 11:58am

308 Cold Plasma Discharges



can impede the mobility of ions. The complete treatment requires detailed
procedure to set up the collision processes and has been the subject of numer-

ous research work (Riemann, 1991). These results are also of great benefit in
designing probes for development to diagnose the plasma.

Example 4.11

Obtain a simple estimate of the sheath thickness assuming the sheath consists

only of ions of uniform density.

Assuming only ions are present in the sheath, we write,

dE

dx
¼ ens

«0
:

We observe x ¼ 0 at the plasma edge and ns ¼ ni when we assume uniform ion
density in the sheath of thickness s.

Therefore,

E ¼ ens

«0
x ¼ � df

dx
:

We obtain,

f ¼ � ens

«0

x2

2
:

Since f ¼ �V0 at x ¼ s, we have

s ¼ 2«0V0

ens

� �1=2

:

Introducing the Debye length,

lDe ¼
«0kBTe

e2ns

� �1=2

,

we obtain

s ¼ lDe
2eV0

kBTe

� �1=2

:

The above estimate of sheath width is often known as matrix sheath width.

In a DC diode plasma there is considerable scattering of sputtered particles as
they cross the plasma due to their interaction with the gas molecules in the
sputtering chamber. This results in loss of kinetic energy and loss of deposition
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rate. The number of collisions needed to thermalize any energetic particle to the
mean kinetic energy of the surrounding atoms is governed by the efficiency of

energy transfer. One can evaluate the distance traveled by an ion before it
becomes thermalized. This depends on the ratio of gas to energetic particle

mass and on the initial translational energies of the sputtered particle (Stutzin
et al., 1993).

4.6. RF Discharges

The DC discharge can be sustained only if the electrodes are conducting, and be
in contact with the plasma. If nonconducting electrodes are used the electrons

accumulate on the surface of the insulating electrode. The ions and electrons
recombine on the surface, and without any need to conduct current through the

electrodes, the discharge will extinguish itself. Furthermore, in DC discharge,
the major portion of the input power is utilized to accelerate ions through the

cathode sheath. The fraction of power in the negative glow depends on the
secondary electron coefficient, which is usually in the neighborhood of 0.1.

Therefore, the DC glow is a very inefficient generator of plasma, but is never-
theless useful for processes that depend on ion bombardment.

If one regards the discharge and the insulating electrodes as capacitors, then

an alternating electric field of sufficient frequency can produce a discharge
almost continuously. One can understand this as follows. Initially both capaci-

tors are uncharged with no voltage across them. In order for the voltage to act
across the capacitor, charge must pile up on the capacitor, which takes time.

Thus, when the voltage applied drops to a negative value, say, �Vs, the dis-
charge is initiated when this voltage exceeds the breakdown voltage. The

electrodes change polarity during every half cycle so that each electrode acts
as a cathode alternately. Both the electrodes will simultaneously drop the
voltage to �Vs, but the negatively charged electrode at the moment will draw

to it the positive ions. On an insulating substrate the ions are neutralized at its
surface by some of the electrons that have already accumulated there and the

potential of the surface exposed to the discharge rises towards zero. Before
complete neutralization occurs (because it takes time for the voltage to de-

crease), the voltage reverses, so that the voltage on the electrode drops below
the break down potential and the discharge is extinguished. If the time during

which the insulator charges up is much less than the half period of the AC field
supply, the discharge will essentially be an extremely short lived one. The time,

t, taken by the insulator to charge up is proportional to the capacitance. For a
given voltage V and a current density, one may estimate the time t as

t ¼ CV=I, (4:122)
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where I is the current through the cathode. For typical values of C ¼
1 pF=cm2, V ¼ 1000 Vand I ¼ 1 mA=cm2, weobtain t ¼ 1 ms.Thus at a frequency

above 1 MHz, the discharge can be produced continuously by an AC supply. The
surface will be charged up to the floating potential when the ion and electron flux

become equal and this potential is independent of the applied voltage. At low
frequencies, typically below 10 Hz, the electrode alternately acts as cathode or

anode.Thepresenceof small insulating layersonconductingelectrodedeflects the
DC plasma current into any surrounding conducting regions and thereby leading
to gross nonuniformity. The discharge is initiated when the voltage exceeds the

breakdown potential. As the voltage drops below the breakdown potential, the
discharge is extinguished, and when the frequency is low, the space charge decays

before the discharge is initiated again by the change of polarity.
If the frequency of the impressed electric field exceeds a certain critical ion

frequency,one canmaintainthe discharge. If hvidi is the driftvelocityof the ionand
the distance between the electrodes is L, the critical ion frequency is fci, where

fci ¼ hvidi=2L: (4:123)

For frequencies above fci, the time taken by the positive ions to move from one

electrode to other is larger than half the period of the electric field variation.
Therefore, the electric field reverses polarity before the ion has a chance to
travel from one electrode to another. The positive ions are retained between the

two half cycles of alternating electric field so that reinitiating the discharge is
simpler. One can also define a critical electron frequency fce, by

fce ¼ hvide=2L, (4:124)

where hvide is the drift velocity of the electrons in the plasma. The faster moving

electron imply fce > fci. If the electric field alternates at a higher frequency than
fce, both electrons and ions are retained between the electrodes between cycles,

so that smaller voltage can initiate the discharge. Alternatively, discharges can
be obtained at lower gas pressures in comparison to DC glow discharges, since
the discharge no longer has to depend upon the secondary electron emission

from the cathode. The frequency of 13.56 MHz has been allotted by inter-
national communication authorities, so that any radiated energy does not

interfere with communications. The RF discharge appended to these types of
discharges stem from the fact that this frequency is in the range of radio

communication.
The AC signal applied to the discharge brings about at least two important

effects. The electrons oscillating between the electrodes acquire enough kinetic
energy to cause ionizing collisions, so much so their dependence on secondary

electrons is absent. Lower breakdown voltages are the result and the discharge
operates at lower pressures. The fact that the electrodes need not be conducting
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means that they need not be placed in physical contact with the plasma and can
in fact be placed outside the discharge chamber. For the same electric field

strength and pressure, one can expect to find more ions and radicals by the use
of RF excitation as compared to DC excitation. Build up of insulators on

conductors in a DC discharge using reactive gases, which cause instabilities
and nonuniformities, are thus avoided in AC discharges.

If the electrons cannot reach either electrode, they can only be lost by
recombination, attachment and diffusion. Here the breakdown mechanism is
governed by the loss mechanisms of electrons. Thus for high frequency when

electrons are lost mainly by diffusion mechanism, the breakdown mechanism is
called diffusion controlled breakdown mechanism. When the frequency is such

that the electrons are lost by virtue of their mobility to the electrodes, the
breakdown mechanism is called mobility-controlled mechanism. The loss of

ions from the plasma is due to homogeneous diffusion of ions to the reactor
walls. The applied power is utilized to produce new charged particles by

electron impact ionization of neutral atoms and molecules.
We can examine the behavior of electrons in RF plasma by a simple analysis

given below. Starting from Newton’s laws of motion we write for an alternating

electric field the equation of motion

F~¼ d

dt
(m~vv) ¼ eE~¼ eE~0 eivt: (4:125)

We can take the derivative with respect to time thus:

d

dt
(m~vv) ¼ m

d~vv

dt
þ~vv dm

dt
: (4:126)

The variation of mass of electron with time is really due to collisions per unit
time that changes their number and not because any inherent change in mass.

One can therefore write the last term as ~vv(mnn), where nn is the collision
frequency for momentum transfer of the electron and the atoms or molecules

of the gas. Hence

d

dt
(m~vv) ¼ m

d~vv

dt
þmnn~vv: (4:127)

Inserting Eq. (4.127), into the equation of motion Eq. (4.125), we obtain

eE~0 eivt ¼ m
d~vv

dt
þmnn~vv: (4:128)

The solution for the above differential equation is

~vv ¼ e

m

1

nn þ iv
E~, (4:129)
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as can be verified by direct substitution. Since ~vv is the drift velocity of the
electrons, it is easy to write down the expression for the current density as

je ¼ nee~vv ¼ ne2

m(nn þ iv)
E~: (4:130)

The above expression shows that the current density is not in general in phase
with the applied field (i.e. voltage). If we suppose that there are no collisions,
then nn ¼ 0, the current will lag behind the voltage by 908. This indicates that

there is no energy imparted to the oscillating electrons by the applied field. This
situation is prevalent at very low pressures and/or very high frequencies.

Under steady field v ¼ 0, the current density may be written in the form

~jje ¼
nee2

mnn
E~, (4:131)

where now the current is in phase with the voltage. In general case, we write

~jje ¼
nee2

m(n2
n þ v2)1=2

E0 sin (vt � f) where, f � tan�1 v

nn
: (4:132)

When nn ¼ 0, the electrons oscillate freely and the impedance is purely induct-

ive (i.e. positive and purely imaginary). One can obtain the conductivity s of the
plasma by

s ¼
~jje

E~
¼ nee2

m(nn þ iv)
¼ nee2 nn � iv

v2
n þ v2

� � : (4:133)

Note that the ratio of the real to the imaginary part of the conductivity is given

by nn=v. The complex mobility of the electrons is given by

me ¼
~vv

E~
¼ e

m(nn þ iv)
: (4:134)

At very low pressures when nn ¼ 0, and mobility is given by

me ¼ �i
e

mv
, (4:135)

whereas under steady fields when v ¼ 0, we have the mobility given by

me ¼
e

mnn
: (4:136)

Note that if the collision cross section is independent of the velocity of the
electron, then nn is proportional to n, which in turn is proportional to pressure.

Therefore the mobility is inversely proportional to pressure so that the drift
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velocity will be proportional to E/p. The amplitude of oscillation of the electron
is obtained by integration of Eq. (4.134) and this gives

~xx ¼ e

m

1

iv(nn þ iv)
E~, (4:137)

where x ¼ 0 is at the mid-point between the electrodes. The amplitude of

oscillation is a maximum at the displacement xm, which is given by

xm ¼
eE0

m(n2
n þ v2)1=2

: (4:138)

If xm > d=2, the electrons will reach the electrode and breakdown is essentially
limited by the mobility of the electrons. On the other hand when xm < d=2, the

electron will remain in the gas and can only be lost by diffusion, recombination
or attachment. The limit occurs when

xm ¼
d

2
¼ eE0

mvnn
, (4:139)

where v� nn for a high pressure plasma. For a given electrode separation, a

critical frequency will set the upper limit for breakdown nco. The power per unit
volume of the discharge supplied by the electric field is given by

P(abs) ¼~jj . E~: (4:140)

Substituting for the current density from Eq. (4.131), we obtain

P(abs) ¼ nee2

m(vn þ iv)
E~ . E~¼ nee2

m(vn þ iv)
E2

0 e2ivt ¼ nee2

m(v2
n þ v2)

vn ei(2vt�f):

(4:141)

The average power over one cycle or multiple thereof is given by

P(abs) ¼ nee2E2
0

2m

vn

v2
n þ v2

: (4:142)

The average power gained per electron will be therefore given by Pav(abs)=ve.
We observe that electron gains energy when it moves with the field or against it

since P is proportional to E2
0. In an RF plasma the effective field strength is

given by E0=
ffiffiffi
2
p� �

vn= v2
n þ v2

� �� �1=2
. The RF power does not necessarily in-

crease plasma density especially at low pressures, since the power is wasted in

increased ion bombardment and hot electron creation instead of contributing to
ionization. Plasma potential can become very high leading to sputtering of the

chamber walls and contamination of the substrates. Several alternative methods
of creating discharges have appeared to circumvent these limitations.
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For vn � v, the oscillating electrons acquire enough kinetic energy to cause
ionization. Therefore, the dependency of the discharge on secondary electron

emission is considerably reduced. The breakdown voltage is lower than in DC
discharge. Since at a given pressure, the electrical impedance of the discharge

decreases with increasing frequency, one can drive more current through the
discharge at the same voltage so that one increases the yield of atoms and free

radicals in an RF generated plasma. Due to the efficacy of ionizing collisions by
electrons, one can operate the RF discharge at lower pressures.

There are essentially three mechanisms by which energy input to the RF

discharge occurs. The primary mechanisms occur when the energetic ions strike
the electrode and release secondary electrons. These secondary electrons are

accelerated through the sheath and cause ionization. The oscillating electric
fields in the glow can input energy directly to electrons. The oscillating electric

field will accelerate electrons in the glow by a so-called ‘‘surf riding’’ mechan-
ism. The additions of a magnetic field parallel to the electrode surface confines

the electron and results in increased electron ionization efficiency. Power can
also be coupled radiatively using microwave power avoiding the need to use
electrodes.

Example 4.12

Determine the admittance of plasma (a) assuming parallel RLC circuit (b) for

series combination of Lp and Rp in parallel with C.

The relationship of current to voltage when an alternating current I is flowing
in the plasma is given by

I ¼ YV,

where Y is called the admittance. For a capacitor,

V ¼ Q=C,

so that

ivV ¼ I=C,

and therefore,

Z ¼ 1=Y ¼ 1=iwC:

For a bulk plasma slab of thickness d and cross-sectional area A we have

Y ¼ (iw)epA=d:
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The total current flowing in the system is the sum of the current density due to
free charges and the displacement current flowing in the system. Hence

JT ¼ «0
@E

@t
þ j:

If the conduction current is due to the motion of electrons only, we write

j ¼ �en0u:

In an alternating current, we have

@E

@t
¼ Re ivE~0 eivt

� 
:

Therefore,

~JJT ¼ iv«0E~0 � en0u ¼ iv«0E~0 � en0 �
e

m

1

ivþ vn

� �
E~0

¼ iv«0 1� e2n0

m«0

� �
1

v(v� ivn)

� �
E~0 ¼ iv«0 1�

v2
p

v(v� ivn)

" #
E~0,

where vp is the plasma frequency. The effective dielectric constant is given by

«p ¼ «0kp ¼ «0 1�
v2

p

v(v� vn)

" #
,

where kp is the relative dielectric constant. We can also introduce plasma
conductivity by writing

j ¼ (sp þ iv«0)E~0,

with

sp ¼
«0v2

pe

ivþ vn
:

For low frequencies v� vn, we find

sp ! sDC ¼
«0v2

pe

vn
¼ e2n0

mvn
,

which is the DC plasma conductivity. For high frequencies, it is useful to
consider «p rather than sp. For v� vn, we write

«p ¼ «0kp ¼ «0 1�
v2

pe

v2

 !
:
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When v > vpe, «p > 0 but less than «0. Therefore, plasma acts as a dielectric
with a relative dielectric constant less than unity. At low frequencies

v < vpe, «p < 0. Plasma of width l and cross-sectional area A has a capacitance
«pA=l that is negative, and has the impedance 1=ivC, that is positive and

imaginary and thus purely inductive. Thus, plasma behaves like an inductor in
this frequency range. We may consider plasma as dielectric or a conductor as it

suits our convenience.
We write for a parallel RLC circuit the combined admittance of three

separate branches

Y ¼ 1

Rp
þ ivC � i

vLp
:

For series combination of Lp and Rp in parallel with C, we have

Yp ¼ ivC þ 1

ivLp þ Rp
:

We write therefore

C ¼ «0 A

d
; Lp ¼

1

v2
peC

; and Rp ¼ vnLp:

4.6.1. Circuit Model for RF Discharges

The quantitative behavior of low-pressure discharges sustained by RF cur-
rents and voltages introduced through a capacitive sheath may be under-

taken under some simple assumptions (Godyak, 1986). We consider the RF
current

I ¼ I0 exp (ivt), (4:143)

flowing through the discharge maintained across plates as shown in Fig. 4.21.
The plates have a cross-sectional area A and are at a distance l apart from each
other. We assume that the plasma has a neutral gas density, ng, and ion density,

ni(r, t) and an electron density ne, which is identical to ni(r, t) except in the
plasma sheaths. The sheaths are assumed to have a thickness s(t) which is

considerably smaller than unity. Our objective is to present an analysis whereby
all the macroscopic parameters of the discharge can be predicted from the

knowledge of I, v, ng and l.
We assume that the power absorption by the RF discharge is due to collision

of electrons with neutrals, at a frequency vm. This is expected to be true at
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pressures above 103 Pa where the density of neutral gas is much higher than that

of the ions. We thus ignore the rate of electron ion collisions that can occur with
frequency vim.

The equation of motion of electron may therefore be written in the form

m
dux

dt
¼ �eEx �mvmux, (4:144)

considering only one-dimensional case, where x is along the length of the

discharge. Under sinusoidal varying electric field

E ¼ Exeivt, (4:145)

the displacement is also sinusoidal and u is the velocity of the electron. We thus

seek

ux(t) ¼ u0x exp (ivt): (4:146)

Plasma

+V

Vp

0

−V

RF

Figure 4.21: The schematic model for a homogenous RF discharge.
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Substituting for ux(t), we obtain

u0x ¼ �
e

m

1

ivþ vm
Ex: (4:147)

The total current JT is given by

JT ¼ «0
@E~

@t
þ~jj ¼ «0

@Ex

@t
� en0ux, (4:148)

where we have assumed that ions do not contribute to the conduction current.
Since

@Ex

@t
¼ ivExeivt, (4:149)

we obtain

JTx ¼ i«0vEx � en0ux: (4:150)

Therefore, substituting for ux, we obtain

JTx ¼ iv«0 1�
v2

pe

v(v� inm)

" #
Ex: (4:151)

The plasma dielectric constant is therefore

«p ¼ «0 1�
v2

pe

v(v� inm)

" #
: (4:152)

A plasma discharge of thickness d and cross-sectional area A is characterized by

an admittance, Yp, where

Yp ¼
iv« Ap

d
: (4:153)

If we assume the ion density is uniform and constant everywhere in the plasma

and sheath regions, we note

ni(r, t) ¼ n ¼ constant: (4:154)

We write

Yp ¼ ivC0 þ
1

ivLp þ Rp
, (4:155)

where the capacitance C0 is

C0 ¼
«0 A

d
, (4:156)
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the inductance, Lp, is

Lp ¼ v�2
pe C�1

0 , (4:157)

and the resistance, Rp, is

Rp ¼ nmLp: (4:158)

The above formula for Yp implies a circuit model of plasma as a combination of
Lp and Rp in parallel with C0.

If we assume that only electrons respond to the instantaneous fields, we can
neglect the displacement current through C0. Hence

I ¼ I0 eivt and Vp(t) ¼ V0 eivt, (4:159)

where the complex voltage amplitude is given by I0=Vp. Thus, the plasma
voltage depends linearly on I, so that there is no DC component of Vp, nor
there is any harmonic effect due to multiple frequencies, v.

The current flowing through the sheaths is however almost entirely dis-
placement current. We assume that the electron density is essentially zero in the

sheath. The electric field within the sheath is given by Poisson’s equation

dE

dx
¼ en

«0
, x � sa(t): (4:160)

Therefore,

E(x, t) ¼ en

«0
[x� sa(t)]: (4:161)

We employ the boundary condition

E � 0 at x ¼ sa, (4:162)

because of continuity of E across the plasma sheath interface, and low value of
E in the plasma. Therefore

Iap(t) ¼ «0 A
@E

@t
¼ �enA

dsa

dt
(4:163)

Writing

Iap(t) ¼ I(t) ¼ I1 cos vt, (4:164)

we obtain

sa ¼ �ss� s0 sin vt where �ss � I1

envA
, (4:165)
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and �ss is the DC value of sa(t). The voltage across the sheath is

Vap(t) ¼
ðsa

0

E dx ¼ � en

«0

s2
a

2
¼ � en

2«0
�ss2 þ 1

2
s2

0 � 2�sss0 sin vt � 1

2
s2

0 cos vt

� �
:

(4:166)

In a similar manner, for sheath b we obtain

Ipb(t) ¼ �enA
dsb

dt
, (4:167)

and

Vbp ¼ �
en

«0

s2
b

2
: (4:168)

Since,

Ibp ¼ �Iap, (4:169)

because of the continuity of current, we have

d

dt
(sa þ sb) ¼ 0, (4:170)

or

sa þ sb ¼ 2�ss ¼ constant: (4:171)

If we write

d ¼ 1� 2�ss and sb ¼ �ssþ s0 sin vt, (4:172)

so that

V ¼ � en

2«0
�ss2 þ 1

2
s2

0 þ 2�sss0 sin vt � 1

2
s2

0 cos 2vt

� �
: (4:173)

We note

Vab ¼ Vap � Vbp ¼
en�ss

«0
(sb � sa) ¼ 2en�sss0

«0
sin vt: (4:174)

Note that the response is linear even though the sheath width at each electrode

is nonlinear. This feature is due to the symmetric homogenous nature of the
discharge. The total voltage is the sum of Vab and Vp where Vp is the plasma

voltage. However, jVpj � jVabj.
In the sheath the conduction current is small. However, the average sheath

thickness �ss is determined by the balance of ion and electron currents. For steady
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flow of ions from the plasma to the electrodes through the sheath a, we have the
current

I1 ¼ enuBA, (4:175)

where uB is the Bohm velocity. The time averaged current flowing through a is
zero. Hence

�ss ¼ s0 �
I1

envA
, (4:176)

where we note that sa(t) must collapse to zero at some time during the RF cycle
in order to transfer electrons from the plasma to the plate. Hence

Vpa ¼
en

2«0
s2

0(1� sin vt)2, (4:177)

since the sheath voltage collapses to zero at the time electrons are transferred

to the plate. The sheath is thus pictured as an ideal diode whose prefer-
red direction of current flow is into the plasma. A similar analysis holds for

sheath b.
Since the voltage across both the sheaths is sinusoidal, we obtain

I ¼ Cs
dVab

dt
where Cs �

«0 A

2s0
and Cs ¼ Ca þ Cb ¼

«0 A

sa(t)
þ «0 A

sb(t)
: (4:178)

The time averaged power per unit area deposited by Ohmic heating in the bulk
plasma, S�ohm, due to momentum collision transfer between oscillating electrons

and neutrals isð
plasma

S�ohm ¼
ð

1

2
j J2

T j
1

sDC
¼ 1

2
j J2

1 j
d

sDC
where J1 �

I1

A
: (4:179)

Hence,

S�ohm ¼
1

2
J2

1

mnmd

e2n
: (4:180)

The stoichiometric heating is due to electrons reflecting from the large decel-

erating fields of a moving high voltage sheath. We can approximate this by
assuming the reflected velocity is that which occurs in an elastic collision of a

ball with a moving wall so that

ur ¼ �uþ 2ues, (4:181)

where u is the incident and ur the reflected electron velocities parallel to the
time varying electron sheath velocity ues. The number of electrons per unit area

that collide with the sheath is given by (u� ues)fes(u, t)dudt where fes(u, t) is the
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electron velocity distribution at the sheath edge in a time interval dt and for a
speed interval du. The power transfer per unit area is

dSstoch ¼ 1
2 m u2

r � u2
� �

(u� ues)fes(u, t) du: (4:182)

Integrating over all velocities and substituting for ur we get

Sstoch ¼ �2m

ð1
ues

ues(u� ues)
2 fes(u, t) du: (4:183)

Assuming uniform density

ð1
ues

fes(u, t) du ¼ nes(t) ¼ n ¼ constant: (4:184)

Assuming Maxwellian distribution, and ues � �uue, the mean electron speed, we

write

ues ¼ u0 cos vt: (4:185)

We obtain

S�stoch ¼ 2mu2
0

ð1
0

ufes(u) du ¼ 1
2 mu2

0n�vve: (4:186)

Inside the plasma, the RF current is practically all conduction current and

I1 ¼ J1A ¼ �env0A: (4:187)

For a single sheath

S�stoch ¼
1

2

m�vve

e2n
J2

1 : (4:188)

For both sheaths

S�e ¼
1

2

m

e2n
(nmdþ 2�vve) J2

1 : (4:189)

We determine n by setting

Se ¼ 2enuB(Ec þ Ee) where Ee ¼ kBTe, (4:190)

so that

n ¼ 1

2

mnmdþ 2�vve

kBe3uB(Ec þ Ee)

� �1=2

J1: (4:191)
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For the total power dissipated

V ¼ Vpa ¼
3

4

en

«0
s2

0 ¼
3

4

J2
1

e«0nv2
, (4:192)

so that

Si ¼ 2enuB V� þ kBTe

2

� �
ffi 3

2
uB

J2
1

«0v2
: (4:193)

Se þ Si gives the total power absorbed per unit area. The stochastic heating

leads to equivalent sheath resistance Ra and Rb given by S�stoch ¼ 1
2 J2

1ARa, b.
These resistances are in series with the sheath capacitances, so that the circuit

model appears as shown in Fig. 4.22. The ion heating is equivalent to Ra as
shown in the Fig. 4.22.

In the case of RF and DC discharges, resistors in parallel with capacitors
represent the plasma and sheath regions. Diodes are used in the sheaths to

represent the difference in ion and electron mobilities, which result in the
rectification of the applied voltage. The impedance of the plasma body is

a

I1

Ra

Ca

C0 Rs Cs

Rp

Rb

I1

b

Cb

Irf

Figure 4.22: The circuit model for a homogenous RF plasma discharge.
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governed mainly by the conductivity of electrons. The sheath impedance how-
ever is governed by the ion conductivity.

Electrons in an RF field oscillate back and forth. As the RF field changes sign
the electrons would loose as much energy as they have gained. However,

collisions scatter electrons so that they move in a different direction when the
RF field reverses. Therefore, they do not loose exactly the same amount of

energy as they gained. This scattering contributes to the resistivity of the
plasma. Consequently there is ohmic heating. Electrons can also collide with
sheaths. The sheath field reflects electrons when they approach a wall or an

electrode gaining as much energy on reflection as they loose upon incidence.
However, if the sheath field changes in the mean time, the gain and loss of

energy are unequal, and some electrons can gain energy. It is conceivable that
some electrons have just the right velocity and phase to experience repeated

accelerations and contribute to collision-less sheath heating and contribute to
higher electron temperature. At high pressures (100–500 mtorr) the collisions

mean free path is small and one cannot ignore collisions within the sheath. The
electrons gain energy only in the sheaths and loose most of their energy as they
travel to the quasi-neutral region through collisions with neutrals and ions.

Hence, electron temperature tends to be low. Higher pressures are not suitable
for etching, as they do not contribute to anisotropic etching. Neutral gas must

flow through the plasma chamber at high rate to maintain the pressure, which
increases the formation of dust particles in the plasma. One notes that the ion

flux and ion energy are determined by RF power and cannot be independently
controlled.

4.6.2. Self-Bias of RF Electrodes

At high enough frequencies of electric field, it is possible to maintain a con-

tinuous plasma discharge. The mobility difference between ions and electrons
leads to the formation of a negative bias on the electrodes. At typical RF

frequency of 13.56 MHz used in sputtering systems, the ions are relatively
immobile compared to the electrons. If plasma is generated between two

parallel electrodes, electrons are drawn to the electrode during one half of the
cycle, but during the second half of the cycle a similar current in the opposite

direction cannot flow because of the difference in the mobility of ions and
electrons. The potential distribution between the electrodes will be as shown
in Fig. 4.23 with each electrode acquiring negative bias with respect to the

plasma by the same amount.
The situation changes considerably if a blocking capacitor is introduced

between the RF supply and the electrodes as shown in Fig. 4.24. Let us suppose
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Figure 4.23: The potential distribution in an RF plasma discharge.

Va

Vb

Figure 4.24: Schematic of a high frequency glow discharge with a capacitor included in

the circuit.
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a square well potential of amplitude V is supplied by the RF supply to the
electrodes through the capacitor of capacitance C. To begin with, the voltage

across the capacitor cannot be changed instantaneously as it takes time to
acquire the charge. As the discharge is initiated the capacitor begins to charge

up rapidly by the electron current and its potential will drop as shown in
Fig. 4.25. When the applied voltage is reversed, the voltage changes sign and

the voltage across the plasma changes by �2 V. After this situation, the voltage
decay of the capacitor is slower because the capacitor is charged at this time by
the slower moving ions. Since no charge can be transferred through the capaci-

tor, the voltage on the electrode must self-bias negatively until the current due
to ions and electrons over a cycle averages to zero. After a few repetitions of

this nature, the voltage waveform assumes a repetitive structure, with the
distinct shift towards the negative potential. Under these conditions the time

averaged electron current and the time averaged ion current are the same. The
target will acquire a self-bias that is usually one half of the peak-to-peak

voltage.
We can make a crude estimate of the relationship of the voltage on the

surface of the insulating substrate as a function of time as follows. If we begin

with square wave voltage form, with the start of the cycle when a voltage �V is
applied, the DC plasma ignites and an ion current will be drawn to the elec-

trode. The current I due to the ion current is given by

I ¼ jþA, (4:194)

Slow decay (ion current)

Equal electron and
ions currents

Fast decay (electron current)

+V1

V2

−V1

0

I

Figure 4.25: The drop in potential in an RF discharge with capacitor in the circuit.
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where jþ is the ion current density across the cathode sheath and A is the area
of the insulating electrode. The positive charges build up according to

I ¼ C
dVa

dt
, (4:195)

where C is the capacitance of the capacitor and Va is the voltage drop across it.
If we take for capacitance the value appropriate to a parallel plate capacitor, we

have

C ¼ «EA

h
, (4:196)

where « is the dielectric constant of the capacitor medium and h is the thickness

of the plate. Combining Eqs. (4.195) and (4.196), we obtain

Dt ¼ cDVb ¼ «0«r(A=h)DVb ¼ «0«rI=( jþh)DVb: (4:197)

If one wants to restrict the charging of the substrate to DVb the voltage must be
reversed in time less than Dt. When the voltage is reversed to V þ DVb, the

electrons neutralize the positive charge on the substrate so that the electrodes
start again with DVb ¼ 0, when it anticipates the next positive ion does. The

electron in effect succeeds in displacing the positive charge to produce displace-
ment current.

Koenig and Maissel (1970) proposed a simple model for an RF discharge.
They represented each sheath boundary as a simple capacitor in parallel with a

diode and a resistor as shown in Fig. 4.26. During positive excursions, the diode
carries a large current flow, and the resistor represents the energy consumed by

ions falling through the boundary potential and the capacitor represents the
storage of charge (unscreened positive ions) at the boundary in response to
the RF voltage difference. The largest component of the current is the capaci-

tive current with resistive component contributing less than 20% of the total. In
the presence of negative ion charges in the plasma, the restive component can

become the major contributor. The capacitances determine the RF voltage
division and the capacitance is proportional to the electrode area and is in-

versely proportional to the square root of the peak RF sheath voltage.
The capacitive driven RF plasma discharge has asymmetric electrode in

practice, because one of the electrodes, the anode, is invariably grounded to
the reactor base. It is usual to refer to the cathode as the driven electrode and
anode as the ground electrode. The electrode with small area is generally the

driven electrode and acts as the cathode. Under these conditions, the cathode
sheath has a larger drop in voltage than the anode sheath as shown in Fig. 4.27.

Alternately the smaller area sheath has a smaller capacitance and therefore a
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larger voltage drop across it. If there are two electrodes of area Aa and Ab, and

the voltage drop across it are Va and Vb respectively, we have

ja1(~rr ) / Va

sa(~rr )
, (4:198)

for the capacitive sheath. In terms of RF current, we write

Ia1 ¼
ð

Aa

ja1(~rr ) d2~rr: (4:199)

If we substitute Child’s law for collisionless conditions, we obtain

na(~rr ) / V
3=4
a

s2
a(~rr )

, (4:200)

(a)

(b)

Target
− Ground Shield

Vrf

Blocking capacitor

Target capacitance
Target surface

Zt

Zw

Zs

Film and substrate

Substrate electrode

Zsg

vp

Film

Walls

sheath
Impedance R

Zg

Figure 4.26: Koenig and Maissel’s model of RF discharge.
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and

Ia1 / V1=4
a

ð
Aa

n1=2
a (~rr ) d2~rr: (4:201)

In analogous fashion, we obtain

Ib1 / V
1=4
b

ð
Ab

n
1=2
b (~rr ) d2~rr: (4:202)

Since current has to be continuous, from Eqs. (4.201) to (4.202) we obtain

Va

Vb
¼

ð
Aa

n
1=2
b (�rr) d2~rr

ð
Ab

n1=2
a (~rr ) d2~rr

0
BBBBB@

1
CCCCCA

4

: (4:203)

A1

V1

D1

VP

D2

V2

A2

V1

V2 A1

A2
4

=

Figure 4.27: Cathode sheath voltage drop in an RF plasma discharge with dissimilar

electrode areas.
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With a different form of Child’s law, we obtain a different relationship between
the voltages at the anode and cathode. So we can write in general

Va

Vb
¼ Ab

Aa

� �q

, (4:204)

where q is typically found to be in the range less than 2.5. In any case the voltage

drop across the driven electrode is larger than the grounded electrode.
A three-electrode system consisting of cathode, substrate and wall is also

utilized in many parallel plate RF systems. The RF power is introduced be-
tween the cathode and the wall electrode. The RF current from the cathode is
divided between the wall and the substrate in some ratio depending upon their

relative areas and on return path impedance from the substrate to the wall,
which is usually at ground potential. If the substrate is powered by a second RF

generator, then the current through the substrate may be adjusted at the
pleasure of the operator dependent on the relative phase and power applied

as shown Fig. 4.28. If the applied substrate is in phase with the cathode voltage,
RF current will add in the plasma and flow to the wall, giving larger wall to

plasma voltage. If the voltage is out of phase with the cathode, RF current will
subtract and give a small plasma voltage.

As the frequency of the electric field increases there is less time between

cycles that is available for the diffusion of charged particles to the reactor walls.
Hence, less negative bias has to develop to keep the electrons in the plasma as

Insulation

Electrodes

RF

Substrate

AC

Figure 4.28: The substrate powered by a separate power supply.
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per the criterion of Bohm for plasma sheath. Therefore, ion bombardment of
the surface is reduced with increasing frequency of the electric field. If each

of the electrodes is powered relative to the grounded chamber, it is possible
to control the DC bias on each electrode independently. It is thus possible to

generate plasma by powering one electrode and control the degree of ion
bombardment on the other electrode by powering it independently. In the

unsymmetrical mode of RF operation, the powered electrode has the highest
sheath potential. The walls and the unpowered electrode have low sheath
potentials and do not contribute impurities to the discharge by sputtering. If

sputtering does occur, transferring operating parameters from one set of
reactors to another similar reactor becomes difficult. At low pressures in

RF plasma, the mean free path of electrons may exceed the distance between
the electrodes. Hence high-energy electrons bombard the electrodes causing

damage or heating them to undesirable levels. If pressure is raised, electron-
atom collisions become numerous, ion directions no longer follow normal paths

to cathode surface. Both of these are undesirable in plasma etching applications.

4.6.3. Matching Network

Consider a DC network with load R as shown in Fig. 4.29. Let us suppose the
cell EMF is E and it has an internal resistance r. If the external resistance load is

R then the current in the circuit is

I ¼ E=(Rþ r): (4:205)

Power dissipated in the circuit is given by

P ¼ i 2R ¼ E2R

(r þ R)2
: (4:206)

The power varies with R and is a maximum where dP=dr ¼ 0. Therefore,

dP

dR
¼ E2(r þ R)2 � 2(r þ R)E2R

(r þ R)2
: (4:207)

The maximum power is delivered when r ¼ R. Therefore the resistance of the
load has to be matched by the resistance of the power supply.

In a similar manner consider an AC source connected to a discharge tube
(Fig. 4.30) having the impedance ZD, where

ZD ¼ RD þ iXD, (4:208)
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Figure 4.29: (a) A DC circuit with load R. (b) An AC circuit with impedance Z.
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Figure 4.30: A typical RF matching network.
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where RD is the discharge resistance and XD is the discharge reactance. The
power flowing in the discharge is given by

P ¼ 1
2 Re(VI*), (4:209)

where V is the complex voltage across the discharge and I* is the complex

conjugate of the current flowing. Solving for I and V we obtain

I ¼ VT

RT þ RD þ iXD
; V ¼ I(RD þ iXD): (4:210)

Hence substituting Eq. (4.210), in Eq. (4.209) we obtain

P ¼ 1

2
V2

T

RD

(RT þ RD)2 þX2
D

: (4:211)

If the source parameters VT and RT are fixed, then the maximum AC power
transfer occurs when

@P

@RD
¼ 0 which occurs for XD ¼ 0 and RD ¼ RT: (4:212)

The maximum power is given by

P( max ) ¼ 1

4

V2
T

RT
: (4:213)

When the maximum power transfer is obtained the source and the discharge

loads are said to match. Since XD is not zero, we need to utilize a loss less
matching network to be placed between the load and the power source. The

actual power transferred is a function of the design of this matching network.
Thus the knowledge of the external circuit is important in understanding the

transfer of power efficiently from the source to the discharge and to understand
the measurements of power absorbed by the plasma.

In the earliest RF deposition systems, a simple diode parallel plate system

at a frequency of 13.56 MHz was used. The RF power was connected to the
cathode through a cable and a matching network to maximize power transfer

from the RF generator. The substrate may be either at ground potential
or as the need arises by a bias. Cooling is usually required because of the ion

and electron bombardment of the surface. Adding a counter electrode in
close proximity of the substrate could minimize backscattered material.

Several other geometries of the cathode can also be utilized depending upon
the need.
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4.7. Magnetrons

Penning (1936) pioneered the use of a magnetic field in discharge devices. Its
first application was in the design of a pressure gauge (Penning gauge). The use

of the magnetic field became the basis for the development of vacuum pumps of
the ion getter type. The use of the magnetic field to plasma for thin film

applications emerged in the late 1960s.
In the familiar diode DC or AC plasma discharge, electrons produced at the

cathode surface are accelerated as they pass through the cathode sheath. The

energies acquired by the electrons in their transit across the cathode dark space
is sufficient to propel them all the way to the anode or to the walls without

making ionizing collisions or parting their energy to other electrons. At low
pressures, typically less than 1 Pa, the ionization efficiencies are low, and one

cannot possibly maintain the discharge. This is due to the fact that electrons
ejected from the cathode to undergo ionizing collisions with the gas atoms and

molecules to sustain the plasma reach the anode and are removed before they
have a chance to ionize the gas molecules. At high pressures, large currents are
possible, but there is too much scattering for the atoms at the cathode source to

reach the anode so that this is a disadvantage in sputtering of atoms from the
cathode and pressures more than 16 Pa are not practical. Currents are limited

because an increase in voltage increases the electron mean free path and
reduces the ionization efficiency.

Magnetic fields have been employed judiciously in plasma systems to im-
prove ionization in plasma. The low conductivity of plasma does not permit

large perturbation by applied electric fields, but the magnetic fields have a very
significant effect. Ions being heavier than electrons are not significantly affected

by the magnetic field. Electrons traveling parallel to the magnetic field are
unaffected. However, those with velocity component perpendicular to the
magnetic field describe a circular trajectory about the direction of the magnetic

field (r? ¼ (mv?)=(qB)). Together with the motion along the magnetic field
caused by the electric field, the electron will undergo helical motion. Thus

magnetic fields have been introduced into the plasma discharge systems to
increase the path length of electron before they escape out of their orbit from

collision scattering. In general in most processing plasma, the ion gyro radius is
considerably larger than the dimensions of the processing chamber whereas the

gyro radius of electron is considerably smaller than the chamber dimension.
The frequency of rotation of the charged particles is however independent of
their velocity or the energy of the particles.

In the presence of a magnetic field perpendicular to the cathode surface as
shown in Fig. 4.31, the electron is confined to move in spiral paths near the
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cathode. Each time the electron makes a circular motion, it returns to the same
radial position about the axis of the discharge, so that its net velocity towards

the wall is reduced and hence recombination loss of electrons is considerably
diminished. The total path length traveled by electron increases. This increases

the chance that electrons have to ionize the atom thereby improving the ion-
ization efficiency. The net density of ions and electrons increases in the plasma.
The plasma can now be maintained at a lower pressure and a lower voltage than

the corresponding situation without the presence of the magnetic field. The
voltage increases even less steeply with power than it does in a planar diode

because of less resistive plasma. Magnetic fields are generally obtained by the
use of permanent magnetic materials such as neodymium iron boron magnet,

cobalt-rare earth magnets, ferrites or alnico alloys rather than electromagnets.
If the magnetic field (0.02–0.05 T) is parallel to the cathode surface as shown

in Fig. 4.32, the electrons are restrained near the cathode, but E~� ~BB motion
causes the discharge to be swept away to one side. The electrons thus drift

vertically because of the electric field and horizontally because of the E~� ~BB
drift. They will eventually be lost by drifting to one side. The E~� ~BB drift results

Pole

Pole

piece

piece

Electromagnet

B

Figure 4.31: An example of the application of magnetic fields to a simple plasma.

Secondary electrons will move in spiral paths along the field lines.
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in nonuniformity in plasma and thus on the accompanying processes which it

governs. The current density at the cathode of a magnetron is peaked where the
magnetic field lines are tangent to the surface of the cathode. Hence the erosion

of the target in sputtering is nonuniform and occurs only in the transverse
magnetic field region. Inefficient target utilization can be serious for magnetic
materials. Materials with high permeability concentrate the maximum magnetic

flux in narrow regions on the target surface causing a narrow racetrack. Heating
the target above the Curie temperature is one means of controlling this problem

for magnetic materials. It is possible to correct for the lateral drift by changing
the direction of the magnetic field with time. The magnetic field is rotated at the

same frequency about the center of the axis of the electrodes but shifted in
phase by 908 from the direction of the magnetic field thereby considerably

reducing the nonuniformities in the plasma.
One way to avoid end losses and to increase the density of electron is to

design the magnets in such a way that the E~� ~BB drift paths close on themselves.

Devices that employ this principle are called magnetrons. Due to increased
confinement of electrons in this E~� ~BB drift loops compared to DC or RF

devices, the plasma density at the cathode results in a high current low voltage
discharge, that are once again order of magnitude different than the corre-

sponding nonmagnetized diode. The presence of energetic electrons close to the
cathode also means that high-density plasma can be sustained at low pressures.

The result of the high plasma density and its proximity to the cathode provides a
high current, relatively low voltage discharge. Typical discharge parameters for

a magnetron may be a voltage of 500 V and a current of 5 A compared to a
nonmagnetized diode, which might operate at 2500 V and 0.5 A. Lower oper-
ating pressures are beneficial because they effectively increase the kinetic

energy of the atoms ejected from the cathode and increase the probability of
atoms to transport from the cathode to the anode. High rates of removal of

E
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Figure 4.32: A DC diode plasma with an applied magnetic field perpendicular to the

plane of the page. The electrons will tend to drift to one side due to the E~� ~BB drift.
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atoms from the cathode are thus possible, and are limited only by the ability of
the cathode to be cooled to remain at room temperature and by prevention of

end losses.
There are three generic types of geometries exploited in the design of

magnetrons. They are described as (a) cylindrical, (b) conical and (c) planar
type. The designs are to accomplish relatively high deposition rates, cover large

deposition areas and produce low heating of the substrate.
The cylindrical post magnetrons are one of the simplest geometries that

illustrate the principle of magnetron operation. It consists of a cathode in the

shape of a cylindrical barrel with end plates, as shown in Fig. 4.33. The magnetic
field is to orient uniformly along the axis of the cylinder. The strength of the

magnetic field is such as to affect strongly the plasma electrons but only
extremely weakly the ions. The electric field at the cathode surface is radial.

Hence the E~� ~BB drift is in the form of a wide band around the cathode. The
secondary electrons that are emitted from the cathode surface are trapped near

the cathode surface on three sides and by a magnetic field on the fourth side.

Air Pressure = 0.15 Pa (1.3 mTorr)
Discharge Current = 21 A
Discharge Voltage 830 V Copper Cathode

Anode

Magnetic field
strength = 200 G

95 mm

33 mm

108 mm

Current density = 200 mA/cm2

Erosion rate = 240 000 Å /min

Deposition rate 40000 Å /min 
(Measured)

Substrate
56 mm

Plasma

Figure 4.33: Magnetron consisting of a cylindrical cathode with end plates.
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Anode rings are located adjacent to the end plates. Electrons are thus forced to
migrate radially to reach the anode. In the direction of the magnetic field,

electrons have a velocity and execute a spiral type of motion along the field
line and are essentially confined to the field lines. An electron trapped in a field

line can go to another field line only by making a collision. The electron drifts
radially due to E~� ~BB drift that has a cycloid form. The size of the cycloidal orbit

depends upon the relative energies of the electron and the energy it gains in the
electric field. The electrons near the cathode have high energies and become
trapped in orbits that revolve around the cathode. In order for electrons to

proceed radially they must undergo collisions. Since these collisions are with
atoms and the electrons have high energies, ionization occurs. Since there is free

movement of the electrons along the field lines, there is essentially an intense
azimuthal current sheet of trapped electrons adjacent to the cathode and

produces a large number of ions. As the electrons give up their energy by
collisions, they move into regions of weak electric fields at large radii. Their

E~� ~BB drift is such that they move primarily up and down the field lines,
reflecting at the end plates. The anode ring thus projects as a virtual anode
sheet, which surrounds and terminates the plasma discharge but allows atoms

from the cathode to go through. There is thus a constraint on the ions and
electrons to stay within the plasma, so that there is hardly any plasma bom-

bardment on the substrate kept beyond the anode radius.
Magnetrons usually operate in either a DC or RF mode of a few hundred

volts. The energies of the ions produced in the plasma and hitting the cathode
do not produce efficiently sputtered atoms. Consequently a large fraction of

incident energy is lost in heating the cathode. Therefore, high power, high rate
of removal of cathode material is hampered by the ability to cool the cathode.

Melting or damaging of the cathode by small arcs or occasional power arc
requires power supplies that are able to handle these condition and prevent
uncontrolled current flow. Contamination of the cathode by poisoning of the

cathode is of particular concern when reactive gases are present. The disch-
arge characteristics change drastically when a stable compound forms on the

cathode.
The energetic particles on the plasma have an effect on gas density and

temperature. As a function of increasing magnetic discharge current, the gas
density near the cathode region falls drastically although the chamber density is

unperturbed, since the chamber is large compared to the cathode. Reduction of
gas density is accompanied by an increase in gas temperature.

Clarke (1971) designed a magnetron with a conical geometry which is known

as a sputter gun and is shown in Fig. 4.34. The cathode is sloped in the form of
an open, high angle cone. The magnets are kept behind the cathode and have

their field lines parallel to the cathode surface. The anodes are located centrally
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as shown in Fig. 4.35. Modifications of the S-gun to operate with RF with and
without bias are made available by selecting appropriate shields and insulators.

Planar magnetrons (Fig. 4.36) are water-cooled cathode surfaces backed by
an array of magnets or electromagnets. The design of the magnetic field is such

as to provide one pole in the center of the axis and the annular ring at the edge
of the cathode provides the second pole. In a planar magnetron the cathode
surface is parallel to the anode surface on which are located substrates.

Cross section

CL

Cathode

B Field
Drift pathE × B

Figure 4.34: S-gun class of conical magnetrons.
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Magnet array Anode
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Sample

Drift loops

B

E × B

Figure 4.35: An S-gun type magnetron with two E~� ~BB drift paths on the same axis.
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Rectangular, disk and oval shaped cathodes have been fabricated. Continuous

sputtering is possible if anode is moved during deposition. These designs are
attractive for coating large substrates that are transported in the direction

perpendicular to cathode width. The arrangement of magnetic material or the
design of the electromagnets is such as to provide the required magnetic field

(0.02–0.05 T) and provide a closed path where the magnetic field is parallel to
the cathode surface, and avoids the fringe effects at the edge of the cathode.

Cathodes are to be constructed in such a way as to provide for proper cooling.
They also need to be electrically isolated from the vacuum chamber. The
materials used for isolation must withstand thermal stresses and must be

free from effects associated with retention and movement and reactivity of
gases trough them. Voids and bubbles in the target cause spitting. The target

erodes only in the transverse magnetic field regions with continued sputtering.
V-shaped grooves are etched in the target, so that sputtering cannot continue

after the V-grooves reach the back plate of the cathode. Various engineering
solutions are needed to use the material of the target efficiently. Planar mag-

netrons sputter from regions of high plasma density and are intensely nonuni-
form. Several types of motion of the substrate are available to alleviate this

difficulty.
The relationship between the discharge current I and the voltage V for

magnetron is found empirically to follow the relationship

I ¼ KVn, (4:214)

where K is a constant and the exponent n can have values in the range 3–15. If
the discharge is efficient, then the lower voltage is recorded for a given current

density, so that n becomes an index of performance of the electron trap. The
power P becomes

P ¼ KVnþ1: (4:215)

The current voltage curve of a given magnetron for a known pressure enables
one to determine the suitable operating point to choose for a given power

input.

Anode

Substrate
B

S SN
Cathode

Permanent 
magnet

Lines of B

Cathode 
surface

Figure 4.36: Planar magnetron.
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Magnetized plasma tends to have large variations in plasma density, as the
strength of the magnetic field varies from place to place. This results in vari-

ations of plasma potential and the electrons being confined by the magnetic
field cannot readily move to compensate for this variation in potential. Magne-

tron sputtering minimizes substrate radiation damage from electrons and offers
greatly increased production capacity.

Example 4.13

Calculate the pressure required for effective operation of an argon plasma

assuming a temperature of 300 K in a magnetron where the electrons are acceler-

ated vertically by energy of 500 eV and a magnetic field of 0.03 T acts normal to the

electric field.

The radius of the gyro orbit is given by

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m(KE)

qB

s
:

Hence

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 9:1095� 10�31 kg� 500 eV� 1:602� 10�19 J=eV

p
1:602� 10�19 C� 0:03 T

¼ 0:0025 m:

In order for the magnetic field to affect the electrons, the mean free path should
not be much less than the gyro radius.

The mean free path is given by l ¼ kBTffiffiffi
2
p

pd 2
.

Hence, the pressure is given by

1:38� 10�23 J=K� 300 Kffiffiffi
2
p
� 0:0025 m� (3:69� 10�10)2 m2

¼ 0:215 Pa:

Hence the pressure should be less than 0.215 Pa.

4.8. Inductive Plasma Discharges

The desire to have low pressure, high-density plasma sources has resulted in the
development of plasma excitation by inductive coupling. Inductively coupled

plasma derives their name from the fact that the RF electric field is induced in
the plasma by an external antenna. At low pressures the ion transport is collision
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less. At high pressures the ion transport is diffusive. The variation of ion density
with distance is different in these two cases. The coupling to the plasma is across a

dielectric window, and there is no direct connection between the electrode and
the plasma. Plasma is inductively heated by the electric fields generated by a coil

that is wrapped around the discharge chamber. Since there are no internal
electrodes within the chamber, no large high voltage sheaths occur, so that

sputtering from the walls is not an issue. No DC magnetic field is required in
these reactors. Plasma in an inductive discharge is created by the application of
RF power to a nonresonant inductive coil. A resonant version of power applica-

tion is through the so-called helical resonator. The coils used have either planar or
cylindrical geometry. The density of ions and radicals in the plasma is controlled

through the power applied to the plasma. In addition, there is the possibility of
powering the substrate separately to control the energy of the bombarding ions.

Note that low discharges requiring electrodes for excitation of plasma depend
upon a high voltage sheath to accelerate electrons into energy sufficient to

generate ions. The plasma sheath is valuable for those applications requiring
ion bombardment but is a nuisance in other applications. Besides, by consuming
all the energy in accelerating the ion, the limits are soon reached as to how

much power one can apply to the discharge tube as well as what level of plasma
density can be reached. High power density can lead eventually to arc break-

down. Many techniques have been developed for exciting the plasma without
the plasma contacting the electrodes.

A conductive coil of J turns is wound around the dielectric discharge cham-
ber. The current flow in the coil around the dielectric chamber generates a

magnetic field. The time varying magnetic field creates a time varying electric
field. The azimuthal electric field induces a circumferential current in the

plasma. The electron thus accelerates and gains energy. Thus, enough hot
electrons are created to sustain the plasma. RF power is thus coupled induct-
ively to the plasma by transformer action. The current IRF circulating in the coil

generates an axial magnetic field, BRF, within the discharge tube. The axial
magnetic field, BRF, induces a circulating RF current in the plasma. The plasma

thus acts as the secondary winding of a transformer with a single coil on it. Once
the plasma is formed, the induced currents screen the magnetic fields. The

magnetic skin depth determines the depth to which the magnetic field pene-
trates into the chamber, which is a function of the plasma conductivity and is

governed by plasma density and pressure. The non-capacitive transfer of power
allows achievement of low voltages across all the plasma sheaths and electrodes
and wall surfaces, which is desirable for many processes.

The configuration of the inductive coil is either cylindrical or planar as shown
in Fig. 4.37. The flat helix is wound more like an electric stovetop and extends

the entire dimensions of the discharge chamber. Radial plasma uniformity is
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enhanced if the chamber circumference is surrounded by multipole permanent

magnets. Several different designs are used in constructing inductive coupled
plasma sources: symmetric inductive coupled plasma (ICP), transformer

coupled plasma (TCP), detached plasma source (DPS) and helical resonator
(HWS). Faraday shields (thin metal with holes in them) are used to shield the

capacitive coupling between the antenna and the chamber.
Inductive plasma generates electrons and ions more efficiently than capaci-

tive plasmas. Typical electron density of 1012 cm�3 at pressures of the order of a

few m torr is achieved. There is very little ion bombardment of surfaces because
of the low plasma potential. If one applies an RF bias voltage to the substrate,

the ion bombardment energy can be modified without affecting the plasma

Dielectric

Dielectric

Substrate

Substrate

Multipoles

RF

RF

RF

(a)
bias

RF bias
(b)

Figure 4.37: Schematic of inductively driven sources in (a) cylindrical

and (b) planar geometries.
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density significantly. The heating of the coil as it dissipates power can be a
problem without appropriate cooling and as the power is dissipated near the

reactor wall, potential failure by cracking of the reactor wall is a distinct
possibility.

The transfer of power from the electric field to the plasma electrons occurs
within a skin depth of layer of thickness d near the plasma surface. The skin

depth depends on the conductivity of the plasma. Conductivity of a plasma
increases with increasing power and decreasing pressure.

Plasma can distribute the charges so as to shield the applied voltage. Similarly

it can also shield out an applied magnetic field as it generates currents. For
v, vp the waves decay exponentially. An electromagnetic wave normally inci-

dent on a plasma decays with a skin depth d, where

d�1 ¼ v

c
Im k1=2

p : (4:216)

The relative plasma dielectric constant is given by

kp ¼ 1�
v2

pe

v(v� inn)
¼ 1�

v2
pe

v2[1� i(nn=v)]
ffi

v2
pe

v2[1� i(nn=v)]
, (4:217)

where nn is the electron–neutral momentum transfer frequency, and

vpe ¼
e2n0

«0m

� �1=2

: (4:218)

For nn � v, we have

kp ¼
v2

pe

v2
, (4:219)

so that the collision-less skin depth, dp, is given by

dp ¼
c

vpe
¼ m

e2m0n0

� �1=2

: (4:220)

For nn � v, we have the collision depth dc given by

d�1
c ¼

1ffiffiffi
2
p vpe

c

v

nn

� �1=2

: (4:221)

In terms of DC conductivity we can write (sDC ¼ (e2ns)=(mnn)),

dc ¼
2

vm0sDC

� �1=2

: (4:222)
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We consider the situation when the electrons incident on a skin layer of
thickness dc satisfy the condition

ve

2de
� v, nn, (4:223)

where de is called the anomalous skin depth. The situation corresponds to the

fact that the interaction time for the electrons with the skin layer is short
compared to the RF period or the collision time. We define

nstoch ¼
Ceve

de
, (4:224)

where Ce is the order of unity. We thus obtain

de ¼
2Cec2ve

vv2
pe

 !1=3

: (4:225)

In plasma processing, photons and ions impinge on the substrate and heat it up.

One must therefore remove the heat efficiently from the substrate. Flowing
helium, which is a good heat transfer agent, typically cools the backside of the

substrate. Electrostatic rather than mechanical fingers hold the substrate in
position. In an electrostatic chuck, a DC voltage is put on the chuck, charging

it up. An opposite charge is attracted to the backside of the substrate, and the
opposite charges attract each other holding the substrate at all points.

High-density RF plasma reactors employ either helicon resonator or ‘‘heli-
con’’ whistler sources. The helicon source utilizes magnetic fields (50–1000 G)

to obtain whistler mode wave that can be launched into the reaction chamber.
The helicon source consists of an external RF antenna consisting of two loops
diametrically placed on the outside of the glass tube and an electromagnet that

produces a constant axial magnetic field. It is this combination of RF field and
magnetic field that excites helicon waves in the source tube. The magnetic field

increases the skin depth so that the inductive field penetrates into the entire
plasma. In addition the magnetic field helps in confining the electrons for a

longer time. The helicon waves propagate along the magnetic field and transfer
the energy from the source to the gas and sustain the plasma. The electrons

are restricted to move along the magnetic field lines and are restricted to
move radially. For strong magnetic fields, the ions are confined to the radius
of the tube and reduce the loss by hitting the walls. The helicon source can

be operated at a frequency range 2–70 MHz, and in the pressure range
10�2---10�4 torr. The plasma diffuses from the source to the chamber whose

movements can be further controlled by additional magnetic fields placed
around the chamber. A schematic sketch of helicon source is shown in Fig. 4.38.
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A right handed polarized wave propagating along the z-direction when the

incident wave vector k is at an angle u to the magnetic field B0, has the
dispersion relationship

c2k2

v2
¼ 1�

v2
p

v2

1

1� (vc=v) cos u
ffi

v2
p

v2

v

vc cos u
:

Hence,

k ¼ v

kz

v2
p

vcc2
¼ v

kz

enm0

B
,

where k2 ¼ k2
z þ k2

?. In cylindrical coordinates k? ffi 3:83=a where a is the

plasma radius and k? � k since the radius of the helicon plasma is much
smaller than its length in a typical situation. For a fixed v and radius a, n/B is

fixed or the density should increase linearly with the magnetic field. The wave
varies as

~BB ¼ ~BB(r)ei(muþkz�vt),

where m is the azimuthal number. For m ¼ 0 the wave is azimuthally symmetric
while m ¼ 1 is RH polarized and m ¼ �1 is LH polarized. Antennas can be

shaped to launch particular modes. The change of the magnetic field or power
to the system can change the plasma characteristics from that of capacitive

coupling to inductive coupling to helicon mode in a discontinuous fashion. The
production of ions in a helicon source has been investigated by Trivelpiece and

Gould and is analogous to electron cyclotron wave confined to a cylinder. The
plasma density, the electron temperature, neutral density, ion temperature and
the electron energy distribution function are subjects of modeling investiga-

tions.
Helical resonator sources consist of a coil surrounded by a grounded coaxial

cylinder as shown in Fig. 4.39. When an integral number of quarter waves of the
RF field fit between the two ends, the composite structure becomes resonant.

Under these conditions, the electromagnetic fields within the helix can sustain

On plasma
Field coils

RF antenna

Antenna

To main chamber

Insulating 
wall 

Figure 4.38: Helicon sources.
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plasma with low matching loss at low gas pressure. Low-pressure operations are
particularly useful for plasma etching and deposition of oxides and nitrides of

silicon. Among the parameters that determine the helical resonator discharge
are pressure, RF power, source length plasma radius, helix radius and outer
cylinder radius, winding pitch angle and excitation frequency.

When the plasma is created, the RF energy is absorbed, and this results in the
power supply experiencing a resistance. The currents in the plasma induce a

back emf into the antenna circuit making the power supply work harder.
This extra work appears as heat. The resistance is due to the part of the back

emf that is in phase with antenna current and the inductance is due to the
antenna current that is 908 out of phase with this current. Power supplies are

matched to 50 V load, so that a tuning circuit or a matchbox is essential to
transform the impedance of the antenna to 50 V under the changing plasma

conditions.

Gas inlet
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b
d

a

Rf power

Impedance

Processing chamber

Short
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Figure 4.39: Schematic of a helical resonator plasma source.
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Some of the advantages of these inductively coupled reactors stem from the
low RF potential in the plasma so that the wafer bias is not contained to a high

value. If necessary, this bias can be set to an arbitrary value with a separate
oscillator, which enables one to control the ion energy. The higher ionization

efficiency implies that low pressures can be maintained in the reactors. Large
wafer uniformity can easily be attained in these designs. Even contact with

plasma can be reduced to a minimum if we utilize the detached source oper-
ation for the reactor, so that the function of the plasma is only to produce the
desired radicals. The cost is always an advantage with these reactors that are

without magnetic fields and power sources for microwaves.

4.9. Wave Heated Plasma Discharges

Electromagnetic waves can propagate in a plasma surface or into the plasma.

Electromagnetic fields at low frequencies cannot propagate in plasma, but are
reflected. At high frequencies the plasma electrons cannot respond and the field
travels freely. Around plasma frequency the waves penetrate slightly into the

plasma. In order for the wave to continuously add energy into the plasma,
collisions must occur. Otherwise the energy added in one half cycle is taken

back by the field on the next half cycle. The collisions increase with pressure. As
the waves are absorbed, heating of the plasma electrons occurs. The electrons in

turn can bring about the maintenance of the plasma. An optimum operating
pressure occurs for maximum power transfer.

In RF and DC discharge plasmas, the specimen of interest is directly in
contact with plasma. For many applications one has to keep the specimen at a

location a few centimeters away from the plasma, but still within the vacuum
chamber. A general class of processes known as ‘‘down stream’’ or ‘‘after glow’’
processes have been developed to accommodate this need. These processes are

employed when the sensitivity of the material to energetic particles is of major
concern.

The region of ‘‘after glow’’ may be viewed as composed of three different
regions (Fig. 4.40). Adjacent to the plasma is a region of decaying plasma when

the density of ions and electrons decrease rapidly with the distance from the
plasma. The losses are mostly due to ambipolar diffusion and recombination of

ions at the walls of the plasma chamber. The region is followed by ‘‘near after
glow region’’ which is essentially devoid of electron or ions. It consists of mainly
radicals and long-lived metastable particles. In the region called ‘‘after glow’’,

the metastables and radicals reduce their density as a result of collisions with
particle and walls of the chamber. It is advantageous to introduce gases in

region of ‘‘far after glow’’ or near ‘‘after glow’’ to facilitate the formation of
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new radicals and metastables when electromagnetic radiation is introduced in

this region.
Microwaves is the name given to the electromagnetic waves arising from

electrical disturbances in the frequency range 109�1012 Hz, and characteristic
wave length 30 cm to 0.3 mm. Microwaves are important in processing for a

number of reasons. Microwaves can penetrate several meters into materials that
are insulating. The depth to which they penetrate depends upon the frequency
of the incident radiation and the dielectric (magnetic) properties of the mater-

ial. The absorption of microwave generates heat, which results in the feature
that the interior of the material gets hotter than the surface of the material. The

heating is virtually instantaneous so that one can obtain control of heating by
the control of power if the dielectric properties of the material are well char-

acterized. Perhaps the most important feature is the fact that the power source
can be remote since one can transmit microwaves through various gases,

vacuum, air without significant loss in its electrical field strength. This gives
the opportunity to control the environment in which we process the material.

The microwaves can be focused when used in single mode processing. There-
fore the electrical field distribution can be controlled to generate high strength
at desired locations. Since the dielectric properties of different materials vary

quite a bit, it is possible to differentially heat material. The microwave will
not be effective once the material that is heated has evaporated so that one has

an automatic self-limiting feature built in when we wish to remove isolated

x

Plasma After glow

Metastable neutrals To  pump

Decaying
   plasma

Near
afterglow

Far
afterglow

Optical emission Additional gas input

Figure 4.40: The region of afterglow plasma as a function of distance x,

from the plasma source.
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material such as water from the material. At high temperatures the dielectric
losses have runaway features so that one has to be careful to use microwaves at

higher temperatures. Microwave plasmas are clean, compact and can produce
plasma density as high as 1011 cm�3. It is however difficult to create plasma over

large areas.
Even though both ions and electrons are acted on by the microwave power, the

massive ions are essentially motionless and can be ignored for our purpose. The
transfer of energy from the microwave to the electrons occurs through Joule
heating by elastic and inelastic scattering and also by electron cyclotron heating

of the electron gas. The neutral gas is thus heated by electron-gas interactions
and interchanges energy by elastic neutral collisions and transfer energy to the

walls by heat conduction and convection. In the steady state the electric field
required to sustain a discharge is controlled by pressure, gas type, flow rate that

permits the adjustment of the plasma over a wide range of conditions.
The power that is absorbed by the plasma in unit volume from the microwave

source can be represented by

hPiabs(~rr ) ¼ 1

2
Re[E~(~rr ) . s(~rr )E~* (~rr )], (4:226)

where s(r) is the conductivity tensor and E(r) is the electrical field. Inserting the

expression for conductivity, we obtain

hPiabs(~rr ) ¼ Neo(~rr )e2

2mne

n2
e

v2 þ n2
e

jE(~rr )j2, (4:227)

where Neo(r) is the time averaged electron density, ne is the effective collision
frequency for electrons. One can write the above expression in the form

hPiabs(~rr ) ¼ Neo(~rr )e2

2mve
jEeff(~rr )j2 where, Eeff(~rr ) � neffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ n2
e

p jE(~rr )j: (4:228)

In the presence of a magnetic field perpendicular to the electric field we obtain

hPiabs(~rr ) ¼ Neo(~rr )e2

2m

n2
e

(v� vce)2 þ n2
e

þ n2
e

(vþ vce)2 þ n2
e

" #
jE(~rr )j2: (4:229)

In the absence of a magnetic field we have the absorbed power is a maximum at
ne ¼ v. Hence good coupling between the microwave energy and the plasma is

related to the synchronization of the combined electron–neutral and electron–
ion collision frequency and the excitation frequency. Therefore we can observe

that good coupling of microwave energy depends upon the pressure of the
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discharge. Nominally at the discharge pressure of about 0.5–10 torr good coup-
ling can be established. If the pressure is very low ne � v, we can ignore and

obtain

hPiabs(~rr ) ¼ Neo(~rr )e2

2mne

ne

v

� 2

jE(~rr )j2: (4:230)

High electric fields are thus necessary to sustain the discharge. High incident
power or high Q applicators are necessary.

When a magnetic field is applied to the plasma, the charged particles execute
a gyro motion around the magnetic field lines. The radius of gyration is gov-

erned by r? ¼ (mv?)=(eB), where the subscripts denote the appropriate quan-
tity perpendicular to the magnetic field. The cyclotron angular frequency is

given by vc ¼ (eB)=m, and is independent of the velocity of the individual
particle. For electrons, for a frequency of 2.45 GHz, the magnetic field should
be 875 Gauss. Thus when the applied microwave frequency is 2.45 GHz the

electrons are in resonance with the microwaves. This condition is known as
cyclotron resonance. If the microwave field also rotates at the same frequency

as the electrons gyrate about the magnetic field, electron would be pushed
forward continuously, gaining energy rapidly. Those electrons that are moving

in the wrong direction will be decelerated and will eventually be accelerated to
be in phase with field. Collisions of electrons with other electrons result in

producing an isotropic distribution of electrons and consequently the energy
is transferred to the entire electron population. The energy gained by electrons
by the applied field far exceeds the thermal energy of electrons. However

thermal velocities of electrons prevent the electrons from acquiring too great
an energy as they move out of the resonance zone by random thermal scatter-

ing. In addition, microwave sources are not coherent so that incoherent waves
do not contribute to continual rise of energy of electrons. We also make the

magnetic field nonuniform so that resonance condition is achievable only in an
area shaped like a shallow dish where all the energy to the electrons, from the

field occurs. Only right hand components of microwaves and not the left hand
component accomplish the heating of the electrons since the latter sees the

electron only at 2vc. The plasma excited in the presence of a magnetic field is
called electron cyclotron resonance plasma (ECR). We note that if the pressure
is low enough for electrons to complete their orbits without scattering, an

electromagnetic field at the Larmor frequency will be in phase with electrons
and add energy on each cycle. The microwave energy may be coupled to the

natural resonant frequency of the electron, the cyclotron frequency,
vce ¼ eB=m. Resonance occurs when the excitation frequency v equals the

cyclotron frequency vce. One can expect this condition to be satisfied in some
region in the discharge that outlines some volume element of a surface layer.
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The electrons are accelerated in this volume and can suffer collisions eventually
to excite the neutral gas and ionize them. Unlike microwave discharge, no

collisions are needed to ensure energy transfer. The consequence is the forma-
tion of a collision-less low-pressure plasma. Changing the discharge pressure,

gas flow rates and input microwave power can change the ionization state of this
plasma. The presence of an electron cyclotron resonance static magnetic field

simplifies the discharge maintenance below 20 m torr. At low pressure ne � v.
At v ¼ vc, the absorbed energy is high even for low electric fields. At the
electron cyclotron resonance frequency the electron velocity perpendicular to

the magnetic field increase, resulting in an outward motion along a magnetic
field line, and the electron gains energy in proportion to the square of the time,

the radius of the electrons is limited by the elastic and inelastic collision with the
walls or the electron moving out of the ECR region. In the presence of

collisions the ne � v, the energy gain by an ECR for accelerated electron
between collisions is inversely proportional to ne. Thus at low pressures even

low electric fields can couple large amounts of energy to electron gas. As the
pressure increase ne, v and vce become the same and the absorbed power
density is the same as when the magnetic field is absent so that absorption

becomes collisional and the magnetic field has little influence on heating the
electron gas. As the pressure changes, the transition between collisional or ECR

heating occurs gradually.
In practice the static magnetic field is not uniform. Two types of magnetic

fields are used: mirror-like or cusp-like and is produced by electromagnets or
permanent magnets. In the absence of an electric field when moving in a

magnetic mirror a charged particle will spiral with ever decreasing transverse
orbits into the converging field until it is reflected. It then reverses direction and

spirals out of the mirror with increasing orbits. If a transverse, time varying
microwave electric field is present in the mirror, ECR acceleration of the
electron takes place when the electron passes through a regime where

v ¼ vce. The acceleration region is usually very thin (< 1 mm thick) and is
referred to as the ECR layer. If the electron is outside this region little micro-

wave is coupled to the electron. However an average electron can experience
many oscillations of electric field during the time it spends in the ECR layer.

Thus at low pressure considerable energy can be imparted to the electrons in
this layer with only a small electric field. Since ECR coupling takes place within

small thin volumes, energy coupling occurs with high power densities. ECR
discharges operate with different gases, variable mixtures and flow rates and
have been designed in each case (10�5�0:1 torr). One requires a stable,

controllable and repeatable discharge. The start up and adjustment for final
processing operations are too simple. Each ECR system has a power

source, constant frequency range and variable power microwave oscillator.
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The transmission of microwave power is via a waveguide or a coaxial cable.
Microwave applications have a variety of designs depending on the need.

Microwave plasma load has to be matched by the electrical circuitry.
The plasma is extracted from the ECR chamber towards the sample by a

divergent magnetic field, with the intensity of the magnetic field decreasing
from the ECR chamber towards the sample. The charged particles are acceler-

ated towards lower magnetic fields. The electrons will move out of the plasma
along the magnetic field much faster than ions. This results in an electric field,
which accelerates the ions in the plasma to the substrate holder. The electric

potential depends upon the gradient of the magnetic field and increases with
increasing gradient. The ambipolar diffusion of ions and electrons are extracted

from the plasma with the same diffusion coefficient.
The ECR applicators need to satisfy a variety of requirements. The imped-

ance match and focus microwave energy into the discharge. To efficiently
produce high densities of etched and charged species is the goal of this coupling.

The charged particles and radicals need to be produced in a specified area of the
discharge chamber. One often uses this process where producing damage to the
material should be avoided at all costs. There are several types of wave appli-

cators in the market and cavity resonators.
The wavelength of the electromagnetic radiation that can be easily intro-

duced into after glow is in the form of microwave energy. Industrial applications
of microwaves provide a ready source of high power microwave sources. The

industrial microwave sources provide electromagnetic radiation of 2.45 GHz
with wavelength of 12.24 cm. Therefore microwave energy can be provided

into a plasma region from an external antenna or waveguide. The after glow
region is separated from the microwave source by a wall that is transparent to

these waves. The common wall materials that will accomplish this task are
borosilicate glass, quartz, sapphire and ceramics. A simple arrangement to
couple microwaves to plasma is through a quarter wave cavity. If the microwave

cavity is (1/4)l long, when it is grounded on one side, and driven by a coaxial
cable voltage at the other end, it develops a standing wave. The electric field

inside the tube can become very large due to resonance, resulting in the
breakdown of gases. Reactions between plasma transported down stream and

the gas introduced into the plasma may be utilized to form specialized reactions.
The transfer of microwave power to the plasma is achieved through such

microwave applicators as waveguides, resonant cavities and coaxial cables. The
applicators are separated from the plasma reactor by a dielectric wall except in
the case of coaxial applicator. Quartz or alumina insulators tend to separate the

microwave from the plasma. The power transfer and tuning of the microwave is
impeded if any absorbing or reflecting material is in its path. Waveguides are

hollow rectangular tubes made from materials of high electrical conductivity.
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The geometrical dimensions of the waveguides are determined by the wave-
length of the microwaves. The dimensions of the plasma reactor are limited by

the size of the waveguide. The axis of the reactor is made to coincide with the
position of the highest electric field in the waveguide. Coaxial cables can be

coupled to plasma by a quarter wave micro-cavity. It is a resonance cavity that is
fed by a coaxial cable and is suitable for low power (< 200 W). The diameter of

the reactor is limited to less than 2 cm for microwave frequency of 2.45 GHz.
Coaxial cables consist of two concentric conductors separated by a dielectric
and may be used to transmit low power microwaves. The central conductor of

the coaxial cable is in direct contact with the plasma. Microwave can also be
coupled through a larger cavity. Microwaves can also be introduced into a

plasma chamber by launching surface waves using external electrodes. As the
waves propagate in the tube, they dissipate their energy. Since they are not in

resonance condition they can be operated over a wide range of frequencies than
resonant cavities. They also are not very sensitive to changes in pressure or

composition of the plasma.

4.10. Plasma Process Modeling

Plasma processing is a key technology in many industries that utilize etching,
sputtering, anodization, planarization, deposition, cleaning and stripping. The

variety of materials and the gases used in plasma processing are large. The cost
of implementing plasma-processing technology can be reduced considerably if

appropriate modeling and simulation techniques are available. The validity of
any proposed model could benefit enormously if suitable database and diag-

nostic techniques are available.
The demands made on plasma processing in many technological areas are

such that there appears to be no hope of meeting industrial needs by empirical

trial and error methods. For example, in semiconductor technology, the etching
rate and selective nonuniformity across the wafer should be less than 2%. The

angle of a feature etched should be controllable to within a few degrees of the
vertical line. The selectivity of etching an oxide must be such that only four to

five atomic layers must be left unetched.
The modeling attempts have tried to address the needs of hardware design-

ers, process designers and the needs of the manufacturing engineer for process
control. However, an integrated system that includes all these areas of concern
is not yet in sight. For example, the hardware designer of plasma tools is

concerned with the location and size of gas inlets and pumping ports, the lay
out of vacuum pumping system, the electrode and electromagnetic power

coupling configurations and wafer clamping mechanisms to start with. The
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designer of processing must deal with the selection of process chemistries and
operating conditions such as pressure, power and gas flow rate that will yield the

desired characteristics of the film as regards its properties, uniformity and yield
rate. The manufacturing engineer requires the knowledge of how to adjust the

operating conditions in the operating window available for manufacturing the
process and relate it to the measurement of appropriate processing variables. In

the absence of diagnostic instruments one has to rely on empirical correlations
of process characteristics such as etching rate, uniformity, selectivity, and relate
them to operating variables such as chamber geometry, materials used, power,

gas pressure, composition of inlet gases, substrate temperature and so on. At
the present time, the plasma processing is an experimentally driven approach.

The necessity to reduce costs, speed up the time it takes to develop a new
process, requires the reduction of the number and complexity of experiments.

Therefore modeling and simulation are essential.
There are no alternatives to plasma processing in several industries. For

example anisotropic etching of deep trenches, selective etching of materials
on very thin films and uniformity of etching leave one with no alternatives in
processing. The sensitivity of device performance to small changes in geomet-

rical features, reduction of defect density in processing puts a high premium in
understanding plasma processing by simulation and modeling. The goals of

modeling are to decrease the time and cost of developing new plasma tools,
improving the efficiency of optimizing tool performance to meet process ob-

jectives, and assist in implementing real time process controls into operating
tools. Since plasma processing is a gas phase phenomena, the mass of waste

generated during processing is considerably reduced compared to liquid pro-
cesses. The advantages of ‘‘dry’’ processing allow vacuum processing and hand-

ling which contribute to controlling particulates to a lower level at which they
can be tolerated.

Any model proposed to understand the performance of a plasma reactor

requires comparison with experiments. These models may be analytical or
computer simulations. Each of these models must have a role in enhancing

our insights into the manner in which a plasma reactor functions.
The most effective way to compare the models with experiments is by

utilizing the methods of experimental design. It is first necessary to identify
the independent variables in the experiment that are expected to be important.

The design of experiments should provide the information necessary to estab-
lish those variables that are significant. Often, one should also be able to
ascertain those experimental variables that are significant, but may have been

omitted from initial consideration.
The number of experimental variables, if large, requires the use of factorial

design of experiments. Each of the independent variables is typically assigned a
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‘‘low’’ and a ‘‘high’’ value. The full factorial design of experiments allows the
examination of all permutations of low and high settings of all the variables.

If the number of experiments in a full factorial design is excessively large,
partial factorial design of experiments is useful. The partial factorial design of

experiments utilizes an appropriate choice of low and high settings of inde-
pendent variables. In a three independent variables situation, a full factorial

experimental design will involve testing of eight possibilities which correspond
to the corners of a rectangular box. A partial factorial design might test only
four corners of the rectangular box, with no two corners adjacent to one

another.
Analytical models assist in selecting the number of variables that can

affect the outcome of the experiment. With refined analytical models, it is
possible to infer the appropriate ‘‘high’’ and ‘‘low’’ values for the independent

variables.
In the absence of a reliable analytical model, the response surface is utilized

as a means of finding the relationship between the independent and dependent
variables. A response surface, by itself, does not provide the physical nature of
the solution, but may be useful for process control and to provide insight to

improve analytical, numerical or simulation models. It is important to appreci-
ate that the response surface merely allows one to interpolate between known

states of the experiments, and have limited validity outside the conditions under
which data were obtained.

Plasma process modeling has to contend with the inherent complexity of the
various phenomena occurring in plasma discharge. The models for plasma

processing are based on several submodels. At the outset one needs to predict
the transport and electromagnetic phenomena. This is to be augmented by

chemical models, which determine the spatial and temporal variation of
charged particles, neutrals and surface processes. The difficulty of modeling is
exacerbated by the very disparate, but often coupled time and length scales. In a

typical plasma system there are a number of physical and chemical processes
that occur. Of these, the production of electrons and ions is very important, as

these are the principal particles that sustain the discharge. Dissociation of
molecules to produce radicals is the basis of many chemically driven processes

and therefore one has to know the channels through which these radicals form.
Reactions that occur exclusively in the gas phase are of primary interest to

account for the loss of charged particles and radicals. Etching and deposition
are mainly processes occurring at the surface. The interaction processes with
the surface are of obvious importance, since the principal purpose of plasma

processing is to modify surfaces in some desirable way. Models must also be
capable of integrating the system performance so that one can relate them to

parameters such as etch rate, uniformity, selectivity and profile evolution. Of
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course it would be ideal if these models were integrated in a way to include the
sensor input so that one can obtain real time adaptive models.

The modeling and simulation of plasma reactors require a treatment of
kinetics and transport of charged species, kinetics and transport of neutral

species and the interaction of charged and neutral species with surfaces. Equi-
librium distribution functions for electrons and ions are generally not known

and may not be given by the Maxwell–Boltzmann distribution function. Hence
kinetic solutions are called for. Information as to how many particles are
moving at each velocity may be obtained by attempting to solve the

Boltzmann’s equation or by adopting the technique of Monte Carlo simulation.
At low pressures if the mean free path is along and of the same order as the

dimensions of the reactor, the meaning of continuum description to represent
fluid flow becomes highly questionable. It is therefore not unusual to combine a

fluid model with a kinetic scheme to obtain optimum result in a hybrid model in
which the strength of both the models is utilized. A popular scheme for simu-

lation is the particle in cell (PIC) method. In this method, a large number of
simulations of particles are followed simultaneously in a cell. The density of
particles, their mean velocity and other average quantities are estimated for the

sample. Taking into account the interactions between each cell then requires a
self-consistent calculation. The models must address at least qualitative trends

as influenced by alternative chemistries, pressure, power, gas flow, composition,
geometrical configuration and applied magnetic field.

The difficulty of the modeling stems from three different sources. In the
physical modeling the use of appropriate equations and the underlying assump-

tions may not represent the real system. Even if the equations and boundary
conditions are correct, errors creep in obtaining the numerical solution to the

equations. The tremendous inter coupling that is required in plasma modeling
results in lack of robustness of modeling where convergence of solutions is not
always assured. Thus, progress in utilizing existing models has been slim.

Continuum models are employed for those plasma where the neutral pres-
sure is high and therefore collision process dominates the plasma. The drift and

diffusion equations are used together with momentum conservation and mass
conservation laws for both ions and electrons. The Poisson’s equation has to be

incorporated. Sources and sinks for electrons and ions in bulk plasma due to ion
recombination, electron attachment and charge exchange generally must be

included.
Lieberman and Lichtenberg (1994) have presented a model to predict plasma

parameters for a given application by considering particle and energy balance in

discharges. Consider the situation when there are only two charged species in
the plasma, positive ions and electrons as exemplified by an argon discharge. In
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the case of argon discharge, we can take the predominant mechanisms for
collision energy losses as due to electron–neutral ionization, excitation and

momentum transfer. We define the collision frequency per unit density as the
rate constant, K, and define it by

K ¼ sv,

where s is the cross section for the interaction and v is the velocity of the
particles. Since

v ¼ v

ng s
,

we write

n ¼ Kng:

In order to obtain collision quantities in plasma, it is necessary to consider all

the velocities and integrate over all the velocity distributions. Hence, for a
plasma

n ¼ ngK ¼ nghs(vR)vRiv1, v2

¼ ng

ð
d3v1 d3v2 f1(v1) f2(v2)s(vR)vR,

where the distribution functions f1(v1) and f2(v2) are normalized to unity and

vR ¼ jv1 � v2j, where the incident electrons have velocity v1 and the target
particles have velocity v2. If we assume v2 � v1, and the distribution function

of velocities is Maxwellian, we obtain

K(T) ¼ hs(v)viv ¼
m

2pkBT

� �3=2 ð1
0

s(v)v exp � mv2

2kBT

� �
4pv2 dv,

where v1 ¼ v.

The collision energy loss per ion created may be written in the form

KizEc ¼ KizEiz þKexEex þKel
3m

M
(kBTe),

where KizEiz represents the loss of energy due to ionization, KexEex is the loss of
energy of electron due to the excitation of the atom and Kel(3m=M)(kBTe)
represents the energy loss power electron due to polarization scattering. In

gases other than argon, one may have to include losses due to excitation of
rotational and vibrational levels, molecular dissociation and perhaps negative

ion formation.
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Energy losses can also occur besides collisions, when electrons and ions carry
kinetic energy to the walls. The total energy lost per ion from the system may be

written as

ET ¼ Ec þ 2KBTe þ Ei,

where 2kBTe is the kinetic energy lost per electron and Ei is the energy lost per

ion as it accelerates through the DC potential in the sheath. Therefore, the
power absorbed by the plasma, Pabs, may be written for a discharge contained in

a cylindrical chamber

Pabs ¼ ensuB AET,

where ns is the density of ions at the sheath edge, A is the surface area of the
particles, uB is the Bohm velocity. The relationship between the density ns at

the sheath edge and density n0 at the plasma center depends on the mean free
path for ion–neutral collisions relative to the device dimensions. Libermann

et al. (1994) have provided estimates for a number of situations in cylindrical
plasma. They consider several cases when the discharge is uniform, nonuniform

and consisting of electronegative ions. In each case they provide formulas for
estimating the plasma parameters and their variation within power, pressure

and source geometry. In particular, they illustrate the evaluation of electron
temperature, Te, ion bombardment energy Ei at the edge of the wall, the plasma
density n0 and ion current density Ji.

Problems

4.1. Calculate the magnetic field necessary to confine electrons to a distance of
1 cm from the cathode surface in plane magnetron configuration, when a
cathode plasma sheath voltage is 1000 V.

4.2. Calculate the root mean square speed of electrons and ions in an
RF discharge when the frequency is 13.56 MHz and the electric field is

4 V/cm. Compare these speeds with the thermal speeds, assuming the
ambient temperature is 300 K, calculate the ratio of the velocity of the

electrons to ions.
4.3. Show that for plasma in contact with an isolated substrate, when the

sheath potential is Vf and the plasma potential is Vp, the average velocity
of electrons migrating to the substrate is the same as the average velocity

of electrons in the absence of the substrate.
4.4. Plasma has a pressure of 1 torr and temperature of 20 8C. Calculate the

density of neutral molecules. Calculate the Debye length and the mean
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free path for electron–neutral collisions. Assume collision cross section
for neutral–neutral collisions is 5� 10�19 m2. If the neutral temperature is

5 eV, assume the density of electrons successively are 1015, 1016, 1017 and
1018 m�3, and a probe radius is varying from 0.0025 to 0.05 cm, and the

size of the sheath is four times the Debye length. Determine the param-
eters for which we have (a) thick sheath (b) thin sheath (c) collision-less

sheath and (d) collisonal sheath.
4.5. Write the electric field surrounding a single charged cation. If a molecule

of dipole moment is in its vicinity, write an expression for the force

between the cation and the molecule. Calculate the potential energy of
the molecular cluster and compare it with the kinetic energy of the

molecule. Under what conditions will a cluster form?
4.6. Multiply Eq. (4.16), by df=dx and integrating the expression, obtain an

expression for df=dx. Plot this as a function of f assuming f ¼ 0 and
(df=dx) ¼ 0 at x ¼ 0.

4.7. Assuming the width of the negative glow is roughly the mean free path for
ionizing collisions, obtain an expression for the product of electrode gap
and gas pressure in a gas discharge where the neutrals are at temperature

300 K. Assume the cross section for ionizing collisions is 10�16 cm2.
4.8. Calculate the average distance a particle jumps in random motion after n

jumps if each jump is of the same length.
4.9. Utilize the Boltzmann’s expression to demonstrate that it reveals a ten-

dency to flatten the peaks in ion density.
4.10. Write an approximate expression for the change in potential, Df, and the

charge density as well as the distance over which the potential varies, Dx,
from the Poisson’s equation (d2f=dx2) ¼ �(r=«0). Calculate the electric

field necessary to shield 20 V in plasma of density 1016 m�3.
4.11. Calculate the mean distance that an electron travels from the point where

the electron absorbs power from the external source in terms of the mean

free paths for elastic and inelastic collisions.
4.12. The metastables in plasma collide with each other in a time t. What does t

depend upon? If the temperature of the metastables is T and the plasma
chamber has dimension R, calculate the time t it takes for metastables to

reach the wall of the plasma chamber. If there is a possibility of the
metastables ionizing the plasma, what is the condition for ionization to

occur?
4.13. Obtain an expression for the conductivity of the plasma body and hence

calculate the impedance. Obtain and analogous expression for the ion

conductivity in the sheath region. Obtain an expression for the impedance
of each region. Compare the sheath resistance of the shield with plasma
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body. Assume the area of the electrode and the plasma thickness as
required.

4.14. Prove the validity of Eq. (4.8).
4.15. Given the ion current density is j ¼ enscs, obtain an expression for sheath

thickness in terms of Debye length for a Child–Langmuir sheath. Estimate
its numerical value when V ¼ 500 V and kBTe ¼ 5 eV.

4.16. In an RF discharge the sheath voltage of 500 V is present in a sheath width
of 1 mm. Calculate the distance traveled by the ions at the RF frequency
in the instantaneous electric field.

4.17. Electrons striking a metal surface can liberate secondary electrons. Why is
this source of electrons of little importance in gaseous discharges?

4.18. The ionization energy of neon is 21.6 eV. What would be the field strength
required to ionize neon at (a) one atmosphere, (b) 1 torr?
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Chapter 5

Thermal Evaporation Sources

5.1. Introduction

The simplest sources to produce vapors of materials may be thermal sources.

These are sources where thermal energy is utilized to produce the vapor of the
evaporant material. Even when the energy that is supplied to the evaporant may

come from electrons or photons, the vaporizing mechanism may still be thermal
in nature. One can employ sources where the vapor pressure is equal to the

equilibrium vapor pressure of the evaporant as determined by the temperature
of the evaporant source. However, most sources are nonequilibrium sources

where the vapor pressure is less than the equilibrium value. Thin film deposition
sources are the means to bring about a phase change of a material from the

condensed phase to the vapor phase.
A simple laboratory system is considered here whereby vaporization is

achieved by heating the material electrically. The equilibrium source however

is typified by the Knudsen cell source. These sources have been modified to fill
practical needs so that deviations from equilibrium occur in these sources also.

Free jet sources are also available to produce thin films. To increase the rate of
deposition and extend the range of materials that can be evaporated, electron

beam sources have become popular. Even in these sources practical applica-
tions demand new approaches, especially to coat such shapes as fibers uni-

formly. One such modification is the so-called directed vapor deposition
system. The source of electrons and the factors that limit the maximum current
achievable from these sources require an understanding of the various possible

mechanisms by which electrons can be drawn out of the metal. Much higher
rates of deposition, and attempts to utilize plasma to initiate chemical reactions

at low temperatures in many applications, has resulted in the development of
cathodic arc sources. A recent entry into the field of thermal evaporation is the

heating of a material directly by a laser beam. The success of this technique in
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depositing multicomponent superconducting material thin films has prompted
the investigation of deposition of a wide variety of materials, which have many

components in them.

5.2. Electrically Heated Sources

Holding materials in a suitable support and heating the support directly by
passing electric current through it can accomplish the evaporation of certain

materials. Most of the materials are liquid at the temperatures required to
achieve reasonable deposition rates whereas some materials can be sublimated.

The heating sources must be compatible with the evaporant and must have the
capacity to deposit the required thickness of the film reliably and at low cost.

The thermal evaporation source has to be operated in a vacuum of better than
0.013 Pa so that the evaporant atoms can reach the substrate without collisions

as they travel from the source to the substrate. Very high purity films can be
grown when the base pressure in the chamber is reduced to the level of
1:33� 10�7 to 1:33� 10�9 Pa. Physical masks may be used to intercept the

flux and produce defined patterns on the surface. Shutters can be used to
intercept the vaporized material and prevent atoms from reaching the substrate.

Their use will assist one to have some time to allow out gassing and wetting of
the source material and avoid contamination prior to the actual deposition of

the film on the substrate. Atoms leaving a heated source by evaporation have an
average energy of 3 kBT=2, and emanate from the source with a Maxwellian

distribution of velocities. As the atoms are deposited on the substrate they give
up this energy as well as the condensation energy and contribute to substrate

heating. Uniformity of deposition is achieved by rotating the substrate on a
hemispherical fixture that has its center at the evaporation source. Due to the
fact that atoms move along straight lines in the evaporation chamber, geomet-

rical shadowing effects on nonplanar or rough surfaces result in nonuniform
thickness or incomplete coverage.

The evaporation source must meet a number of requirements. The simplest
requirement is to provide the support to hold the evaporant. The source

must also provide the thermal energy for the evaporant at high temperatures
without adding a high vapor pressure of its own in the evaporation flux. The

most critical requirement of course is that there should be no alloying or
chemical reaction between the evaporant support and the material to be evap-
orated. This requires analysis from thermodynamics and reference to phase

diagrams. It is also necessary to have the source available in a geometrical form
that is desired. The source must also be capable of being heated by different

methods.
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One of the simplest types of evaporation source is a resistance-heated source
made from a metal wire or foil, boat or some special purpose designs (Fig. 5.1).

The typical resistive materials used are W, Ta, Mo and C that have high melting
points and low vapor pressures so that many materials can be contained on

them. Most of the elements also have negligible interaction with these materials
as indicated by the appropriate phase diagrams. The power P, required to heat

the evaporant is supplied by Joule heating and is given by

P ¼ I 2R, (5:1)

where I is the current and R the resistance of the source. If the source is in the
form of a wire of length I and area of cross section A, we have the resistance

given by

R ¼ rl

A
, (5:2)

and r is the electrical resistivity of the material.

The thermal energy necessary to obtain the vapor is comprised of a number
of parts. The heat required must raise the temperature of the container and of

the material whose film is sought. This can be calculated from specific heat
information for the materials. The energy supplied to the material must be

sufficient to overcome the various heats of transformation such as the heat of

Resistance heated wire

Contact with a hot surface

(a)

(b)

Metal foil source

Contain liquid

Figure 5.1: Resistant heated sources from wire and metal foils.
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melting and the heat of vaporization. The thermal energy required must also
compensate for the loss of thermal energy by conduction and radiation in the

evaporation reactor. Additional energy to supply the kinetic energy for the
atoms once they are in the vapor is also necessary.

The heat required to raise the temperature of the evaporant material is, Hev,
and the heat required to raise the temperature of the source is, Hsource. The

calculation of these heat quantities is done through

Hev ¼ m

ðTe

298

CP dT, (5:3)

where m is the mass, CP is the specific heat of the material and Te is the

evaporation temperature, and a similar formula for Hsource. The total heat
required is given by

H ¼ Hev þHsource þ Lm, (5:4)

where L is the latent heat per gram of the evaporant and m is its mass. The heat

that is associated with evaporation is given by the mass of the evaporant
multiplied by latent heat of evaporation. If we assume that there are no heat

losses by conduction and radiation, the current required is given by

I 2 ¼ HA

rlDt
, (5:5)

where Dt is the time required to evaporate all the evaporant.
The actual current required must take into account the loss of heat by

conduction and radiation. We can get insight into the heat loss by isolating
some of the heat transfer problems. For example, the loss of heat via the

filament and the electrodes to which the filament is connected occurs by
conduction. Under steady state conditions we have according to Fourier’s law
in one dimension

Qc ¼ �kA
dT

dx
, (5:6)

where Qc is the heat transfer rate, k is the thermal conductivity of the material
and A is the cross sectional area of the electrodes. Electrodes made of copper

hold the evaporation support (tungsten wire) and we have (the factor 2 arising
from the heat flow to each electrode)

�Qc

2
¼ kWAW

dT

dx

����
W

¼ kCu ACu
dT

dx

����
Cu

, (5:7)
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where we note that the thermal conductivity is normally dependent on tem-
perature. In order to calculate, Qc, we need the temperature gradient of the

filament. If we assume the maximum temperature of the filament is T0 and that
of the electrode is Te, then

kWAW(T0 � Te)

2lW

¼ kCuACu(Te � 298)

2lCu
, (5:8)

where the average temperature of the water cooled copper electrode is taken to
be 298 K. The above equation can be utilized to solve for Tc, which can then be

utilized to calculate Qc. The current needed to balance the conduction losses is
therefore given by

I ¼
ffiffiffiffiffiffi
Qc

R

r
: (5:9)

The filament can also loose heat by radiation. The emissive flux E for a

source at a temperature T radiating into a background at temperature TB is
given by

E ¼ s«(T4 � T4
B), (5:10)

where s is the Stefan Boltzmann’s constant (5:675� 10�16 W=m2K4) and « is
the emissivity of the resistor, which depends on the wavelength of emitted

radiation and the evaporation temperature. For an element of area dA, where

dA ¼ 2pr dxi, (5:11)

an amount of radiated power is given by

dPi ¼ 2pr«s (T4
i � T4

B) dxi: (5:12)

The total radiated power is therefore given by

Pr ¼ 4prs

ðL=2

0

«(x) T4
i � T4

B

� �
dx, (5:13)

where «(x) is the temperature dependent emissivity and Ti is the temperature as
a function of distance from electrode filament contact. If we assume a linear

temperature distribution from filament center to electrode contact, we can write
for the temperature Ti at a distance xi the expression

Ti ¼ aþ bxi ¼ Te þ
TM � Te

L=2
xi, (5:14)
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where 0 � xi � (L=2). Substituting the above in Eq. (5.13), and carrying out the
integration will result in the expression

Pr ¼ 4prs«
L

2

T5
M � T5

e

5(TM � Te)
� T4

B

� �� �
: (5:15)

Another heat loss mechanism is due to the energy carried away by the evapor-

ating material, which is given by the latent heat of evaporation multiplied by the
mass of the evaporant.

The total power required is given by

P ¼ QC þ Pe þ Pr, (5:16)

where Pe is the additional power required to evaporate the material. The power
for the resistance of a series of incremental length dxi at temperature Ti and

reference temperature T0 is

dP ¼ I 2R(T) ¼ I 2
X

i

r0

A
[1þ a(Ti � T0)]dxi, (5:17)

where we have included the temperature dependence of the resistance.

For the temperature distribution given in Eq. (5.14), we have

P ¼ 2I 2 r0

A

ðL=2

0

(1þ aa� aT0 þ abx) dx, (5:18)

P ¼ 2I 2 r0

A

L

2
1þ a(TM þ Te)

2
� aT0

� �
, (5:19)

which gives the power required for a filament at its average temperature. Hence

the current required is obtained from

I ¼
ffiffiffiffi
P

R

r
: (5:20)

If the material to be evaporated reacts with the metal of the resistance wire, it
may be necessary to coat the metal that holds the evaporant with a ceramic

coating (Al2O3). The material to be evaporated must wet the resistor used
(typically W, Mo or Ta) in order to keep the molten liquid attached to the

resistor surface. If this is not possible, then a resistance material in the form of a
boat is utilized. It is also possible to have a container, such as a crucible (W, Mo,

Ta, Ti–Zr–Mo alloy, W–Rh alloy; BN=TiB2, graphite as crucibles that can be
resistance heated directly and BeO, Al2O3, ZrO2, ThO2, MgO, pyrex, quartz,
BN that require nondirect resistive heating) that can be heated directly or

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 372 17.11.2005 10:57pm

372 Thermal Evaporation Sources



indirectly by resistive heating elements. The direct heating of the resistive
element is accomplished by the passage of a high current at low voltage. The

indirect heating can be done by induction coils wrapped around the crucible.
The amount of material that can be held in a filament or foil is rather small and

does not extend beyond a few grams of material. The power to the resistive
material must be increased gradually, since the movement of material due to

thermal expansion can prematurely break the resistive element, since the
relatively cold fixtures holds the resistor together. The contact resistance of
the fixture with resistive element should also be low. Water-cooling of the

contact-clips between the fixture and the source are needed to provide consist-
ency in clamping and assure the contact resistance that one seeks. Wetting of

the resistive element by the evaporant is essential for good thermal contact.
Premelting and wetting of the evaporant can eliminate impurities and contam-

inants from the evaporant, establish thermal contact and avoid spitting that
might result from overheating, and reduce the amount of gas that is dissolved in

the evaporant. Use of shutters and radiation shields surrounding the vaporiza-
tion source is essential to have any type of control in this process and reduce the
power required, reach higher temperatures and provide uniform evaporation

temperature over a larger volume. It is frequently necessary to discard the
metal and foil sources after using them once. The nonuniform temperature

distribution, and the inability to control the temperature of the source with
any degree of reliability makes this type of source valuable only as a laboratory

investigative tool. However, aluminum for decorative purposes has exploited
resistance heated evaporation method for economic reasons. Many materials

for optical applications are evaporated by resistance-heated method.
Materials that sublime (e.g. Cr, Cd, Mg, As, C) can employ a rod type

specimen for an evaporation source (Fig. 5.2). Evolution of absorbed gases on
heating can result in the ejection of particles of the evaporant that will find their
way into the film. The poor thermal contact with a heated surface can result in

uneven deposition rates.
Some materials (e.g. Sn, Sb, C, Se) evaporate as clusters of molecules. They

are made to pass through baffles (Fig. 5.3) that are maintained at sufficiently
high temperatures to prevent condensation, so that the heated surfaces ensure

that the clusters are decomposed or filtered out. Baffles are also utilized to filter
out particles evolved during evaporation. Baffle sources are often used to

inhibit direct line of sight transmission from the evaporation charge to the
substrate. Tantalum baffles are maintained at high temperatures to prevent
condensation and thus the atoms are reemitted from the baffles in a cosine

distribution function.
Induction heating (Fig. 5.4) can be used to melt evaporant in a water-cooled

copper crucible. This technique is useful to evaporate reactive materials.
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Resistance heater crucible

(a)

Sublimation source

Radiation
shields

Chromium
rod

Heater

(b)

Figure 5.2: Sublimation and crucible sources.

Substrate
temperature Ts

Vacuum
chamber

Baffle
Hot wall
T >Ts

Evaporation
sources

Pump

Figure 5.3: Sources containing baffles.
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Crucible sources are needed if one wants to evaporate materials in quantities of
a few grams or more. The thermal stability of the crucible and its noninteraction
with the evaporant material are obvious requirements. The energy is coupled

directly to the evaporant so that heat loss by conduction and radiation are
minimized. Water-cooling around the crucible is common so that radiation

shielding is avoided. For materials (e.g. Al, Ti, Be) that show excessive wett-
ability, this method has proved useful. However high cost of design, and the

need to optimize the geometry for specific material and crucible combination
makes this technique not very competitive.

A number of materials (Fe, Ni, Pt, Si ,Ti) absorb gases during purification,
particularly H and O. When they are used as the source for evaporation, gas is
liberated driving droplets of metal from the evaporant. The spitting will result

in defective films. Conditioning of the source prior to evaporation is essential in
these cases. The deposition of compounds depends on their stability, because

majority of them decompose. Oxides for example loose oxygen, which some
times can be replenished by introducing oxygen in the chamber. A few com-

pounds can be deposited by evaporation without loss of stoichiometry. Alloy
deposition is difficult if one has to preserve the composition of the film and is

practical only for those components which have similar vapor pressures. Co-
evaporation and flash evaporation are techniques employed to regain the

composition of the source material in the film. A complete list of the experience
with deposition of materials by thermal means is assembled in the book edited
by Glocker and Shah (1995).

The substrates must be positioned to receive a uniform flux of atoms, or
moved so that they all receive a comparable integrated evaporant flux. There

RF heated crucible

RF
coils

Molten
metal

Figure 5.4: Inductively heated sources.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 375 17.11.2005 10:58pm

Thermal Evaporation Sources 375



are a number of substrate holders used. Flat substrates give uniformity of about
10%. Rotated flat substrates give better uniformity. Spherical domes with a

radius equal to the source to substrate distance will introduce 5% variation in
thickness uniformity introduced by the source flux. A planetary substrate holder

can produce uniformity in film thickness of the order of 1%. Mechanically
simple and to provide great capacity one can utilize a centrally located source

surrounded by flat plates mounted on a rotating drum. The film is thickest at the
center of the substrate in all cases.

Example 5.1

Calculate the mass of aluminum that has to be evaporated to obtain a film of

thickness 1 m in a bell jar that has a distance of source to substrate 50 cm. The

diameter of the substrate is 10 cm. The evaporating surface and the substrate to be

coated are arranged such that each is tangent to an imaginary sphere of radius

50 cm.

Mass of aluminum deposited is

dm ¼ volume� density

¼ pd 2t r

4
,

where t is the thickness of the film, r its density and d is the diameter of the
substrate.

The film thickness on the substrate is determined by source to substrate
distance, R, the evaporation distribution from the source and the angle of
incidence on the substrate u.

The angle subtended by the extremity of the substrate to the source (Fig. 5.5)
is given by u where

tan u ¼ d=2R:

Not all the mass in the evaporation source is intercepted by the substrate. The
portion of the substrate that receives the mass of the evaporating material is

given by

da ¼ K
cos u cos f

r2
dAr,

where all the geometrical quantities are indicated in Fig. 5.5. The mass of the

flux of evaporant at the receiving surface is thus given by

dm ¼ m da:
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The value of K depends on the nature of the source and for a point source
K ¼ 1=p.

The values of u and f depend upon the relative positions of the substrate and
the evaporation source. For simplicity in calculation, we assume u ¼ 0 and

f ¼ 0, which implies that the substrate is perpendicular to the direction of
flux at all times. If all the mass of the flux arriving at the substrate have unity

sticking coefficient then the thickness t is given by

t ¼ dm

r dAr
¼ m da

r dAr
¼ m

p

1

R2

dAr

r dAr
¼ m

pR2r
:

Hence,

m ¼ pR2rt:

R ¼ 50 cm, t ¼ 10�4 cm, r ¼ 2:70 g=cm3, so that m ¼ 2:12 g:

Example 5.2

Obtain expressions for (a) the number of particles emitted by a source in a

direction specified by the polar angle u and within a solid angle dV, (b) the

incident flux for particles onto a given surface in a particular position and

orientation, (c) the film rate of deposition, (d) the deposition rate and (e) the

criterion for impurity non-incorporation in the film.

The number of particles per second being emitted by a source of area dA in

the direction within dV about the direction specified by the polar angle u is one
of the chief features that characterizes the evaporation source and is given by

JV ¼
F dA cos u

p
:

Substrate

Pressure P

Effusion cell

T0
vacuum

Tsource,Peq,

b

θ

δ

f

R

A

JΩ

Figure 5.5: Geometry in evaporation deposition.
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We assume the area dA is small enough so that J� is uniform across the source
area. The area is assumed to be planar and the linear extent of the source

is sufficiently small when compared to the distance to the substrate. The above
characteristic is useful in specifying incident flux and lateral film thickness

profile for any specific substrate configuration. A number of specific sources
and planar, spherical receiving surfaces and the expressions to calculate

the lateral film thickness distributions are available in the book by Holland
(1956).

The position and orientation of the receiving surface is important in deter-

mining the incident flux of particles falling on it. The solid angle dV subtended
by a surface element of area dA with respect to a point O is given by

dV ¼
~RR . n̂n
	 


dAs

R3
,

where ~RR is the vector from O to the element and n̂n is the unit vector normal to

the area as shown in Fig. 5.6.
The local incident flux on to the receiving surface is given by

n

dAs

R

b

dΩ

O

∧

Figure 5.6: Differential element that subtends a differential solid angle

with respect to a point O.
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J1 ¼
JV(~RR . n̂n)

R3
:

If b is the angle between ~RR and n̂n, then

J1 ¼
JV cos b

R2
:

The depositing rate is given by

Jc ¼ ac J1,

where ac is the condensation coefficient. ac depends upon the temperature and
structure of the surface and is typically unity for metals and less than unity for
other types of solids.

The rate of change of film thickness in the direction perpendicular to the local
surface along the unit normal n̂n may be obtained by the continuity equation

r~ . Jc ¼ �
@n f

@t
,

which is an expression of the conservation of matter, and n f is the number of

atoms per unit volume determined by the crystal structure. We can approximate
each side of the continuity equation as follows. We have

r~ .~JJc ffi �
Jc

al
,

where al is thickness of the monolayer of film. We also observe the deposition
rate nn is

� @n f

@t
ffi n f nd

al
:

Hence,

nd ¼
Je

n f
:

If we assume the monolayer formation time is tm,

tm ¼
n

2=3
f

Jc
,

where we have assumed that the surface atomic density is n
2=3
f . The time ta, for

a monolayer to be adsorbed, for residual particles is

tr ¼
n

2=3
f

dF0
,
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where d is the trapping probability and F0 is the impingement rate. Therefore in
order for impurities in the gas phase not to be incorporated to any significant

degree in a film, one must have d F0 � Je.

Example 5.3

Obtain expressions for calculating the amount of heat flux that one should

consider reaching the film obtained by evaporation.

The incoming particles from an evaporation source carry an energy that is
characteristic of the temperature of the source. When these particles condense

on a substrate, they deposit a heat flux, jeva, given by

jeva ¼
3kBTsource

2
d J1,

where d is the trapping probability and J1 is the incident flux density.
When the atoms condense, they release the heat of condensation, DH0

c , so

that the heat power delivered to the substrate is given by

Jtherm ¼
DH0

c

N0
ac J1,

where ac is the condensation coefficient, and N0 is the Avogadro’s number.
There is also a heat flux associated with radiation coming from the heated

source. This is given by JVrad and is estimated from

JVrad ¼
«sourcesT4

sourcedA cos u

p
,

where «source is the emissivity of the evaporant surface averaged over all wave-
lengths. A fraction of this emitted flux is absorbed by the substrate and can be
calculated from

Jrad ¼
«sub JVrad

R2
cos b,

which depends upon the distance R of the substrate from the source and

the orientation of the normal to the substrate with respect to the source.
Therefore,

Jrad ¼
«sub «sourcesT4

source

Fsource
J1,

where Fsource is the thermal equilibrium rate of evaporant at the source tem-
perature.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 380 17.11.2005 10:58pm

380 Thermal Evaporation Sources



5.3. Effusion and Free Jet Sources

The term molecular beam refers to atoms and molecules moving in a well-
defined direction without making collisions with each other or with the residual

gas molecules in the evacuated chamber. Depending on the sophistication
desired, it is possible to obtain a molecular beam with a well-defined transla-

tional kinetic energy, vibrational and rotational energies (Scoles, 1988) and to
measure the translational, vibrational and rotational energy of molecules after
striking and leaving other molecules or the surface of a material. The source of

the molecules in a Knudsen cell is the vapor of the material obtained by heating
a condensed phase to a temperature T, where the average kinetic energy of the

vapor molecule is 3 kBT=2, and the velocities of the molecules are distributed
according to the Maxwell–Boltzmann distribution. However, we are concerned

with the simplest type of a source known as an effusion cell or Knudsen cell
(Parker, 1985). A Knudsen cell is a heated cavity with an orifice that is small

enough so as not to disturb the equilibrium vapor pressure inside the cavity. The
effusion rate from the orifice is only dependent on the vapor pressure of the
evaporant and not on its amount. Many of the characteristics of the Knudsen

source such as intensity, angular distribution, velocity spread and energy may be
derived from the kinetic theory of gases.

We recall that atoms and molecules in a gas move around in a random
manner, colliding with each other and with the walls of the chamber. A typical

molecule in air at atmospheric pressure and room temperature has an average
speed of about 470 m/s and moves a straight line distance of about 10�7 m and

makes about 109 collisions/s with other molecules, so that they rarely hit the
wall before colliding with another molecule. However, if the pressure in the

vacuum chamber is reduced to 133� 10�6 Pa, the mean free path increases to
76 m that is very large compared to the dimensions of the vacuum chamber
containing the gas. The molecules move about randomly colliding mostly with

the walls of the chamber, are adsorbed there for a while and are reemitted
without any memory of its initial state. The average speed of the molecule is

thus determined by the temperature of the wall of the container in which the gas
is present.

An effusion cell or a Knudsen cell is a closed cell containing the material to
be used to form a beam (Fig. 5.7). The cell is connected to the vacuum system in

which the interaction occurs through a small hole. According to the kinetic
theory of gases, n�vvA=4 molecules/s pass through a thin walled aperture of area,
A, from the source volume, �vv is the average velocity of the molecules and the

density of molecules is n molecules/m3. If the source is operated at low enough
pressures, such that the mean free path in the cell is long compared to the size of

the orifice, then the molecules will continue without changing speed or direction
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across the pumped immediate region. Hence, the thermal equilibrium of the gas
inside the Knudsen cell is not disturbed by the effusing particles. Quantitatively

the Knudsen number Kn is given by

Kn ¼ l=d (5:21)

and should be greater than unity, where d is the diameter of the orifice and l is
the mean free path. A second aperture will define the beam in the experimental

region. The spatial distribution of molecules effusing from a Knudsen source is
given by (1/4) n�vv( cos u=p). The intensity of the beam at a distance L from the

orifice is given by

I ¼ 1

4
n�vv

cos u

p

� �
A

L2
: (5:22)

Radiation shield (Ta)

Radiation shield (Ta)

Radiation shield (Ta)

Spacer (BN)

Heater ribbon (Ta)

Heater ribbon (Ta)

Crucible (C or BN)

(a)

Thermocouple feedthrough

Thermocouple (WRe)

Crucible

Flange
Power feedthrough Base plate (Mo)

Holder (Mo)

(b)

Figure 5.7: Knudsen cell.
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For a substrate far away from the sample the intensity would be low contribut-
ing to a lot of wasted material. The use of a collimator or the second orifice

between the source and the substrate sharply defines the direction of the beam.
In practice, Knudsen cells have large openings to achieve useful deposition

rates. The effusion rate now will depend on the fill level of the crucible.
Practical effusion cells are cylindrical and have a finite thickness, so that the

probability that a molecule that enters the orifice in the effusion cell lid at the
side of the gas reservoir goes directly to the vacuum system is not precisely true.
The crucible wall has a finite thickness, which allows diffusion and specular

reflection from the side of the walls thereby reducing the flux. Clausing (1932)
assumed a return of molecule to the gas reservoir from the orifice according to

the cosine law of return and obtained a correction factor, Wa, which is deter-
mined by the length L and diameter d of the orifice. Winterbottom and Hirth

(1962) considered the possibility that the molecules are temporarily adsorbed
when they strike an orifice wall, diffuse along the surface of the wall, and

eventually evaporate into the vapor phase. The correction factor that they
calculated was larger than Wa. The long tubular body between the liquid surface
and the orifice alters the flux through the orifice. The evaporation may be less

than the ideal case such that an evaporation coefficient may be necessary.
Motzfeldt (1955) has modeled the output of the nonequilibrium cell. Motzfeldt

considered that in an effusion cell, the pressure just above the condensed phase
is more than the pressure adjacent to the orifice and introduced a modification

to the effusion equation. Dayton (1957) examined the fact that the real effusion
cells do not obey the cosine law and outlined a procedure to determine the

correction factor.
The crucible is typically made from pyrolitic boron nitride which has ther-

mocouples [W–Re (5% and 26% Re) alloys] mounted on the backside to meas-
ure temperature. The heat is supplied to the crucible by resistively heated wire.
Tantalum (high purity with low oxygen content) is used both for the heater and

for the heat shield because it is relatively easy to degas and can be welded and
does not become fragile after repeated heating cycles. Pyrolytic boron nitride is

used as insulating material. The shape of the vapor distribution depends on the
fill level (Luscher and Collins, 1979). For example, when the fill level drops,

the sides of the Knudsen cell effectively act as collimators and the distribution
of the vapors becomes narrow. A change in the vapor distribution implies that

calibration of evaporation rate is necessary as the deposition proceeds. To
avoid this situation, the crucibles are shaped to have a conical form (Fig. 5.8)
(Yamashita et al., 1987) to eliminate beam collimation for reasonable

size substrates and thereby avoid frequent calibration of evaporation rates.
However the uniformity of the flux coming from a conical cell is still the subject

of investigations.
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The Knudsen cells are often located at an angle to the normal to the substrate
(Fig. 5.9) on which the film is deposited. Therefore, the flux distribution on the

substrate tends to be asymmetric. If the distance between the source and the
substrate is large, the angular separation required between sources is reduced.

However, the flux distribution similarity comes at the expense of low deposition
rates, so that one has to make the necessary trade offs. The uniformity in

thickness as well as the composition of the films grown depends upon the
uniformity of the molecular beams across the substrate. In order to obtain the

best uniformity it is best to have a large distance from source to substrate and
insure isotropic nature of the flux in the solid angle subtended by the substrate.

The thermal mass of Knudsen cells is large, so that rapid changes in tem-
perature are not possible. Sharp hetero interfaces as between different mater-
ials deposited require the use of different sources. The mechanical shutters that

operate with opening and closing times at about 0.1 s are used to readily stop or
initiate the flux from effusion cells. The reproducibility of the growth process

depends upon the long-term stability of beam fluxes and the flux transients. For
example, when the mechanical shutters operate, the surface of the charge

contained in the source cools momentarily on the opening of the shutter.
Electron beams and laser radiation have also been used to generate the vapor

from the source. These sources are important because they reduce the inter-
action between the evaporant and the source. This is because the heat is
supplied just to the evaporant surface and the contact between the evaporant

and the walls of the cell are minimized. Besides producing fast response time of

Figure 5.8: Conical-shaped effusion cell.
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the evaporating heating source, these sources are also useful in modulating the
evaporation beam intensity. Electron beam evaporators have been very useful

in producing beams of silicon. Laser radiation beam (Nd:YAG lasers) heating
has been successfully used in depositing II-VI compounds. In order to utilize the
source for As and P, gas sources were introduced by Panish (1980). These

sources give precise control over the group V elements at high intensity levels.
A large variety of organometallic materials are used as sources for many other

elements. These sources have enabled the growth of IV, III-V, II-VI semicon-
ductors, metals, magnetic materials, nitrides, oxides and fluorides.

Example 5.4

Aluminum is evaporated from a Knudsen cell source with an opening area of

25 cm2 and at a temperature of 1150 K. What is the growth rate when the substrate

is directly above the source at a distance of 0.5 m?

Heater

Substrate
Valve

Flow/
pressure
control

Doping cellSi
Be

Al, Ga, In

Ventilation

PH3 AsH3

Figure 5.9: Location of Knudsen cell with respect to substrate.
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The vapor pressure of aluminum is given by
log P ¼ A=T þ B log T þ CT þD, where P is in torr with A ¼ �16 380,

B ¼ �1:39, C ¼ 0 and D ¼ 12:32:
Hence, log P ¼ �4:9842 so that P ¼ 1:037� 10�5 torr.

The flux of atoms, J, from the thermal source is given by area of source
multiplied by P=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p� �

.

m ¼ 27� 1:6606� 10�27 kg, kB ¼ 1:38� 10�23 J=K, area ¼ 25� 10�4 m2:

J=pr2 gives the flux Jn at a distance r directly above the source. Hence

Jn ¼ 6:5837� 1016 m�2 s�1:

The density r of aluminum atoms is given by 4=(4:0497� 10�10)3 ¼ 6:0227�
1028m�3:

Therefore the rate of growth R ¼ Jn=r ¼ 1:0932� 10�12 m=s ¼ 0:0011 nm=s.
One way to improve the fraction of the material leaving the source that exits

in the direction of the substrate is to modify the shape of the orifice (Fig. 5.10).

Figure 5.10: Modification of the Knudsen cell with respect to the shape of the orifice.
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In order for cosine distribution to be observed the orifice thickness must be
small compared to its diameter. The total flux through the orifice and the spatial

distribution of the molecules changes if the orifice is in the form of a short tube.
For large Knudsen’s number the total flow through such a short tube is related

to the flow through the orifice, Qorf by

Qt ¼
8r

3l
Qorf: (5:23)

where l is the length of the tube and r is its radius. The correction factor is due to

the probability that a molecule that enters the tube has a finite chance of
returning to the source. For Kn� 1, only wall collisions occur and the flow

properties are determined solely by the geometry of the channel. Unlike the
sharp edged orifice, the spatial distribution of the material exiting the tube is

more sharply peaked. The Knudsen cell with a channel is economical in the
pumping requirements, as the gas load is decreased by 8r=3l. The evaporant
source material is saved by a factor of (d=l )2 whereas the forward intensity is

reduced by a factor of (d/l ). The distribution of velocities leaving the channel is
narrower in the forward direction since molecules at large angles to the axis hit

the walls and are likely to be scattered back. Intense beams with an angular
distribution even smaller can be produced using as a source aperture a quartz

plate containing a large number of closely spaced, straight, very narrow chan-
nels with d/l to be 100 or more (Fig. 5.11). The number of molecules effusing

from a multichannel source is proportional to the number of channels.
Effusion cells have been designed to provide higher temperatures at the

open end of the crucible (Fig. 5.12). This is done by providing separate heating

zone either by nonuniform heating or by special crucibles that absorb more heat
effectively near the tip. The purpose of this design is to avoid the accumulation

of material near the tip (this is often the case for Sb). It is known that for some
substances liquid creeps up to the oven slit and clogs it, it is essential to consider

this factor in choosing the oven material (this is thought to be the case for Ga).
It is known that this reduces the defects in the film, so that these cells are often

termed low defect cells. It is also found that the impingement rates at the
substrate position are far more uniform so that homogeneous layers are readily

attained.
Many elements (Ga, In, Al) evaporate as monomers from the effusion cell.

However, there are some elements, such as As and P which evaporate as

tetramers. Dimers of these elements are able to react more efficiently on the
surface of the substrate while forming the film. This is due to the difference in the

surface chemistry of the growth process relevant to different molecular species
of the same element. They would require lower overpressures and generally

result in giving better film structure and properties. Therefore, Knudsen cells are
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Figure 5.11: Multichannel aperture Knudsen cell.

Figure 5.12: Low defect cell.
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designed with two temperature zones (Fig. 5.13), the high temperature zone

which produces the dimers is maintained closer to the exit opening of the source
(Lee et al., 1986). The efficiency with which tetramers are cracked to dimers

depends upon the material and the temperature of the cell. Geometry of the cell
governs the collision of the molecules with the cell and this is important in
catalyzing the splitting of the tetramers. The cracking efficiency or the rate at

which dimers form, is a function of the nature of the materials of the walls of the
cell. It is found that 95% efficiency in cracking is achieved if the surface of the

walls of the effusion cell is rhenium. Tantalum, graphite can also achieve these
efficiencies but only at higher temperatures of the cell. Those metals, which are

efficient in catalyzing, like platinum, must of course be avoided if they react with
evaporant as it happens in the case of arsenic. Getters, such as Zr-C are incorp-

orated to eliminate residual oxygen containing molecules such as As-O.
When the oven is initially heated some materials tend to bubble and can give

rise to unstable intensities and even liquid droplets. Hence conditioning of the

target is necessary and sometimes this can take hours. Some of these problems
can be remedied by avoiding overfilling and controlled heating. Vacuum distilled

samples and use of baffles can overcome some of the problems. If one uses the
effusion sources for very high temperature, while melting material, careful

attention for the design of effusion sources with respect to materials used, heaters
employed and radiation shields provided are necessary.

Cracker section
with baffles

Heater foil

Thermal isolation region

Figure 5.13: Cracker cell.
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Example 5.5

The density measurements of arsenic vapor carried out by Rau (J. Chem.

Thermodyanmics, 7, 27, 1975) found it to be 2.336 g/L at a total pressure of

0.708 atm and 1090 K. Calculate the equilibrium constant and the fraction of

tetramers arsenic decomposed at equilibrium.

Arsenic vapor consist primarily the species As4 and As2 so that except at high

temperatures As monomer species can be neglected. Hence we have the equi-
librium relationship

As4(g) ¼ 2As2(g):

Suppose n0z molecules are decomposed of As4(g) at equilibrium, and n0 mol-
ecules of As4 were originally present in the system, and then 2 n0z molecules of

As2 are present at equilibrium. The quantity z represents the fraction of As4 (g)
decomposed at equilibrium. Since the pressure and temperature are assumed to

be constant, the volumes of each of the gases is given by

P(As4)V ¼ n0(1� z)RT; and P(As2)V ¼ 2n0zRT,

where P(As4) and P(As2) are the partial pressure of the appropriate species.
Adding the two pressures, we obtain

PV ¼ n0(1� zþ 2z)RT ¼ (m=M)(1� zþ 2z)RT,

where m and M denote the mass and molecular weight of As4 species respect-
ively. We can write

PM=RT ¼ (m=V)(1� zþ 2z) ¼ r(1� zþ 2z),

where � is the density. The equilibrium constant is given by

K ¼ P(As2)2=P(As4):

P(As4) ¼ x(As4)P ¼ 2zP=(1� zþ 2z), and

P(As2) ¼ x(As2)P ¼ [(1� z)=(1� zþ 2z)]P,

where x is the mole fraction of the gas species involved. Hence we obtain the
relationship between the equilibrium constant K and the z as follows:

K ¼


(2z)2=[(1� z)(1� zþ 2z)2�1]
�

P2�1:

M ¼ 299:688; T ¼ 1090 K; R ¼ 0:08206 l atm=gmolK.

Hence 1 þ z ¼ 0:707(299:688)={0:08206(1090)2:336} ¼ 1:0405 so that z ¼
0:01405.

K ¼ 4(0:01405) 2 (0:707)=[1� (0:01405)2] ¼ 5:5837� 10�4:
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The intensity of the molecular beam increases with increase in pressure in the
chamber until a stage is reached when the mean free path becomes less than

the smallest dimension of the source aperture. The intensity can be made to
increase again if the source pressure is increased and a nozzle replaces the aperture.

The nozzle diameter is much greater than the mean free path so that collisions
between molecules occur and viscous flow conditions prevail on the high-pressure

side. The gas expands adiabatically as it expands from the high-pressure side to the
vacuum side. After leaving the nozzle the expanding beam passes through a
skimmer (Fig. 5.14), which is a hollow cone with a small hole at the end. The

skimmer selects a part of the beam that is proceeding towards the target.
The molecules not passing through the skimmer are reflected back and contribute

to the background pressure Pb in the region between the nozzle and the skimmer.
A vacuum pump keeps the pressure in this region as low as possible to minimize

attenuation of the forward directed molecules coming from the quitting surface.
The free jet molecular beam is a neutral beam of molecules extracted from a high-

pressure gas source into a low-pressure ambient background. Supersonic jets are
thus generated by expansion from a high-pressure stagnation reservoir into a
continuously pumped vacuum chamber through a small nozzle orifice.

The free jet source provides neutral energetic particles with high intensity.
The gas starts at pressure P0 and temperature T0, called the stagnation state,

and has a negligible velocity. With an imposed pressure difference P0 � Pb, the
gas accelerates as the area decreases and races towards the source exit. The gas

moves in the beam direction with a high velocity that is a function of the
expansion conditions. If the pressure ratio, P0=Pb, exceeds a critical value, G,

where (g is the specific heat ratio CP=CV)

G ¼ (g þ 1)

2

� �g=(g�1)

, (5:24)

Sonic nozzle

Skimmer

Figure 5.14: Sonic nozzle and skimmer arrangement.
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the mean velocity of the gas will exceed the speed of sound in the gas, c, where

c ¼ gRT

m

� �1=2

: (5:25)

Hence the behavior of the gas can be described by Mach number, M( � u=c),

which can reach unity at the source exit (u is the mean velocity along the direction
of flow). As P0=Pb increases, the exit pressure becomes independent of Pb and is

equal to P0=G. The gas attempts to expand as it comes out of the nozzle. Hence, a
supersonic flow increases the velocity as the flow area increases and hence M > 1

beyond the exit. The supersonic flow is unable to sense the boundary conditions
(hence the regime is called the zone of silence), since the information propagates

at the speed of sound, whereas the gas moves faster than the speed of sound. The
gas adjusts nevertheless by producing shock waves, which is a very thin region of
large density, pressure and temperature and velocity gradients (Fig. 5.15). The

gas first is thought to expand isentropically, over expands not knowing Pb and
thus M continues to increase and the shock wave results. The location of the

Mach disk measured in nozzle diameter, d, is given by

xm

d
¼ 0:67

P0

Pb

� �1=2

: (5:26)

Background pressure Pb

Compression waves

P0T0
M < < 1

M =1

Expansion
fan

M >1

Zone of
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Reflected
shock

Mach disk shock

Flow

Slip line
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M < 1M >> 1

Barrel shock

Jet boundary

Figure 5.15: Flow conditions of free jet source.
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The skimmer is located at a distance xT from the nozzle, which is less than xm, so
that the skimmer aperture can extract the centerline beam.

Example 5.6

Show that the maximum velocity obtainable at the end of a cross section in a

nozzle is the velocity of sound.

The flow through nozzles is accompanied by sharp reduction in pressure.

A nozzle as a device converts the internal energy of the gas to kinetic energy as
a result of the changing cross sectional area available for gas flow.

For a steady state flow process in a tube that is horizontal (i.e. no gravita-
tional energy difference) and with one entrance and one exit, the energy

balance equation at constant volume is given by

DH þ Du2

2
¼ QþWs

where H is the enthalpy, u the velocity, Q the heat added to the system and Ws

is the shaft work done on the system. Since in a nozzle flow, no shaft work is

done, and the flow is presumed to be adiabatic, so that Q ¼ 0, we obtain

DH þ Du2

2
¼ 0:

We can write the above equation in differential form as

dH ¼ �u du:

The continuity equation is given by

d
uA

V

� �
¼ 0:

where A is the area of cross section of the nozzle. When A is a constant, we
obtain

d
u

V

	 

¼ 0:

Hence,

du ¼ u dV

V
(Constant A):

Consequently,

dH ¼ �u du ¼ �u2dV

V
:
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Since,

TdS ¼ dH � VdP,

we obtain,

TdS ¼ � u2dV

V
� VdP:

As the gas flows along in a pipe in the direction of increasing velocity, we

have dP < 0 and dV > 0. Hence, a maximum velocity is reached when dS ¼ 0.
Therefore we write

u2
maxdV

V
þ VdP ¼ 0:

We can therefore write

u2
max ¼ V 2 @P

@V

� �
S

:

The maximum fluid velocity obtainable in a conduit of constant cross section

is therefore the same as the speed of sound.
The first law of thermodynamics for free jet expansion is

hþ V 2

2
¼ h0, (5:27)

where h0 is the stagnation enthalpy for unit mass. Since all the streamlines

originate in the stagnation source, h ¼ h0, throughout the expansion. Hence as
the gas expands adiabatically and cools, V increases. We can write

V 2 ¼ 2(h0 � h) ¼ 2

ðT0

T

C�P dT, (5:28)

where C�p is the average specific heat over the temperature range of interest T0

to T, so that

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2C�P(T0 � T)

q
: (5:29)

For an ideal gas

C�P ¼
g

g � 1

R

W
, (5:30)

where W is the molecular weight. For T � T0, we have the maximum terminal
velocity given by

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 394 17.11.2005 10:58pm

394 Thermal Evaporation Sources



V1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RT0

W

g

g � 1

� �s
: (5:31)

Using the speed of sound for the ideal gas and the definition of Mach number,
we obtain

T

T0
¼ 1þ g � 1

2
M2

� ��1

, (5:32)

and

V ¼M

ffiffiffiffiffiffiffiffiffiffiffiffi
gRT0

W

r
1þ g � 1

2
M2

� ��1=2

: (5:33)

We see as the flow expands, at some distance down stream from the nozzle,

the frequency of intermolecular collisions drops drastically. The flow velocity
becomes constant. The kinetic energy is essentially frozen, and the flow behaves

as if radiated in streamlines from a point source. Since the collision results in
cooling, in the expansion, the velocity distribution is much narrower and the

number of molecules in a given energy interval is much larger than in the
effusive beams. The beam intensity potentially increases by several orders of

magnitude compared to the effusion beams.
The continuum properties of the free jet expansion require solution of

equations of conservation of mass, momentum and energy. One obtains the
variation of M with distance x from the nozzle, thus,

M ffi 3:20
x

d

	 
g�1

: (5:34)

The supersonic jet assembly essentially behaves like a point source with its

origin located slightly downstream of the nozzle orifice. For x > d, we can write
for the density distribution r(x, y), the expression

r(x, y)

r(x, 0)
¼ X0

cosm u

x2
, (5:35)

where x represents the distance downstream from the nozzle, r(x, 0) is the
centerline number density, X0 is a normalization factor, u is the polar angle

measured from the expansion axis that is perpendicular to the nozzle orifice and
m is typically 4.

The principal advantage of supersonic free jets concerning thin film growth

application stem from the high intensity and hyper thermal translational energy
of the source molecules. The flow rate FN , is given by

FN ¼ KNn0
~VVA, (5:36)
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where n0 is the molecular density, ~VV is the most probable speed, KT is a
numerical constant and A is the nozzle throat area. The upper limit of transla-

tional kinetic energy in supersonic expansion can be related to source tempera-
ture via

E� ¼ g

g � 1
RT0: (5:37)

Compared to the effusion source for which the average energy is 2 kBT , the free

jet has the average energy (5=2) kBT for g ¼ 5=3. Hence the gain in transla-
tional energy over that in effusion source is g=½2(g � 1)�. For a single compon-

ent supersonic jet this is about 1 eV at 300 K, well below the chemical bond
energy for thin film growth. The distribution of velocity can be most simply

thought of as a Maxwellian distribution as determined by the mean flow velocity
determined from the Mach number as shown in Fig. 5.16.

One can increase the translational energy of the supersonic jet by the use of

the seeding technique. In this technique a low concentration of a heavy gas is
mixed with a light carrier gas such as hydrogen or helium. The small amount of

heavy molecules will be carried along in the expansion and will reach essentially
the same velocity as the lighter molecules. The energy of the heavier molecules

will thus be increased above that of the lighter molecules by a factor of the ratio
of the mass of the heavy particle to that of the light particle. This will generate

energies in the range 1–20 eV. In the expansion chamber when a mixture of
gases is present, all components of gas mixture are accelerated to the same
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Figure 5.16: Velocity distribution of molecules from a free jet source.
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velocity. The bulk flow rate then depends upon the concentration of each
species in the gas mixture. The average translational kinetic energy for the

heavy species in an ideal gas is given by

Eh ¼
mh

m
C�PT0 ¼

yCP þ yhCPh

(m=mh)(1� yh)þ yh

� �
T0, (5:38)

where mh is the mass of the heavy particle, T0 is stagnation temperature and

m ¼
X

i

yimi, (5:39)

where yi is the mole fraction and

C�P ¼
X

i

yiCPi: (5:40)

Assuming the concentration of the heavy gas is negligible, we obtain

Eh ¼
mh

m
C�PT0, (5:41)

where C�P is the heat capacity and m the mass of the carrier gas. Vapors of other

substances when mixed with rare gas host and condense into clusters as they
expand adiabatically. By the choice of pressure and type of host and mixing

ratio, the size of the clusters can be controlled.
One can increase the source gas translational kinetic energy by heating the

orifice to increase the thermal energy according to

Eh ¼
mh

m

ðTn

o

CP dT , (5:42)

where Tn is the nozzle temperature. Thus, by varying the composition of the

source gas mixture and the nozzle temperature, one can tune the translational
kinetic energy of neutral molecules over a wide range.

In order to acquire the translational energy of light molecules, the heavy
species must undergo numerous collisions during expansion from the nozzle.
Typically this condition is not met, so that there is a slip in the velocity between

the light and heavy molecules. The number of binary collisions is proportional
to p0d, and the ideal value for this is given by the equation for Eh. The

likelihood of slip is more prevalent if the difference in mass between the carrier
and the source gas increases.

The heavy particles are distributed in such a manner that there are more of
them in the centerline than radially. The focusing of heavier mass at the center
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is a result of the Mach number, because the light carrier gas is spread out over a
greater area and has correspondingly smaller density than the heavy species.

The extent of heavy species focusing is given by mh=m.
The operation of supersonic jets can be intermittent or continuous. The nozzle

diameter and the pumping capacity essentially determine the ability to generate
a continuous beam. Operations in intermittent mode allow high intensity to be

achieved even with modest pumping capacity. Mechanical means are incorpo-
rated to open and close the nozzles. In order to deposit uniform films over large
areas it is necessary to move some combination of the substrate, nozzle and jet.

During adiabatic expansion and the consequent cooling that occurs when the
gas passes through a nozzle, collision between molecules will result in the

formation of clusters of atoms. Even inert gases can be made to bind to each
other by Van der Waals forces. It is also possible to cluster other gases when

they are seeded to a rare gas host. By controlling the choice of pressure, type of
host and mixing ratio, it is possible to control the size of the clusters in the

beam. These clusters being small are influenced by the presence of the surface
and appear to take the shape of icosahedra, which is not present in bulk
structure. The number of clusters that one sees appears to be observed most

predominantly at the magic numbers 2, 8, 20, 40, 56 and 92.

Example 5.7

Calculate the critical pressure ratio at maximum flow and show it to be sonic

velocity.

Consider the steady state one-dimensional isentropic flow of an ideal gas

through a nozzle. The gas enters the nozzle at pressure P1 and discharges from
the nozzle at pressure P2. The pressure ratio, P2=P1 reaches a critical value at
which the velocity in the throat of the nozzle is sonic. If there is further

reduction in P2, it has no effect on the conditions in the nozzle. The flow
remains constant, and the velocity at the throat is given by the expression in

Example 5.5, regardless of P2=P1.
For an ideal gas we have PVg ¼ constant. We obtain by the integration ofð

�VdP ¼
ð

u du,

the expression

u2
2 � u2

1 ¼ �2

ðP2

P1

VdP ¼ 2gP1V1

g � 1
1� P2

P1

� �(g�1)=g
" #

:
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The above expression gives the amount of energy converted into kinetic energy.
From the continuity expression, we have

_mm ¼ Au

V
:

From,

PV g ¼ constant, we write P1V1
g ¼ P2V g

2 ,

so that

V2 ¼ V1
P1

P2

� �1=g

:

We have thus

_mm

A
¼ u

V2
¼ 2gP1

(g � 1)V1

P2

P1

� �2=g

1� P2

P1

� �(g�1)=g
" #( )1=2

:

The maximum in the above expression is obtained by differentiating the above

with respect to P2=P1 and setting the derivative equal to zero. We then obtain

Pc

P1
¼ 2

g þ 1

� �g=(gþ1)

:

Thus, the critical pressure depends only on the critical pressure ratio and the

heat capacity ratio of the gas. Introducing the critical pressure ratio, we can
rewrite

_mm

A

� �
max

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gP1

V1

2

g þ 1

� �(gþ1)=(g�1)
s

:

The throat velocity at the maximum flow rate is given by

uthroat ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gRT0

g þ 1

s
:

The temperature at the throat Tthroat can be obtained by substituting for the
critical pressure and is given by

Tthroat

T1
¼ Pc

P1

� �(g�1)=g

¼ 2

g þ 1

� �g=(g�1)
" #(g�1)=g

¼ 2

g þ 1
:
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Hence, the throat velocity at maximum flow is sonic velocity at the temperature
prevailing in the throat and depends only on T1 and g.

uthroat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gRTthroat

p
¼ usonic

We thus see that the maximum mass flow rate per unit area that occurs at the
throat and determines the capacity of the nozzle, depends on the entrance

conditions and g but not on the down stream conditions.

5.4. Sources Utilizing Electron Beam

Intense beams of high-energy electrons are utilized to vaporize materials.

Electrons are typically generated by a thermionic source or by ionizing gaseous
atoms and molecules, which act as a cathode. The passage of electrons from the
cathode source to the evaporation material which act as the anode requires at

least a pressure less than 0.01 Pa so that one can take advantage of the long
electron mean free path at this pressure. To avoid any interaction between the

evaporant atoms and the cathode, the filament for producing the electrons is
kept out of sight of the evaporating material. The electric field, E~, and the

magnetic field, ~BB, may be utilized to draw the electrons away from the cathode
source and bend it in a manner that can be focused onto the evaporant surface

with the requisite energy. The material to be evaporated is contained in a
crucible that is generally water-cooled. When the electron beam is directed

towards the surface of the material, the kinetic energy of the electrons is
converted into various forms of energy due to the interaction of the electrons
with the atoms of the evaporating material as the electrons strike the evaporant

surface. The thermal energy that is produced is utilized to melt or sublimate the
material to produce the desired vapor pressure. Electron beam deposition

systems (Fig. 5.17) have gained popularity because of the large variety of
materials that can be evaporated and deposited rapidly, cleanly and with a

minimum consumption of energy. One advantage offered by the direct heating
of the evaporant material is that the highest temperature of the evaporating

system occurs at the area of the contact of the electron beam with the evaporant
surface. Therefore, water cooled crucibles can be employed to hold the eva-
porant, so that reaction with crucible walls can be completely eliminated and

with this procedure contamination occurring from the crucible is avoided.
A skull of molten material forms adjacent to the water-cooled crucible so that

the evaporant material acts as its own crucible thereby avoiding the possibility
of contamination from the crucible and providing a nearly universal evaporant

container. When there is a crucible material that does not contaminate the melt,
it can be used as a hearth liner to reduce heat sinking and thereby increase the
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evaporation efficiency. The liners are typically pyrolytic graphite or BN, BeO,

Al2O3, BN=TiB2. Heating by electron beam allows attainment of temperatures
limited only by the radiation and conduction to the hearth. The low thermal

conductivity of the liner, the good thermal contact with copper permits higher
temperatures of evaporant to be achieved in electron beam evaporation. The

commercial development of electron beam systems had to await the availability
of high vacuum systems and development of electron optics and have been in

use since 1965.

Example 5.8

Electrons are accelerated by a potential of 10 kV. What is the velocity acquired

by the electrons? If these electrons are made to pass through a magnetic field of

10�2 Wb=m2 applied perpendicular to the electron motion, what would be the

radius of the resulting path for the electrons?

−1 kV

Substrate

X

B V

FB

+

−
−

−

X-rays

Melt
Solid

Hearth (Cu)

Filament

10 kV

+

Rod feed Water

Figure 5.17: Electron beam system.
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The velocity of the electron is given by

v ¼

ffiffiffiffiffiffiffiffiffi
2qV

me

s
:

me ¼ 9:11� 10�31 kg, q ¼ 1:602� 10�19 C, V ¼ 10� 1000 V:

v ¼ 5:93� 107m=s:

The radius of the orbit is given by, for a magnetic field of 10�2 Wb=m2,

r ¼ mev

qB
,

so that for an electron r ¼ 0:0337 m.
Electron beam vapor phase processing systems require a vacuum less than

10�2 Pa for their operation whereas the vacuum in the beam generating cham-
ber of the gun is usually 10�4 Pa. The low vapor pressure imply a certain period

for a bake out before deposition which avoids the potential for contamination
but adds to the time required for processing. Low pressure avoids the collision

of molecules with each other and prevents evaporated atoms from losing their
energies before deposition. At high pressures, electron beams can also dissipate

their energies through inelastic collisions with the gas atoms, such as by excita-
tion or ionization of atoms and thereby reduce the amount of energy they can
impart to the evaporant atoms. The reduced energy with which the evaporating

atoms arrive at the substrate will contribute to the achieving of a poor micro-
structure. The electron gun itself may be affected at high pressure by filament

loss due to erosion and/or arcing. The arcing is usually the result of the potential
experienced by the gas between the filament and the nearby components.

The generation of an electron beam occurs in the electron gun. The electron
gun depends upon the emission of electrons that is accelerated and then shaped

into a beam, and then focused via electric and magnetic fields onto the evapor-
ant surface. The design of the electron gun must consider and take into account
the power requirements, current, accelerating voltage, power density and diam-

eter of the electron beam to facilitate the evaporation of the materials. The
advances in electron optics have paved the way for the utilization of electron

beam systems in technology. Pressure, gas type, acceleration voltage and beam
current are the important variables that govern the interaction between the

electron beam and the gas molecules along their path from the point of emission
of electrons to their destination on the work site.

The energy to accelerate the electron is provided by the voltage VB due to an
electrostatic field in the source of the electron beam so that they attain a kinetic

energy, K, given by

K ¼ eVB: (5:43)
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Typical voltages used in the electron beam in evaporation systems are in the
range 10–40 kV. If electron beam has to traverse low vacuum or even atmos-

pheric pressure, it becomes necessary to utilize higher voltages and a low
molecular weight gas and keep the beam source close to the target.

A number of interactions take place between the incident electrons and
atoms of the evaporant material (Fig. 5.18). Some of the electrons incident on

the evaporant material are reflected back and are called backscattered elec-
trons. Others are decelerated by several collisions with the atoms of the eva-
porant material and reemerge from the surface of the evaporant with reduced

energy and are called secondary electrons. Electrons can also be emitted from
the evaporant surface by thermionic emission. However, the greatest portion of

the incident kinetic energy of the electron beam is converted into heat. As the
electrons decelerate, they also emit electromagnetic radiation over a range of

wavelengths. The maximum frequency or the minimum wavelength of the
emitted electromagnetic radiation is given by

eVB ¼ hvmax ¼ hc=lmin: (5:44)

For the voltages utilized in evaporation systems the wavelengths of the emitted
electromagnetic radiation correspond to X-rays. The emitted radiation has a

Electron beam
E = eUB

Heat radiation
E = hvw =T

Backscattered electrons
E = 0...eUB

Surface
temperature T

Range of energy
conversionThermal conduction

Secondary electrons
E < 50 eV=

Thermionic electrons
E < 1 eV=

X-rays
E = hvr < eUB=     

Figure 5.18: Interactions between electrons and the evaporant material.
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range of wavelengths from lmin to high values of l and is known as continuous
radiation (also called bremsstrahlung). The maximum intensity in the continu-

ous radiation occurs around lmin. The efficiency with which the continuous
radiation is generated is very low and is given by

h ¼ 1:1� 10�9 VBZ, (5:45)

where Z is the atomic number of the material and vB in volts. The electrons can

also ionize atoms of the evaporant. The relaxation of these ions to the ground
state occurs by the emission of electromagnetic radiation. The wavelengths

corresponding to the emitted radiation are characteristic of the energy levels
of the atoms that have been excited by the incident electrons. These electro-

magnetic radiations are generally due to the removal of electrons from the inner
core of energy levels of an atom and their subsequent occupancy by an electron
from a different level resulting in the emission of characteristic X-rays. The

electrons that have lost some of their energy through collisions with atoms of the
evaporant material emerge from the surface as secondary electrons. These

secondary electrons have energies typically less than 20 eV. The intensity of
the emitted secondary electrons is a sensitive function of the surface topography,

the angle of the incidence of the electron beam onto to the surface and the
energy of the electrons. The secondary electron flow will be of the same order of

magnitude as the incident beam current. The back-reflected fraction of electrons
has their energies comparable to the energies of the incident electrons. The

fraction of electrons backscattered and their energies and distribution in space
depend upon the atomic number Z of the evaporant material and the angle
between the normal to the evaporant and the direction of the incident electron

beam. The fraction of the backscattered electron can be as high as 50% when the
atomic number exceeds 100 and is virtually independent of the incident electron

energy. Higher atomic number elements also have the peak energy of the back-
scattered electrons closer to their initial energy. The electron backscattering

increases with the angle between the direction of the electron beam and the
direction of the normal to the surface of the evaporant. The backscattered

electrons have an intensity distribution in the form of a lobe at an angle that
roughly corresponds to the angle of reflection of the incident electron beam. The
emission of backscattered electrons has a negative effect on the process because

of the loss of energy. The incident electrons can also excite atoms they encounter
by an inelastic collision. At high evaporation rates their interaction may occur

over the evaporant surface. The presence of electrons and emission of X-rays
implies that safety of operators must be assured in the construction of electron

beam systems. Furthermore, devices that are sensitive to exposure by electrons
and X-rays require special attention to overcome the damage if they are to be

coated by evaporation in an electron beam system.
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The impact of the electrons on the evaporating atoms can generate positive
ions, even though the fraction of ions generated is of the order of 0.01–0.1. The

ions cannot be drawn to the cathode because the radius of the orbit in the
magnetic field is very large because of the large mass of the ions. However,

these ions can be accelerated to the film by biasing the substrate. Ions can thus
affect the microstructure of the film.

The fraction of energy that electrons can share with atoms is small in an elastic
collision because of the considerable difference in the mass between the electron
and the atom it collides with. Therefore an electron undergoes a large number of

collisions with the evaporant atoms to give off its energy to the material. Since the
collision path is of a random nature, the distance traveled by the electrons normal

to the surface it impacts, which is called the range, is generally small and is
dependent on the density of the evaporant material and the energy of the incident

electron. The energy absorption from the incident electron beam thus occurs over
a very short thin layer. The absorbed power per unit volume as a function of the

distance from the surface, which the electron beam strikes, is modeled by a formula

PA(z)

PA, max
¼ 1� 9

4

z

R
� 1

2

� �2

, (5:46)

where PA(z) is the power absorbed per unit volume at a distance z below

the surface of the evaporant, R is the electron range and PA, max is given by

PA, max ¼
4

3
hAVB j, (5:47)

where hA is the portion of the absorbed impinging power, j is the current
density and PA,max represents the maximum value of power absorbed per unit

volume at distance z ¼ R=3 from the work piece. The range depends on the
electron energy

R ¼ K

r
V g

B , (5:48)

where K is a material constant, r is the density of the material and g varies from
1.2 to 2. Hence,

pA ¼
hAVB j

R
¼ hAVB jr

KV g
B

¼ hA

r

K

	 

jV1�g

B : (5:49)

Since 1� g < 0, it is evident that the power absorbed per unit volume can be
increased by increasing the current density and not by increasing the acceler-

ation voltage. The collision process also increases the diameter over which the
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energy is dissipated in relation to the diameter of the focused beam so that there
is a radial distribution of power. The power P0 is given by

P0 ¼ VBIB: (5:50)

The power density for a focused beam of diameter d0 is given by

p0 ¼
4VBIB

pd 2
0

¼ VB j: (5:51)

Typical beam diameters are in the range 3–30 mm and voltages in the range

10–40 keV.

Example 5.9

Estimate the electron range when it falls on silicon when the voltage is (a) 10 kV

and (b) 100 kV.

The range R of electrons is the distance normal to the surface that electrons
hit within which they give off practically all of their energy. This is estimated by

a semi empirical formula

R (cm) ¼ 2:1� 10�12 U2
B

r
10 keV � eUB � 100 keV:

For silicon, r ¼ 2:33 g=cm3, so that, for 10 kV, R ¼ 9:0� 10�5 cm and for
100 kV, R ¼ 0:009 cm. The energy of the beam is thus converted in a very thin

layer of the sample. Unlike other sources of heating, in electron beam-heating
energy is supplied directly to the evaporating surface instead of heating the

entire charge. The surface is thus brought to such a high temperature that it acts
as the source of the vapor stream.

Example 5.10

Show that the power absorbed per unit volume in an electron beam system is

inversely proportional to the voltage VB and directly proportional to current

density j.

The power in an electron beam system is absorbed by the material only in a
certain narrow volume defined by the penetration depth of electrons and the

beam area of cross section.
We can write for the electron range R the expression

R ¼ 2:1� 10�12 V 2
B

r
,
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where r is the density of the material.
Hence the power absorbed per unit volume is p0 and is given by

p0 ¼
P0

V
¼ hAVB j

R
	 j

VB
,

where hA is the portion of the absorbed impinging power.
The specific conditions of the process influence the spatial distribution, angle

of incidence, kinetic energy, deposition efficiency and also whether the vapor
atoms reaching the substrate are monatomic or clusters. The atoms ejected from
the electron beam source are empirically modeled by a distribution described by

I(u) ¼ I0 cosn u, (5:52)

where I(u) is the density of the vapor stream in a direction u degrees from the
normal to the vapor emitting surface, I0 is the density of the vapor stream when

u ¼ 0 and n ¼ 2, 3, 4 or more. The deviation from the simple cosine distribu-
tion is attributed to several causes (Fig. 5.19). The molten pool may have a

convex surface due to the surface tension of the evaporant liquid and this has a
tendency to give a distribution wider than the cosine distribution. If there is a

region in the molten pool where there is a high vapor pressure due to impurities,
a concave emitting surface results that produces a narrower distribution

Formation of a convex vapor-
emitting surface due to the

surface tension of the evaporant

Formation of a concave vapor-
emitting surface due to local 
increase in vapor pressure

Vapor cloud

Formation of a vapor cloud
which, instead of the vapor-

emitting surface acts as a virtual
source of the vapor stream

Obstruction of vapor
propagation by the crucible wall

due to inadequate feeding
of the crucible

Figure 5.19: Effect of the vapor-emitting surface on the distribution of vapor density.
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compared to the cosine distribution function. If due to inadequate feeding of
the crucible, the melt level is depressed below the solid surface of the evapor-

ant, then a portion of the solid evaporant essentially collimates the distribution
of the vapor and then it becomes narrower than a cosine distribution. If the rate

of deposition is high, a spatial region near the surface exists where condition for
laminar flow may exist. The vapor density must decrease gradually as the

transition to the molecular flow above the source of the evaporant occurs.
The true molecular source is thus said to emanate from a virtual source that is
above the physical source of the evaporant. In addition to the above factors, the

electron beam is also scanned over the evaporant so that the vapor distribution
depends upon the scanning rate and the specific material that is evaporated.

Therefore a theoretical description of the distribution of the evaporant vapor
stream has proved to be a formidable task and the empirical distribution given

above is often adopted. The magnitude of the nonuniform coating on a flat
substrate may be described by

ds

dso
¼ 1

1þ (r=z)2
h i(nþ3)=2

, where n may be 2, 3, 4, etc: (5:53)

where ds is the local film thickness on the flat substrate at a distance r from the
substrate and in the direction z from the center directly above the surface

(Fig. 5.20), ds0 is the thickness directly above the source and n is the exponent
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Figure 5.20: Distribution of coating thickness.
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in the cosn u distribution function. The relative change in the film thickness
increases with increase in the value of n. Since higher rates of evaporation have

larger n values, the uniformity in thickness is poor at high evaporation rates. For
all flat surfaces, the diverging vapor streams result in nonuniform flux that is

undesirable for many coating applications, such as filling vias on semiconductor
wafers.

The energy of atoms evaporated from the melt produced by the electron
beam is of the order of 0.1–0.2 eV. This energy is about one to two times the
average thermal energy, (3=2) kBT , expected according to the source tempera-

ture of the material. It has been suggested that the higher energy is a conse-
quence of electrons exciting atoms to higher energy states, and the subsequent

conversion of potential energy into kinetic energy as the atoms move away from
the evaporation source (Asano et al., 1992). The advantage of higher energies of

evaporant atoms is in the creation of dense films.
The efficiency of material utilization is obtained by calculating the ratio of the

material deposited on the substrate to the total material deposited in the
vacuum chamber. Several approaches have been tried in an attempt to improve
the material utilization efficiency. In one such approach, a small number of

evaporators are used. Their numbers, mutual arrangement and their relative
motion with respect to the substrate were coordinated to obtain uniformity in

thickness. It is also possible to have large area crucible and manage the distri-
bution of the electron beam according to a programming mode, so that the

residence time of the electron beam is controlled at each point on the surface of
the evaporant. At high pressures, the distribution of the vapor particles is

governed also by the scattering above the evaporant surface. The dependence
of the variation in the angle of deposition on lateral position and the source to

substrate separation makes it difficult to coat effectively surfaces with variable
topology, such as trenches in semiconductor devices and vias in wafers as well as
fibers for composites.

The attraction of the electron beam systems stems from the ability not only to
evaporate elements with low melting points (e.g. Zn, Al, Ag, etc.) but also

elements with high melting points (e.g. Mo, W, C, etc). Highly reactive elements
(e.g. Ti, Ta, Nb) can also be evaporated, by taking advantage of the skull that

forms inside a water-cooled crucible. For the evaporation of most materials
copper cooled crucibles are adequate. Containing the item in water-cooled

crucibles permits the evaporation of high melting and reactive materials. It is
important to ascertain that oxide layers are absent to ensure efficient heat
transfer between the evaporant and the copper crucible. If the high heat losses

cannot be tolerated because the thermal conductivity of the evaporant material
is large, then one would require higher powers of operation to melt the mater-

ials. Crucible inserts of insulating materials are often utilized to act as heat
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barriers. The heat losses to the crucible can thus be reduced so that extremely
high evaporation rates are achievable as a consequence of enhanced energy

utilization. Material to be evaporated, rate of evaporation desired, require-
ments on energy and nature of the vapor distribution govern crucible dimen-

sions. Extremely high power densities are accommodated by splashes of molten
liquid to be ejected from the evaporant surface, a condition that is clearly

undesirable in thin film growth. One mechanism of macro particle ejection is
the sudden evaporation of a nodule of a particular contaminant whose vapor
pressure is higher than that of the source material. This sudden pressure burst

can knock from the surface a macro particle of solid or liquid typically of
diameter 0:1�1 mm. The source of volatile contaminants may be an inclusion

in the solid source material, a gas pocket trapped within the sintered material,
or a slag accumulating on the surface of the molten material by reaction with

background gases with the metal or by precipitation of bulk contaminates on
melting of the metal. Therefore using very pure source materials, preferably

vacuum melted, minimizes this problem. It is also possible to have crucible free
evaporation by using a large ingot of material in which crucibles have to be
continuously fed during evaporation. The material can be supplied either in the

form of a rod or wire or supplied through a storage hopper.
Some alloys with wide vapor pressure ratios between the elements have

successfully been evaporated with the correct composition. In depositing alloys,
the attainment of uniform composition over the entire substrate area and

uniform thickness is quite difficult. One technique that is employed is to use
multiple sources evaporated from several crucibles, one for each element, and

condense the vapor on a substrate at the same time. The composition of the
vapor stream is controlled by the control of the temperature of the individual

sources. The ratio of the separation distance between crucible, l, and the
distance of the substrate from the sources, h, gives the range over which
adequate mixing of the vapor occurs, due to the directional nature of the

vapor stream. Since the evaporation rate depends exponentially on tempera-
ture, a small fluctuation in temperature of the source results in a large variation

in the composition of the alloy film. Control of the distribution of power by the
electron beam to the crucibles by controlling the time and location of the

electron beam is utilized to adjust the evaporation rates. Elements with widely
varying vapor pressures and alloys with low concentration of solutes can be

successfully deposited by the multiple crucible technique. A second technique
to deposit alloys of the required composition uses a single source for evapor-
ation. The composition of the alloy in the target and in the film is to be obtained

from consideration of thermodynamic properties of the alloy. Since the com-
position of the vapor in equilibrium with the melt is different, it is evident that

the composition of the melt will change gradually with time, so that the film
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composition will also change. The requirement for most industrial applications
is to ensure an alloy of specific composition. This means that one has to

achieve a steady state condition for obtaining the composition of the film. It
is necessary to feed the target with a material of the same composition as the

film. Furthermore, one has to contend with the time to reach a steady state
condition that can stretch into hours for some systems. It therefore impacts the

down time for the electron beam system. It is possible to estimate the rate of
feed of the alloys to maintain a steady state composition of the film. Differences
in the vapor pressure of the elements, difficulties in maintaining a constant

volume of the liquid in the evaporant and accounting for the temperature
gradient that exist in the crucible makes theoretical computation of many of

the desired outputs extremely difficult. Techniques such as separate sources
from adjacent crucibles, continuous feeding of the evaporant source with the

excess of high pressure evaporating material are necessary to maintain a steady
state composition for the depositing alloys. When the evaporant contains im-

purities, such as oxides, carbides, they rise to the molten surface because of
their low density and cover the liquid surface partially. As a consequence the
evaporation rates can be reduced considerably if the impurities are not con-

trolled properly.
Compounds of elements can be deposited if they evaporate congruently. The

lack of electrical conductivity in a compound phase presents problems in char-
ging of the evaporant as well as cracking of the evaporant material source. These

are addressed by controlling power densities, scanning an electron beam in a
specific pattern and controlling the density of the target used as the evaporant

source (e.g. using a powder compact). Compounds that dissociate on evaporation
require the addition of reactive gases into the work chamber. However, the

increase in pressure that accompanies the introduction of these gases leads to
thermalization of vapors by intermolecular collisions that reduce the kinetic
energy of the evaporant molecules and eventually result in the formation of

porous films. While vaporizing solid surfaces of electrically insulating materials,
local surface charge build up can occur. This eventually leads to surface arcing

that can produce particulate contamination in the deposition system. Reactions
with the material of the crucible and the resulting changes in the composition of

the film restrict the vaporizability of the compounds. The properties of the
compound film are sensitively dependent on the stoichiometry of the film.

Electron beam evaporation results in vapor streams that travel in straight
lines until they hit the substrate. The line of sight path of the vapor atoms
renders it difficult to deposit atoms in selected areas such as deep trenches and

vias in semiconductor technology or to coat fully fibers in composites. Most of
the evaporant deposit in undesired locations contributes to poor material

utilization efficiency. Modification of electron beam evaporation to encourage
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nonlinear sight coating has prompted some investigators to increase the cham-
ber pressure, which has the other disadvantage of producing a nonuniform

coating. Simple collision theory would suggest that closer the mass of the gas
used to increase the vapor pressure to that of the evaporant atoms the greater

would be the amount nonlinear line of sight flux.
It is normally assumed that the material leaving the source in the electron

beam system leaves as individual atoms. However at high rates of deposition,
the density of vapor atoms is high enough to the creation of clusters of atoms.
Individual atoms can also form clusters with the assistance of atoms of the

background gas in the chamber, even when the evaporation rate is low. The
formation and distribution of cluster sizes have been examined both from a

thermodynamic and kinetic point of view. The formation of clusters and their
consequent low energy will contribute to the formation of porous films.

The electrons emitted from the electron beam gun require focusing and
scanning features. This is accomplished by electromagnets located within the

body of the gun. Beam scanning is necessary to ensure rapid, uniform, controlled
evaporation from large target area. The electron beam is bent through 2708
through a magnetic field and is focused upon the evaporant. The magnetic

circuit is comprised of both an electromagnet and a permanent magnet and
is integrated with the evaporant hearth with proper protection from the envir-

onment. The fields are chosen to locate the electron beam within the hearth and
bring it into focus at nearly a vertical angle of incidence upon the evaporant

charge.
Electrons are generated when an applied electric field sustains a gas dis-

charge. The plasma created is due to the ionization of gas atoms. The electrons
emitted from the cathode encounters atoms in the gas and undergo inelastic

collisions, if they have energy above a certain threshold known as the ionization
energy. The ionization reaction may be represented by

Aþ e� ¼ Aþ þ 2e�: (5:54)

The consequence of the ionization mechanism is the generation of a new
electron. The electron so formed is accelerated in the applied electric field

and will pick up sufficient energy to ionize another atom. This eventually
leads to the breakdown of the gas and contributes to the formation of plasma.

The cross section for the ionization of atoms is zero below the ionization
potential and reaches a maximum around 100 eV for most elements.

Electrons can be extracted from the plasma by application of a suitable
electric potential. In the cold cathode plasma electron beam gun, the cathode

is maintained at negative potential relative to the work piece that is at the ground
potential. Ions in the plasma on colliding with the cathode will release electrons
from the cathode surface. A well-collimated beam having a cross section equal to
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the cathode aperture can be formed. Beam currents are dependent on voltage,
pressure and nature of the gas (usually argon) used to generate the plasma. In the

hollow cathode, electron beam gun, the cathode is fabricated out of a refractory
metal. Glow discharge conditions are created in the hollow cathode containing

argon. Axial magnetic fields are added to form a collimated beam. The plasma
guns are electron sources and are useful in situations where high pressures may

be involved in thin film deposition as in gas scattering evaporation, reactive
evaporation and ion plating conditions.

The selection and conditioning of the evaporant are of utmost importance in

electron beam evaporation. Slow increase of power is desired to clean and degas
the chare. Those materials that melt only at the point of impact of the electron

beam are difficult to condition, since it is impossible to melt the entire charge at a
time. The form of the charge is also important, especially, for high melting

materials. Powders have large surface area and contain large amounts of contam-
inant gases such as water vapor, which can cause localized explosion on heating.

In an effort to take advantage of the high rates of evaporation possible in an
electron beam system and to overcome the limitations imposed by the line of
sight deposition conditions, Gove (2000) has developed the directed vapor

deposition system. This method takes advantage of the electron beam guns
with transparent thin foil windows that have been developed for welding

applications that are capable of material processing in open atmosphere. In
these systems the electron beam guns decouple the high vacuum e-beam gen-

erating space from low vacuum/atmosphere processing region. By utilizing a
high acceleration voltage and a low molecular weight gas in the processing

chamber, the electron beam propagation can be maximized if the target of the
evaporant is placed close to the e-beam gun. Furthermore, the directed vapor

deposition system technique utilizes a carrier gas as a means of transporting the
vapor to the deposition source in an attempt coat hard to reach regions in a line
of sight deposition technique.

Directed vapor deposition system can be utilized to obtain pure films inspite
of high pressures used in the technique as long as one controls the purification

system by which gas is introduced into the carrier gas stream. Use of reactive
gases and incorporation of auxiliary units give wide opportunities to modify the

technique. There are a number of process parameters (e-beam power, time and
position programming of e-beams, Mach number of carrier gas flux, etc) that

influence the efficiency of deposition.

Example 5.11

Calculate the material utilization factor for electron beam evaporation on a

plane substrate subtending an angle a with the source.
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The vapor stream emanating from a source onto a plane element is described by

F(a) ¼ F0 cos a,

where F(a) is the vapor stream density in a direction described by a cone angle

a and F0 is the vapor stream density when a ¼ 0.
The ratio of the material deposited on the substrate to the total mass of the

evaporated material is called the utilization factor hm of the evaporated material.

hm ¼

ða
0

F(a) da

ðp=2

0

F(a) da

¼

ða
0

cosn a sin a da

ðp=2

0

cosn a sin a da

¼ 1� cosn a ffi nþ 1

2
a2:

5.4.1. Emission of Electrons from Surfaces

Electrons are generated by causing them to be emitted from the surface of
materials or by the ionization of gaseous atoms and molecules. The emitter of

electrons is called the cathode. The electrons are collected at the anode
(Fig. 5.21). We shall consider the essential ideas involved in understanding
the emission of electrons from surfaces of materials, and the formation of

electron guns in the evaporation systems. The electron gun is designed to
certain specifications of power, electron current, power density, beam diameter

or shape on the target, acceleration voltage and pressure in the chamber. The
electron gun is based on the emission of electrons, their acceleration and

e−

+

J = 

Cathode Anode

O + V

A
m2

Figure 5.21: Cathode and anode in an electron emission system.
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shaping into a beam in an electrostatic field and must be focused and deflected
via magnetic and electric fields. Three principal areas of importance are: elec-

tron beam generation, guidance system and process control.
We start by considering atoms in a solid as consisting of core electrons and

valence electrons. In a solid the energy levels are arranged in the form of bands.
Each level in a band arises from the corresponding energy level in an individual

atom. Even though the atoms are identical in a solid, their energy levels cannot
remain the same because of the action of the Pauli exclusion principle. There-
fore, each energy level of an atom is separated from identical energy level of a

similar atom by a small difference in energy level. Electrons in the ground state
of each atom occupy all the energy levels consistent with Pauli exclusion

principle and in conformity with providing the lowest energy for the state of
the atom. Similarly, electrons in a solid occupy all the core energy level bands.

The energy band corresponding to the valence electrons are called the valence
band. In a typical situation, the valence band usually overlaps the band imme-

diately above it in energy level. However in some cases, the valence band is
separated from the next available energy band, called the conduction band by
an energy gap. This means between the valence band and the conduction band

the electrons find no levels of energy that they can occupy. In some materials
the conduction band is only partially filled or overlaps in other cases with filled

valence band. In either case, the electron finds for itself energy levels, which are
very close to one another in energy in comparison with thermal energy. Nor-

mally all the energy levels below a certain energy called the Fermi energy are
occupied by the electrons and all the energy levels above it are empty. As the

substance is heated, only the electrons near the Fermi energy level can hop into
adjacent energy levels, whereas those that are considerably below the Fermi

energy in a valence band cannot be excited by thermal energy into a higher
energy state above the Fermi energy.

In the simple treatment of a solid, the ion cores are replaced by a uniform sea

of positive charge, having the same average charge density as the real crystal
under consideration. We shall first consider the situation when the crystal is

infinite in size. If we consider a portion of such a solid in the shape of a cube of
edge length L, we make the further approximation that the valence electron will

experience a potential rþ(r) ¼ ne where n is the number of ions per unit
volume. In the independent electron approximation, we consider the motion

of one electron to be independent of the other electrons, so that we have a
simple expression for the Schrodinger equation for the ith electron given by

� �h2

2m

 !
r~

2
Ci þ VCi ¼ EiC (5:55)
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where Ci is the wave function of the ith electron, V is the potential energy of the
electron as a result of all other charges in the solid, and Ei is the total allowed

energy of the electron. If we assume V is constant, we obtain the solution for the
above equation in the form

Ci(~kk) ¼ 1

L2=3
exp (i~kk .~rr ): (5:56)

By assuming that the above wave function is identical when one translates along
each direction of the cube by its edge length, we obtain the energy levels of the

electron to be discrete and given by

E(~kk) ¼ �h2k2

2m
¼

�h2 k2
x þ k2

y þ k2
z

	 

2m

, (5:57)

where

ki ¼
2pni

L
, with ni ¼ 0; 1; 2, . . . (5:58)

Since all the electrons have the same expression for the energy levels, and since

no two electrons can occupy the same energy level according to Pauli exclusion
principle, electrons will fill the energy levels progressively from the lowest to the

highest available energy level (Fig. 5.22). The maximum value of k is called the
Fermi wave vector and is denoted by kF. The energy level corresponding to
the Fermi wave vector is known as Fermi energy and is given by the expression

E
ne

rg
y

0

n(ε)

f

Vacuum level

Fermi level

Figure 5.22: Energy band structure of a metal.
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EF ¼
�h2k2

F

2m
¼ �h2

2m

 !
(3p 2n)2=3, (5:59)

where n is the number density of valence electrons.

We can now consider the effect of surface of the solid as follows. Let us
suppose that along the x-direction the crystal is terminated when x ¼ 0 and

x ¼ L. The potential is now constant in the solid and is assumed to go to infinity
where the crystal terminates along the x-axis. The wave function is now modi-
fied and is given by

C(~kk) ¼ 2

L3

� �1=2

sin (kxx) exp [i(kyyþ kzz)]: (5:60)

The values of k are now restricted to

kx ¼
nxp

L
, nx ¼ 1, 2, 3, . . . (5:61)

The electron charge density is now modified to the expression

r� ¼ �e C(~kk)
��� ���2¼ �e

X
~kk

4

L3
sin2 (kxx)g(x) ¼ �en 1þ 3 cos x

x 2
� 3 sin x

x3

� �
,

(5:62)

where x ¼ 2 kFx and g(x) is the square of the wave function that gives the
number of energy states for a given value of kx, but all possible values of ky and

kz. We observe two distinct effects in introducing the surface as a boundary
condition. One is that the charge density of the ion cores oscillates well into the
crystal. Second, the charge density assumes a finite value beyond the edge of the

positive charge sea so that the surface gives rise to a dipole layer (Fig. 5.23).
We can now examine the effect of removing the potential barrier at the

surface from infinity to a finite value. The work function, f, is defined as the
difference between the energy of an electron just outside the surface and the

Fermi energy (this is also the chemical potential of the electrons). If we select
the zero of energy corresponding to the electron in vacuum, then

E ¼ EF: (5:63)

The calculation of the actual work function requires that we have the know-
ledge of the contribution to energy from several sources: the change in the

potential energy due to the presence of the dipole layer in the surface layer; the
kinetic energy of the electrons at the Fermi wave vector; and exchange and
correlation energies. More exact theoretical calculations point to the fact that

the dipole layer is confined to about 0.1–0.4 nm from the surface and the charge
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density oscillations extend farther in depth into the crystal. The work function

varies with surface exposed. We observe that rough surfaces have a lower work
function than smooth surfaces, due to the dipoles associated with steps, pointing

in the opposite direction to the dipole for the flat surface.
In order for electrons to be emitted from a metal, they must have sufficient

energy to overcome the work function barrier and must have the momentum in
the right direction to escape from the metal surface (Fig. 5.24). The work

function is the energy required to remove an electron from the Fermi level
EF to the vacuum level, E0, and is typically a few electron volts. Heating the

metal usually permits electrons near the Fermi energy to have sufficient energy
to overcome the work function barrier and have the proper momentum to be
ejected from the metal. This thermionic current has been investigated by

Richardson and Dushman (1924) and they derived an expression for the current
density as given below

j ¼ AT2 exp � f

kBT

� �
, (5:64)

where

A ¼ 4pmk2
Be

h3
¼ 120 A=cm2K

2
: (5:65)

R
el

at
iv

e 
ch

ar
ge

 d
en

si
ty

1.0

0.5

−0.5
a

x
0

Distance (fermi wavelengths)

r−

r+

Figure 5.23: Charge distribution near the surface of a metal.
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The work function of a material is different for different orientations of the

crystal, and is also a very sensitive function of the surface condition of the metal.
High emission current densities can be obtained by reducing the work function

by treating the surface with coatings of elements that are capable of easily
giving up electrons. Upper limits of current density depend upon temperature
and the ability of the material to withstand excessive evaporation at these

temperatures. For a semiconductor and an insulator we define electron affinity
x and ionization potential f. The electron affinity is the difference between the

vacuum level E0 and the bottom of the conduction band, whereas the ionization
potential is the difference between the vacuum level E0 and the top of the

valence band, Ev.

Example 5.12

Plot the saturation current density versus temperature for tungsten and lantha-

num boride.

The work function of tungsten is 4.54 eV. The work function of lanthanum

hexa boride is Utilizing the above in Eq. (5.64), we obtain the saturation current
density at any temperature. This is plotted in Fig. 5.25.

Electrons emitted from the surface must be extracted to form a beam. For a
given cathode temperature the saturation current density given by Eq. (5.64)

e−

KE
0 Vacuum level

e f
h(υ)

KE = h(u)−BE−f

m
BE

n(e)

Figure 5.24: Energy relationships in the photoelectron emission process.
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can only be reached if the electric field in front of the emitting surface is high
enough to extract practically all the electrons emerging from the surface.

Electrons emitted from a metal surface on heating will accumulate in front of
the cathode and produce a space charge that limits further emission of elec-

trons. The electrons emitted from the surface of the hot filament are drawn
away from the surface by the application of an electric field, E~. In one dimen-

sion we can write

E ¼ � dV

dx
, (5:66)

where V is the applied voltage. For small electric fields, the electrons will

accumulate in front of the thermionic source and eventually limit the flow of
electrons away from the hot filament. Child and Langmuir originally investi-

gated the dependence of the emitted current on the space charge.
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Figure 5.25: Saturation current density versus temperature for thermionic emission of

tungsten and lanthanum hexa boride.
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Gauss’ law gives the variation of the electric field across the space charge
region, which is given by (in the one dimensional case)

r~ . E~¼ dE

dx
¼ njqj

«0
, (5:67)

where nj is the concentration of charged particles j, and qj is the charge of the
electron (qj ¼ �e where e is the magnitude of the electron charge). The current
density is also given by

~jj ¼ neqe~vv: (5:68)

The energy of the electrons is given by

Ee ¼ jqejV ¼ 1
2mv2, (5:69)

so that

v ¼

ffiffiffiffiffiffiffiffi
2Ee

me

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2jqejV

me

s
: (5:70)

We can rewrite Gauss’ equation in the form

� dE

dx
¼ j

«0

me

2jqejV

� �1=2

: (5:71)

E dE ¼ j

«0

me

2jqejV

� �1=2

dV: (5:72)

Multiplying Eq. (5.64) by dV and utilizing Eq. (5.60) one obtains Eq. (5.65). If

we take for the boundary condition E ¼ 0 when x ¼ 0, then we obtain the
condition limiting the space charge current as given below,

dV

2V1=4
¼

ffiffiffiffiffi
j

«0

r
me

2jqej

� �1=4

dx: (5:73)

Integrating, we obtain with V ¼ 0 at x ¼ 0 the expression for the space charge
limited current density as

j ¼ 4«0

9

ffiffiffiffiffiffiffiffiffiffi
2jqej
me

s
V3=2

x2
: (5:74)

The above is known as the Child–Langmuir equation that is given for the
geometry of a plane parallel electrode. Hence the effect of the space charge

is that as cathode temperature increases at constant V, the current density
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increases first exponentially until the accumulating space charge causes electric
field to be zero at which point the current density levels to a value given above

by the Child–Langmuir equation.
An electron can tunnel out of a metal in the presence of an electric field by

the phenomenon known as field emission. In this phenomenon, an applied field
reduces the surface potential barrier to such an extent that the electrons escape

from the solid by tunneling through the barrier without change of energy. A
qualitative way to understand this phenomenon is by recourse to the Heisen-
berg’s principle of uncertainty. One expects tunneling if the momentum uncer-

tainty Dp corresponds to a barrier height f, so that we can write

Dp ¼ (2mf)1=2: (5:75)

The uncertainty in the position of electron Dx corresponds to the barrier width

f=Ee. Hence the applied electric field E necessary to produce field emission by
tunneling is given by

E ¼ (2mf3)1=2

�he
: (5:76)

For typical values of 4.5 eV for the work function of a metal, the electric field

necessary will be 5� 107 V=cm.
The probability P of barrier penetration is given by the approximation

method developed by Wentzel, Kramer and Brillouin known as the WKB

method and is given by

P ¼ constant exp � 23=2m1=2

�h

ðl
0

(V � E)1=2dx

2
4

3
5, (5:77)

where m is the mass, E the kinetic energy, V the potential energy of the particle

and l is the width of the barrier. As shown in Fig. 5.26 the barrier shape is
approximately triangular with the area A given by

A ffi 1

2
f1=2 f

F
¼ 1

2

f3=2

F
, (5:78)

where F is the electric field. The derivation of Fowler and Nordheim (1928)
gives the emission current density J as

J ¼ 1:54� 10�6 F2

ft2(y)
exp �6:83� 107 f3=2 f (y)

F

� �
, (5:79)
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where f (y) and t (y) are tabulated dimensionless functions and f is in eV and F

is in V/cm. In a simple form one can write

I

V 2
¼ a exp �b

f2=3

cV

 !
, (5:80)

so that ln(I=V 2) versus 1/V should yield a straight line, where I is the emission

current and a, b and c are constants. When a sufficiently high electric field
(typically 5 V/A) is applied to a roughly shaped tip, any protrusions are re-

moved in the form of positive ions by a process called field evaporation. Thus
field evaporation may be used to deposit nanometer size particles. It is also used

to obtain sharp tips for scanning tunneling microscopy.
The materials used as cathodes to emit electrons are generally tungsten,

tungsten rhenium alloys, tantalum and lanthanum hexa boride (LaB6). Long-
term stability, susceptibility to thermal cycling, sensitivity to organic vapors and

a desire to operate at low temperatures are among the considerations that
decide on the cathode material. Cathodes have been fabricated in different
shapes such as wire, strip, foil and solid bolt. Point cathodes are high current

sources as they emit electrons by thermionic emission backed up by field
emission. The size, shape and temperature and the losses due to conduction

and radiation determine the power requirements for the cathode. The cathodes
are heated by directly passing current or indirectly by electron bombardment.

The cathode heating efficiency, hh, is the ratio of the emitted current, IE, to the
cathode heating input power, PH, so that higher efficiencies are attained if

the ratio of the area of the emitting surface to the area of the heated surface
is made as large as possible in the design of the cathodes. Cathodes have a finite
life because of sputtering of ions that are attracted towards the cathode, which is

governed by gas pressure and beam current. Cathodes also deteriorate because
of evaporation, which is governed by the temperature of operation of the

cathode. Reduction in the cross-sectional area can increase the current density
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Figure 5.26: Barrier shape under field emission conduction for a metal.
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to the extent that premature failing and melting of the cathode can occur. Most
cathodes in practice operate in the region between the saturation regime and

the space charge regime. The selection of a thermionic emitter is due to the
competition between brightness of the source (current density per unit solid

angle) and its lifetime. Flat panel displays require field emission tips, which
have to work at relatively low voltages. A lithographic technique to develop

arrays of micrometer sized field emission tips structure have been explored
(Brodies and Spindt, 1992). Diamond like carbon films with specific nanometer
scale structures are also explored for this purpose (Robertson, 1997). The field

emission needs a very good vacuum. This subjects the emission tip to contam-
inants and so all the emitter tip needs cleaning by some time of flash, which also

makes determination of the emission characteristic of clean tips suspect. These
features are taken advantage of in field emission spectroscopy and field emis-

sion microscopy to obtain information about diffusion of atoms (Gomer, 1990).
The narrow energy distribution of field emission tips that are operate at low

temperatures is advantageous in use in transmission and scanning electron
microscopes.

The power required to evaporate a material at a specified rate r can be

obtained from

W ¼ rDH

V«
, (5:81)

where V is the molar density (m3=mol), DH is the enthalpy required for raising
the material from room temperature to the evaporant temperature (kJ/mol)
and « is the efficiency of energy utilization.

One of the objectives in an electron beam evaporation system is to impart the
highest possible fraction of the electron beam energy to vaporize the material.

The power necessary in the electron beam P0, is the power supplied P, minus
the losses in power PL, as the electron beam is guided to the evaporant surface.

These losses are attributed to the interaction of electrons with the background
gas and the vaporizing atoms. In addition the back scattering of electrons and

the inelastic scattering of electrons on encountering the target atom results in
the consumption of beam power. Heat losses also occur in the melt due to

radiation and conduction. The energy utilization of the evaporant process is
given by

ht ¼ PV=P0, (5:82)

where P0 is the power of the electron beam and PV is the useful power utilized
to create vapor of the material. Since only a portion of the utilized power

actually results in the material on the substrate, we can write

htw ¼ hmPV=P0, (5:83)
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where hm is the material utilization efficiency. As little as 10% of the initial
beam power is actually transformed into material evaporation energy.

5.5. Arc Vapor Sources

Vapors of materials to be deposited are produced under conditions when an arc
is set up between the electrodes. A typical arc can be initiated if a high current
density ( >1010 A=m2) at low voltage (10–30 V) is passed through a gas or vapor

of the electrode material. The voltage drop at the cathode should be above the
ionization potential for the gaseous atoms. Ionization potentials of atoms are

typically less than 25 eV. The arc is a self-sustained discharge and is capable of
supporting large currents by providing its own mechanisms for the generation of

electrons from the cathode. The ions and electrons created in the arc bombard
the cathode and anode respectively and cause intense heating to melt and

vaporize the electrodes. Removal of atom from the cathode can be either in
the form of solid particles, or molten liquid droplets or vapor. The vapor by far
is the most abundant phase in the arc source. A high percentage of the vapor-

ized atoms are ionized in the arc vaporization process. Ions of the target
material are of primary interest in deposition.

Arc vaporization has long been used as a source of atoms in optical emission
spectroscopy and for the deposition of carbon for replica electron microscopy.

An arc can be struck between electrodes in a number of ways. Touching the two
electrodes momentarily and drawing them apart initially start the arc. If the

electrodes are slightly separated and are present in a low-pressure vacuum, a
vacuum arc can be maintained between them on passage of a high current at

low voltage (Fig. 5.27). When the contact breaks, the current flowing through
the electrode melts and vaporizes a small part of the contact. This leaves a metal
vapor discharge that develops into an arc if the resistance in the external circuit

is low. Therefore one obtains a metal arc in vacuum environment. The material
originating from a cathode in a vacuum sustains the arc. Upon arc initiation, the

space between the electrodes becomes filled with diffuse plasma, consisting of
partially ionized metal vapor. The vapor is partially ionized, provides conduct-

ive plasma to achieve the current transport between the electrodes. Electrons
are emitted from the cathode on ion bombardment so that discharge can be

sustained without the need for any gas in the system. Erosion by melting and
vaporization occurs at the cathode spot that experiences large current densities
(e.g. 105 A=cm2). Molten material and evaporation can also occur at the anode.

The immediate vicinity of the negative electrode contains plasma created by
the slowly moving positive ions, which can serve as a source of metal ions and

may be accelerated and directed towards the substrate. Evaporation for film
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deposition can be carried out using either a cathodic arc or anodic arc. In either
case, the evaporation from the opposite electrode has to be suppressed. Anodic

evaporation can be suppressed by cooling the anode. However, the cathodic
evaporation cannot be suppressed completely by cooling. It is therefore neces-

sary to shield the substrate from cathode if anodic evaporation is used. One
disadvantage of establishing the arc by electrode contact is the possibility of the
electrode becoming welded to the cathode surface. Sudden vaporization and

subsequent ionization of a thin film metal connecting the cathode surface and
an auxiliary electrode is used as an arc initiation technique. Arc can also be

initiated through the discharge of a capacitor that has been charged to several
thousand volts by passing an impulse of gas through a tube that is connected to

that capacitor. A laser pulse directed at the cathode surface can also initiate arc.
At pressure of a gas from a few millitorr to atmosphere an arc can be struck

between electrodes that are farther apart than in vacuum arc. In this gaseous

arc, ionization of gases and the electrode material occurs, in a sustained dis-
charge. The distribution of potential between the cathode and anode consists of

the appropriate potential fall at each electrode, separated by plasma potential.
Hence space charge effects are predominant at the electrodes. Gases are used

predominantly to obtain the deposit of compounds. For example titanium
electrodes in a gaseous environment of nitrogen and acetylene can produce

titanium carbonitride.
When the material that is to be evaporated is in the molten condition at the

anode in an arc discharge, the source is often called anodic arc source (Fig. 5.28).
Generally the heating of the anode occurs by electron bombardment over the

Trigger Anode

Plasma

Cathode

Power supply

Vacuum pump

Figure 5.27: Cathodic arc sources.
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entire anode surface. It is thus similar to electron beam evaporation except the
fractional ionization of the vapor is higher (20%). The anodic ions escape the

arc with kinetic energies of the order of 5 eV. If the anode area is made small,
substantial, vaporization can occur from the anode. If in addition, the cathode is

made out of a refractory material, anodic evaporation can be made to dominate.
In this type of source, the formation of molten globules is absent and the

ionization of vaporizing atoms is considerably less than in the cathodic arc
source.

In the cathodic arc source the vaporization occurs primarily at the cathode by
arc erosion. The cathode is heated locally when there is high current density
(106---1012 A=m2) and power at the cathode spot. The production of plasma is

localized at one or more minute locations on the cathode, known as the cathode
spot. The arc spot is active for a short period of time, extinguishes and reforms

in a new location adjacent to the previous arc crater. This feature gives the
appearance that the arc is moving. The fraction of ionized molecules is much

larger in cathodic evaporation than in the anodic evaporation. An ensemble of
luminous cathode spots (10�8---10�4 m in diameter) that moves in a rapid and

random manner across the surface characterizes the area of the cathode emitter
material. The spots do not remain in the original hot sites but move to new sites.

−V

−100 V

Substrate

Ions

Plasma of vaporized
material and gas

Electron emitter
thermal arc of
hollow cathode

High current electron beam

Evaporant

Water-cooled copper crucible

Anode

Figure 5.28: Anodic arc sources.
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The apparent rate of motion is a function of the cathode material, the tempera-
ture, the magnetic fields and the presence of gas molecules. The plasma extends

from the cathode spots toward the anode and the vacuum chamber walls. The
arc is allowed to move randomly on the cathode or steered by the magnetic

field. Magnetic field affects the arcing voltage as well as the rate and direction of
motion of the arc spot. The cathodes spot velocity (102 m=s) is determined by

several factors, the predominant ones being the nature of the cathode, pressure
of the residual vacuum, cathode material, impurities and the presence of the
external magnetic field. Magnetic fields affect the arcing voltage as well as the

rate and direction of the arc spot. Adsorbed gas molecules exert a profound
influence on arcing behavior. Reactive gases have a tendency to make the arc

move faster and produce fewer macro particles. At low temperatures the arc
tends to move more rapidly forming smaller macro particles. At very high

temperatures when the cathode material has high vapor pressure diffuse arcs
are formed. These arcs have high ion currents and produce very few macro

particles. The material ejected from the cathode is mainly ionized. The ionized
material gives the cathodic arc source its importance. The ion emission can be
characterized by its energy (10–100 eV), charge state and ion fraction. A very

high percentage of the vapor ( >85%) is ionized and the ions are typically
multiply charged. For a wide variety of materials the positive ion current is of

the order of 10% of the arc current. The neutral species emitted from the
cathode arc spot are thought to be due to the vaporization of small particles

by the interaction with plasma. The fraction of ions to neutrals is greater for
refractory materials. The presence of ionized material is the predominant

reason that cathodic arc evaporation is valuable for thin film deposition. The
stability of the arc together with the formation of micron-sized globules is the

inherent deficiency of the cathodic arc source. The formation of solid particles
called macros (0:1---100 mm) occurs as a result of thermal shock and hydro-
dynamic effects in the molten pool on a solid surface. The macro particles are

ejected at an inclined angle to the plane of the cathode with a maximum around
208. The number and size of globules increase with lower melting temperature

materials, high cathodic current and high cathode temperatures. One may
estimate the macros from

Wmp ¼Wtotal �
fmi

eZ
, (5:84)

where Wtotal is the total cathode erosion rate, f is the ion current fraction, mi is
the mass of the ion and eZ is the average ion charge. The velocity of macro

particles depends on its mass and is in the range of 0.1–800 m/s. Attempts to
reduce macros involve reducing arc current, reducing the surface temperature

of cathode by effective cooling, increasing the source to substrate distance and
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increasing plasma density by a combination of selecting the appropriate gas
pressure and magnetic field. Magnetic fields are used to steer arcs. Steered arc

sources generally produce fewer macros than random arc sources. Macroparti-
cles are not produced in anodic arcs, probably because of the lower current

density. In the case of reactive film deposition, the presence of oxides and
nitrides on the cathode surface reduces the emission of macro particles. The

theoretical explanation of the ejection of macro particles must account for the
velocity, angular distribution and pressure developed at the cathode spot.
Because of the macroparticle problem the main application for this technique

is for wear resistant coatings onto cutting and forming tools.
The energies of ions emitted from cathode spots are larger than what would

be expected from the potential difference between the anode and cathode. The
mechanism for this is not clear but two suggestions have been offered. One is to

attribute this to momentum transfer from the electron flux to the ions in various
collisions. In the second case a potential hump is postulated to occur above the

arc site. The power density at the cathode spot consists of the product of current
density times the ion bombardment energy as well as the voltage drop within
the cathode material times the current density. The voltage drop is due to the

spreading resistance of the cathode spot, which results in I 2R joule heating of
the cathode material.

High rates of evaporation can be achieved in arc evaporation and sputtering.
The high energy of ions (40 eV/particle) in arc evaporation assures an adherent

deposit. Cathodic arc deposition has been mainly used for depositing materials
such as nitrides (e.g. TiN), oxides and carbides (e.g. TiC) for wear resistant

applications and decorative coatings. High ionization results in compressive
stress in the film, which improves adhesion and film performance. Dense coat-

ings at high rates and at low temperatures can be produced. In addition, the
ionized plasmas available from the cathodic arc reveal an enhanced reactivity so
that excellent composition control is possible while coating compounds such as

oxides and nitrides. Wider coating substrate combinations are possible with arc
deposition technique. In some cases metastable materials such as diamond-like

carbon can also be deposited.
Arc deposition can also be operated in the presence of gas. The gas is able

to scatter the ions in the vapor as they approach the substrate. Since the
ions arrive from a wide range of angles, complex-shaped objects can be coated.

Ions do not condense on colliding with the gas phase because of mutual
repulsion unlike in other situations. The gas phase can also be utilized to
form compounds. The electrons and ions emanating from the arc can

activate gases so that reaction becomes feasible. For example metal carbides,
nitrides and oxides can be formed when the gases utilized are CH4, N2 and O2

respectively.
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Arc sources are of various kinds. Commercial arc sources are invariable of
the DC type with round or rectangular cathodes. The use of magnetic fields to

move the arc around the surface of a cathode in a predetermined manner is
called steered sources and permits a more uniform erosion of cathode surface

and reduces the emission of macroparticles. Macroparticle-free coatings can be
produced by the employment of filtered sources. Alternating current arc

sources permit the control instantaneous yield to high values by varying the
amplitude and time averaged deposition rate over a broad range.

A modification of the arc source deposition (Fig. 5.29) is the metal plasma

immersion, ion implantation and deposition process (MePIIID) (Brown, 1998).
The large quantities of macroparticles that are produced in cathode arc depos-

ition are directed toward the substrate via a quarter torus macro particle filter.
The substrate is repetitively pulse biased to a negative voltage. When the bias

voltage is off, plasma ions move toward the substrate with relatively low
energies, which depend on the species and gas pressure in the chamber and

can be up to about 200 eV. When the bias voltage is on, a high voltage sheath
forms rapidly at the plasma substrate boundary, and the plasma ions are
accelerated through this sheath and into the substrate. Hence during the film

growth there are alternative periods of high-energy ions and low-energy ions.
Employing either a reactive gas or use of separate elemental arc sources can

form compound films. Nonhydrogenated amorphous carbon with a high con-
tent of sp3 bonding has been produced by this technique. The technique of

deposition has also been found useful to improve the properties of films that
could not be produced by other methods, particularly super-hard materials

(Monteiro, 2001). An advantage of this method is that the substrate can be at
a low temperature without the penalty of poor adhesion. This enables depos-

ition on polymer substrate. The energy and the flux of the materials to be
deposited can be independently controlled in this technique of deposition.

Sheath
edge

Plasma
flow

Filter

Substrate holder
with substrate

HV pulse bias
Plasma source

Figure 5.29: Metal plasma immersion, implantation and deposition system.
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5.6. Pulsed Laser Ablation Sources

Smith and Turner (1965) used lasers to vaporize materials and obtain thin films
as a deposit. The required thermal energy to evaporate the material arises when

a focused laser beam irradiates the material. In addition to removing the
material from the source there is generally a ‘‘plume’’ associated with the

ablation processes. This plume is a luminous intensity plasma cloud that is
normal to the target. The impetus to use laser for the deposition of films
stemmed from the successful deposition of high temperature superconducting

films with desired properties (Dijkkamp et al., 1987). The term pulsed laser
ablation is commonly employed to denote the process of vaporizing a solid with

a pulsed laser. The irradiated target with a series of laser pulses expels the
material from the target surface toward the substrate. The congruent evapo-

ration characteristics of the many compound substances enable one to deposit
stoichiometric films.

Lasers (Light Amplification by Stimulated Emission of Radiation) provide an
engineer an important source of light with unique characteristics. Engineering
applications of lasers exploit some of their unique properties such as mono-

chromaticity (i.e. they have a well-defined wavelength), low-beam divergence
(i.e. the beam does not spread more than milliradians when it emerges from the

source), coherence (i.e. maintains the phase relationships between two points in
space at identical times, and the same point in space at different times) and high

brightness (i.e. power per unit area per unit solid angle). Lasers made from ruby
(Al2O3 with Cr), yttrium aluminum garnet (Nd:YAG) and carbon dioxide

(CO2) have found extensive use in engineering, to drill, weld and cut a variety
of materials. However these lasers have wavelengths that are sufficiently long

and do not permit the production of high-resolution features (less than 1 mm).
They are also easily reflected from the surfaces of materials and thereby require
high input powers to penetrate materials. Besides, their energies

(E ¼ hn ¼ hc=l) are insufficient to induce chemical reactions by breaking
bonds between atoms. The discovery of rare gas halides (RGH) has made

possible a wide range of applications in engineering due to their short wave-
length, efficiency and high power. Some of these applications include removal

of materials and their subsequent deposition, etching of materials by laser
induced chemical reactions and modifications of the surface and so on.

In laser ablation, the material to be evaporated is irradiated with a series of
laser pulses and the material is expelled from the surface toward a substrate
(Fig. 5.30). The assessment of interaction between the laser and the solid

requires information about the power density, pulse duration and wavelength
of the laser as well as target to substrate distance. The material to be ablated

also influences this interaction by its thermodynamic and optical properties. As
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long as there is sufficient power, in principle, any laser can vaporize any
material. However, one uses pulsed laser in the ablation process. The continu-

ous output laser such as a carbon dioxide laser relies on bulk heating and
therefore results in a continuous melting of the target, and the attendant

segregation problems so that the resulting deposit obtained is analogous to a
film obtained from an evaporation source. However with the use of a pulsed

laser, some unique phenomena occur which give the laser ablation process
features that are not obtainable by other methods of deposition. The lasers
used in pulsed vapor deposition have evolved over the years and 248 nm KrF or

193 nm ArF excimer lasers are now in common use. Other lasers employed are
F2 (157 nm), KrCl (308 nm), XeCl (308 nm). The ultraviolet wavelength radi-

ation has the ability to break up the irradiated material into atoms, ions and
molecules. Furthermore, the high-energy photons can penetrate the plasma

plume. Generally, the electrons in the plasma absorb the incoming photons by
a process known as inverse bremsstrahlung, and the absorption intensity is

proportional to the square of the wavelength. Repetitive ablation by directed
energy of laser light causes deep surface pitting so that the location of the

focused laser beam is changed constantly by beam rastering and/or target
rotations. The evaporation characteristics of many compounds under the action
of pulsed laser light result in films of the same composition as the target. One

can achieve heating rates of the order of 1011 K=s with high-powered laser
beams. A special feature of excimer lasers is the large beam area, which

facilitates large area processing. Laser beams have the advantage that one can
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Figure 5.30: Laser ablation deposition system.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 432 17.11.2005 10:58pm

432 Thermal Evaporation Sources



focus the beam so that target surface reaches intensities of the order of
50---500 MW=cm2 and thus laser processing is a contact less technique. Very

high melting materials can thus be easily ablated. The deposition can occur in
the presence of an ambient gas. The kinetic energy of the particles coming from

the source is sufficiently high to permit epitaxial growth at low temperatures.
Laser ablation can also be carried out in a reactive environment. The back-

ground condition for laser ablation can vary from high vacuum to atmospheric
pressure so that there is considerable flexibility in the process. Control of
process is through the variation of laser intensity, wavelength, pulse repetition

rate and target to substrate distance. Wide ranges of materials have been
successfully deposited by this technique.

Lasers are constructed from any of the states of matter and can be understood
with reference to transitions between two energy levels of atoms as shown in

Fig. 5.31. Photons are emitted spontaneously when an electron makes a transi-
tion from a higher energy level, E2, to lower energy level, E1 and the frequency

of this transition is given by

hv ¼ E2 � E1: (5:85)

E

Absorption

Emission

Figure 5.31: Electron population in two energy levels when thermal equilibrium exists.
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When the material is in thermal equilibrium, the Boltzmann relation governs
the population of electrons in the two energy states

N2

N1
¼ exp �E2 � E1

kBT

� �
, (5:86)

where N refers to the number of electrons in the appropriate energy level. It is
clear from the above formula, N2 < N1 since E2 > E1. If a photon of energy hn

falls on the incident material, two additional processes can occur. An electron in
the lower energy state can make a transition to the higher energy state absorb-

ing the incident photon’s energy, and this process is known as stimulated

absorption. It is possible for the incident photon to stimulate an electron in

the higher energy state to make a transition to the lower energy state by a
process known as stimulated emission. In addition, the incident photon and the

photon emitted by stimulated emission will be in phase, have the same polar-
ization and are traveling in the same direction. If we somehow manage to put
more electrons in the higher energy state than in the lower energy state, then it

is possible to have the stimulated photons give rise to a coherent beam of
photons. As we have seen higher population of electrons in higher energy

state can be accomplished only by nonequilibrium means, and the various
processes that have been conceived to achieve this are known as pumping.

When the number of electrons in the higher energy level exceeds those in the
lower energy level, we have an inversion of population. Lasers are said to give

monochromatic and coherent light when the atoms with an inverted population
are made to emit photons, which will have the property of same frequency and
the same relative phase. Note however that photons emitted in spontaneous

emission need not be coherent, even though they are monochromatic. In reality
lasers are neither strictly monochromatic nor coherent and have frequency

width Dn that we can relate to wavelength width Dl by

Dn ¼ n1 � n2 ¼
c

l1
� c

l2
¼ c

l2 � l1

l1l2

� �
ffi c

Dl

l2
: (5:87)

The fundamental line width of the laser is set by the principle of uncertainty of

Heisenberg, which is

DE 
 Dt � �h, (5:88)

where DE is the uncertainty in the energy level and Dt is the corresponding
uncertainty in the time. If Dt ¼ 0, corresponding to spontaneous emission, then

DE is infinity, so that spontaneous emission cannot occur. Since spontaneous
emission does occur, one must conclude that the energy level is not infinitely

sharp. In addition to the fundamental limit set by Heisenberg’s principle, there
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are other reasons why the energy level is not infinitely sharp. These are attrib-
uted to broadening mechanisms, which are largely classified as homogeneous

and heterogeneous broadening mechanisms. In the homogeneous mechanisms,
the broadening occurs because the mechanisms operate on every atom in the

same way such as those encountered due to collisions between atoms in a
homogeneous gas. The gain profile in this case is typically Lorentzian in

shape. In inhomogeneous broadening mechanisms some groups of atom are
acted differently than others as due to strain or the presence of isotopes. The
gain profile in this case is generally gaussian in shape. One can describe the

monochromaticity of the laser beam in terms of coherency. The coherence time

Dt is defined as the length of time it takes for two oscillations differing in

frequency by Dn to go out of phase by a full cycle and this is approximately
given by

Dt ¼ 1

Dn
: (5:89)

One can similarly define the coherent length, lc as

lc ¼ cDt ¼ c

Dn
: (5:90)

Example 5.13

For KrF laser with energy 4.979 eV and width 5 THz, calculate the following:

(a) the energy level difference (b) frequency line width in eV (c) wavelength line

width (d) coherence time (e) coherence length.

The energy level difference ¼ 4:979 eV ¼ 4:979 eV� 1:602� 10�19 J=eV

¼ 7:976� 10�19 J.
The frequency of laser ¼ 4:979 eV=h ¼ (4:979 eV)=(4:136� 10�15 eV=s)

¼ 1:204� 1015 s�1.
The wavelength of the laser ¼ l ¼ c=n ¼ (3� 108 m=s)=(1:204� 1015 s�1)

¼ 2:492� 10�7 m.
The frequency line width ¼ DE ¼ hDn ¼ 6:626� 10�34 J=s� 5x

The wavelength line width¼
Coherence time¼
Coherence length¼

Example 5.14

Consider a wave packet that has a square shape of width 2 b in time space.

What is the corresponding width in energy?
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The width in time space of the wave packet, dt ¼ 2b.
The width in the frequency space requires us to find the wave packet in the

frequency space which is given by the Fourier transform of the real space wave.
We have therefore

X(v) ¼
ð1
�1

x(t)e�ivtdt ¼
ðþb

�b

e�ivtdt ¼ 2b
sin bv

bv
:

The above equation crosses the v-axis at p=b. Hence the width in the frequency
space is 2p=b. Hence dt 
 dw ¼ 2b 
 2p=b ¼ 4p. If the waves are electromagnetic

waves, then the energy spread of the wave is given by the relationship

dE 
 dt ¼ �h4p:

Therefore, dE ¼ 4p�h

dt
:

Einstein analyzed the emission and absorption of radiation between two

energy levels in order to understand the emission of light by a black body,
and this work has become an important source for analyzing laser radiation.

Einstein viewed the problem of emission and absorption of light between two
energy states (Fig. 5.32) and suggested a detailed balance equation such as

g2A21e�hn2=kBT þ g2B21e�hn2=kBTr(n) ¼ g1B12e�hn1=kBTr(n), (5:91)

where the first term represents the spontaneous emission from the energy state

E2, the second term represents the rate of stimulated emission from the energy
state E2 and the third term gives the rate of stimulated absorption. Clearly at
equilibrium, the terms determining the rate of electrons entering the higher

energy level must total to the rate of electrons transferring to the lower energy
level. The coefficients introduced A21, B12 and B21 are called Einstein coeffi-

cients and g represents the degeneracy of the energy levels involved and r(n)
represents the density of the stimulating radiation field. We must have

g2B21r(n) ¼ g1B12r(n), (5:92)

since r(n) goes to infinity when T goes to infinity. Hence g2B21 ¼ g1B12, so that
we obtain

r(n) ¼ g2A21

g1B12e(hn2�hn1)=kBT � g2B21
¼ A21

B21

1

ehn=kBT � 1

� �
: (5:93)

Comparing the above formula with Planck’s formula for radiation of a black
body, we obtain

A21

B21
¼ 8phn3n3

c3
: (5:94)
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The laser has a resonant cavity which is merely two mirrors adjusted such that
the photons bounce back and forth. It is these photons that stimulate the

emission of additional photons at the same wavelength and in phase and moving
in the same direction. At certain intensity of the photons, the mirror that is

made semitransparent, lets the light through for applications. Therefore the
resonant cavity provides a regenerative path for photons and essentially short-

ens the laser length and can also tailor the profile of the electromagnetic media.
If the length of the resonant cavity is L, then the intensity of the photon before

they are incident on the front mirror is Istart and when the photons reach the end
of the mirror its intensity is Iend and the two intensities are related to one

another by a gain coefficient g(n) where

Iend ¼ Istarte
g(n)L, (5:95)

where g(n) is known as the gain coefficient. Therefore the gain of the laser is
equal to the laser intensity at some position z divided by the laser intensity at a
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Figure 5.32: Stimulated emission, stimulated absorption and spontaneous emission.
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reference point z ¼ 0, and depends upon the ratio of the excited population to
that of the ground state. For a laser with a resonator of length L the change in

intensity DI as a function of length is given by

DI

S

1

L
¼ [N2B21r(n) g (n)�N1B12r(n) g (n)] hn, (5:96)

where N represents the population in the corresponding energy levels

(atoms=m3), r(n) is the energy density per unit frequency of the laser beam
(J-s=m3) and g(n) represents the finite line width of the energy levels and S is
the area of cross section of the laser beam. Equation (5.96) is merely a reflection

of the fact that the gain is the difference in the number of electrons in the upper
level stimulated to the downward level multiplied by the energy of the photon.

The intensity per unit area of the laser beam is

r ¼ I

Sc
: (5:97)

Substituting from Einstein’s analysis we obtain after much simplification

g(n) ¼ g(n)
A21l2

0

8pn2

� �
N2 �N1

g2

g1

� �
, (5:98)

where l0 is the wavelength of the laser line.
Lasers have a resonant cavity whose function is to physically shorten the laser

and tailor the profile of the electromagnetic mode. The resonant cavity consists
of two mirrors suitably placed and formulated so that photons reflect back and

forth between the mirrors. The wavelength at which the laser can operate shall
come from one or more of the integral half wavelengths that precisely fit into

the laser cavity. For a cavity of length L, in a material of index of refraction n,
the frequency of laser modes are given by

n ¼ pc

2nL
, p ¼ 1, 2, 3, . . . (5:99)

The above frequencies are termed the set of longitudinal electromagnetic
modes. It is evident that the number of modes is extremely large. However,

the laser does not show gain at all frequencies. The function that describes the
frequency dependence of gain is known as gain profile g(n). The intersection of
the possible modes of the laser with the gain profile as shown in Fig. 5.33

represents the actual output of the laser.
Lasers in general consist of three main parts. There is an energy source used

for pumping energy into the active medium. The active medium serves to
amplify the beam of light. The optical resonator serves to carry out a feedback

for the light amplifier and eventually make a light generator out of the light
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amplifier. The optical resonator also serves to focus the beam, tailor its shape,
select the wavelength of the emitted light and extract a certain amount of beam

energy. The pumping of energy into the active medium is through fast electrical
discharge even though microwave and electron beam excitation is also possible.

In order to operate electrically discharged excited excimer laser, the electric
field in the gas must exceed the breakdown voltage of the gaseous mixture by a

factor of at least two or three. The typical electrical fields that are required are
in the range 10–15 kV/cm and this pulse must be applied in a time that is short
compared to the electronic avalanche time, which is around 20–30 ns. Low

impedance of the circuit assures us that there are sufficient electrons in the
circuit to supply the growing plasma. The gas flow is typically around 50–150 m/s

and flushes the discharge volume between pulses. Successful electrical discharge
requires pre-ionization of gas, which is typically accomplished by exposure to
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Figure 5.33: Output of laser as the intersection of gain profile and longitudinal modes of

the resonator.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch05 Final Proof page 439 17.11.2005 10:58pm

Thermal Evaporation Sources 439



X-rays or by corona discharge method. The discharge circuitry must provide for
a rise time of 1011 A=s, voltage 50 kV and power 5 kW. A homogenizer is an

optical element, which converts the gaussian beam into a ‘‘top hat’’ profile. The
electrical circuitry of the electrical discharge is such as to switch large amounts

of current in very short times without the onset of arcing. This limits the
excimer laser pulses to a short time such as 10–50 ns. Pumping energy into the

active medium allows amplification of light energy and can be carried out by
fast electrical discharge, electron beams or microwaves. The optical resonator
consists essentially of two mirrors, one of them with a slightly concave shape

that serves to focus the beam. The geometry of the two mirrors, the radius of
curvature and the distance between the mirrors determine the diameter of the

beam. The resonator selects a certain wavelength, since due to feedback the
light waves are traveling back and forth between the mirrors, building up a

standing wave with nodes in a distance of one half of the wavelength, whereas
the mirrors nodes must be situated according to the condition of a zero field.

The extraction of a certain fraction of the beam power is made possible by
virtue of the fact that one of the mirrors is made semitransparent. The main
dimensions of the optical resonator, such as the distance of the mirrors, their

radius of curvature and the diameter together with the wavelength determines
the properties of laser beam. The active medium and pumping source as well

as the loss of the resonators, have the major influence on the output of power of
the laser source.

The term excimer laser was originally intended as a short hand notation to
describe an excited dimer, such as Xe2*, which is stable in the excited state, but

is not so in the ground state. It is currently employed to denote all gaseous
species, which are in bound excited sates, e.g. ArF, KrF, KrCl, XeF and XeCl.

RGH lasers utilize approximately 0.1–0.5% of halogen donor (e.g. F2), 2–5% of
a rare gas (e.g. Kr) and the remainder consists of buffer gas such as Ne or He.
The pressure of the gas in the cavity is in the range of 2–4 atmospheres. The

buffer gas serves the role of absorbing the initial excitation energy. The noble
gases in an excited state have one electron in the outermost shell. Halogens

have one electron missing in the largest shell. Hence, an excited noble gas and
the halogen are likely to form a molecule. As a result of a series of energy

transfer steps, electron attaches to the fluorine to produce a fluorine negative
ion that combines with a positively charged krypton ion to produce an ion pair

excited state. In the ground state the excimer molecule dissociates rapidly. A
typical reaction (harpoon reaction ) (Herschbach, 1966) may be

Krþ þ F� þKr ¼ (KrþF�)*þKr, (5:100)

where Kr acts as a third body in the collision process to remove excess kinetic
energy. In spite of this round about route the reaction can be very efficient in
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producing excited dimer molecules. Population inversion is easily achieved
because of low number of molecules in the ground state. Gaseous discharges,

electron beam and photon beams have been utilized for pumping into the
higher energy state. Laser action is associated with the transition from

bound excited state (KrF)* to the dissociative state (Krþ F) as shown in
Fig. 5.34. The lifetime of KrF molecules is extremely short (10 fs) whereas the

excited molecules KrþF� has lifetime of 5–15 ns, which is three orders of
magnitude greater than the lifetime of the ground state. The excimer molecule
dissociates on photon emission and there are no other competing alternative

paths. The number of molecules on the excited state far exceeds the number of
molecules in the unbound ground state that is essentially zero. Direct excitation

from the ground state is thus not an option for these lasers. Gains in excess of
104 can be reached for a typical excimer cavity of length 1 m. This allows large

gains even when high reflectivity mirrors are not present in the laser system so
that laser operation is possible with relative ease. Efficiencies are around 2–4%
and are obtained by dividing the laser output energy to input energy.

The degradation of the efficiency of excimer lasers with time is attributed to a
variety of causes. Impurities in the laser can absorb ultraviolet light and de-

crease the laser output. Depletion of halogen by various chemical reactions
makes them unavailable to form excimer molecules and therefore decreases the

output. Particulates can not only absorb radiation but also catalyze unwanted

Potential
energy

Bound electronic
excited state

(Kr + F)∗

Kr + F

248 µm Transition

Dissociative
ground state

Internuclear separation

Figure 5.34: Transition from bound excited state to the dissociative state.
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reactions. Surface reactions with the mirror, air leaks (N2, O2 and H2O)
contribute to laser degradation. Leak-free gas cavity and high purity laser gas

are essential for long-term operation of excimer lasers. High purity gases, the
proper choice of cavity materials, a feedback system between power output and

capacitor charging voltage, use of cryogenics have enhanced laser operation
life-time. The lifetime of a laser is given in terms of the number of pulses and is

typically in the range of 108. Continuous improvement in the operating lifetime
of excimer lasers is an increasing challenge for the engineers and has been
proved to be of value in manufacturing.

Typical excimer laser beams are rectangular in shape. While the spatial
variation in intensity along the longer side of the rectangle is reasonably

uniform except at the edges, the short side of the rectangular beam shows
an intensity variation that is gaussian in shape. A beam-homogenizing device

is often included to improve uniformity. Since the pulse duration is short,
there is not sufficient time for well-behaved modes to build up in the cavity.

As a result laser oscillates upto 104 modes. The consequence of these oscilla-
tions is the poor coherence of the laser beam and high beam divergence.
They play a role in determining image quality and ability to focus the poorly

collimated beam over large distances. For removing material the sharply fo-
cused beam is needed so that a coherent beam with low divergence is the

desired condition.
The utilization of lasers offers several advantages. It is a contactless tech-

nique and laser energy can be directed to the desired location. Since excimer
wavelengths are in the ultraviolet portion of the electromagnetic spectrum, they

are strongly absorbed by most materials. The shorter wavelength excimer lasers
allow their beams to be focused to smaller spots and obtain high intensities at

the workpiece. The binding strength of the most common chemical bonds that
hold atoms together to form molecules is less than the energy carried by a single
excimer ultraviolet photon, which is typically in the range 35–7.9 eV. When

laser is directed to fall on a material they provide thermal energy with an
extremely small duration and will permit processing large areas through a

variety of environments. Laser-induced plasmas occur above the surface they
encounter and ultraviolet radiation can penetrate this ‘‘plume’’ that surrounds

the target material. With reacting gases in the environment, efficient photo-
chemistry can be achieved.

The absorption of ultraviolet light emitted by excimer laser occurs by the
transition of valence electrons from the ground state to the excited state. One
may take into account absorption and reflection by obtaining the complex

refractive index n*, where

n* ¼ nþ ik; (5:101)
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where n and k are constants but vary with frequency of radiation and tempera-
ture. Beer–Lambert law gives the absorption thus:

Iz ¼ I0 exp (�4pkz=l), (5:102)

where it is assumed that light is traveling in the z-direction. It is customary to
define the absorption coefficient, a,

a ¼ 4pk=l, (5:103)

where the inverse of a is known as the optical absorption depth, characterizes
how deeply light will penetrate into the material. The optical absorption coeffi-

cient should be high for the material in order for ablation of the material. Since a

depends upon the wavelength, this helps one select the wavelength of the excimer

laser that is appropriate to evaporate a given material. The efficiency of ablation
is determined by the optical absorption coefficient such that strongly absorbing

materials will be ablated far more easily than weakly absorbing materials.
The absorption of photons can result in a number of processes. The bonds

may be broken by what is termed photolysis so that we may write

ABþ hv ¼ Aþ B: (5:104)

Photo dissociation will only occur if the energy of the excited electronic state
exceeds the bond dissociation energy. The electrons from a material may be

ejected as photoelectrons if the incident energy exceeds a certain threshold
value for the particular material by the phenomenon of photoelectric effect and

the number of photoelectrons increases with intensity of light. The emitted
electron may augment and enhance etching and ablation by a process known

as stimulated electron desorption. Photo ionization of atoms in a material can
occur only if there are multiple photons involved in it, and this can be expected

only when the intensity is high. In semiconductors and insulators electrons can
be excited from the valence band to the conduction band if the photon energy
exceeds the energy gap, leaving holes in the valence band. The electron-hole

pair may become active during photochemical reactions. In insulators with large
energy gaps high intensities are often required to initiate absorption of laser

light. The most common result during adsorption is the excitation of vibration
of atoms. The consequence of this mode of absorption is the heating of the

solid. Since a large amount of energy is deposited in a short volume, heating
rates of the order of 1010 K=s are easily attained.

Example 5.15

For YBCO evaluate the thermal diffusion depth and the optical absorption

depth for irradiation by KrF laser of wavelength 248 nm and pulse duration 20 ns.
Which determines the depth to which the photons penetrate?
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Consider the optical absorption edge of YBCO to be ar ¼ 105 cm�1.
The depth to which light will penetrate is given by 1=ar ¼ 100 nm.

The excimer laser KrF with wavelength, l, of 248 nm has a pulse length, t, of
20 ns.

Thermal diffusivity a is given by

a ¼ k

rCm
,

where for YBCO we have k ¼ thermal conductivity ¼ 4 W=cm=K, r ¼ mass
density ¼ g=cm3, and Cm ¼ heat capacity per unit mass ¼ 0:31 J=g=K. Hence

a ¼ 2:0 cm2=s.
We have thermal diffusion length given by

L ¼ 2
ffiffiffiffiffiffi
at:
p

so that L ¼ 4000 nm. Since L� 1=ar, we find that thermal diffusion determines

the depth to which the energy is deposited in this example.
The temperature rise induced by the laser on the surface of the evaporant has

been estimated by a number of workers. Important material parameters are
thermal conductivity, k, volume specific heat, thermal diffusion length L and
diffusion length, L. The thermal conductivity k is a measure of the rate at which

heat will flow across unit area of a substance for unit temperature gradient. The
volume specific heat which is the product of the specific heat at constant

pressure, Cp and the density, r, of the substance, assist in relating the quantity
of energy needed to raise the temperature of the material by one degree. The

diffusion length allows us to evaluate how far the temperature profile will
spread out during a given time, and is given by

L ¼
ffiffiffiffiffiffiffiffi
4kt

L

r
(5:105)

Each of these quantities, k, L, and L are temperature dependent. An order of

magnitude calculation of the increase in surface temperature is

DT ¼ (1� R)f

LD
(5:106)

where f is the laser fluence (J=m2) and D the approximate layer thickness

heated by the laser pulse. The details of the laser pulse, shape, pulse repetition
rate, distance beneath the surface, heats of transformation of the material, are
only a few parameters to be addressed in exploiting the dynamics of pulse

heating and can be addressed only by numerical modeling.
Laser ablation refers to the ejection of matter by the sole interaction of an

intense laser pulse with material. This should be contrasted to laser etching,
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which involves chemical reaction brought out by the laser pulse. If the laser
pulse does not result in any phase transformation of the material, it interacts

with, one can still expect ablation by some type of transient sublimation.
However because of the shortness of the laser pulse and the absence of phase

transition, material removal is very inefficient under these conditions. When the
material melts on encountering laser pulses, ablation is possible by several

different mechanisms. Rapid vaporization results in cooling of the surface
relative to the bulk and can result in a subsurface explosion due to the hot
region expanding rapidly against the cooler surface resulting in a forceful

ejection of material. The liquid surface can experience a backward momentum,
which may cause a splashing of liquid by what has been termed a ‘‘piston

effect’’. A thin film of high-density material above the surface is thought to be
responsible for the highly directed nature of the ablated material. The asperities

in the material can become easily melted and drive the molten layers by
hydrodynamic expulsion. It is also possible to form plasma when the laser

pulse interacts with hot surface and vapor phase material leading to the pro-
duction of positive ions and electrons. This plasma is expected to be close to the
surface of the material. When the density of electrons is high, the absorption of

light in the plasma may occur by a process known as inverse bremsstrahlung.
The ultraviolet light penetrates this plasma. For materials that are weak ab-

sorbers, high laser intensities are necessary to cause ablation.
The pulsed laser deposition offers simplicity and flexibility. Essentially it

consists of focusing the laser beam onto a target and collecting the ablated
atoms on a substrate. One should avoid surface pitting that invariably results

from repetitive ablation, so that target rotation, beam rastering are the norm. If
reactive gases are used or high temperature is desired, substrateholders must be

capable of withstanding harsh environment. Several substrate/target configu-
rations have been explored to improve the quality and uniformity of the
deposited film. The flexibility permitted by laser ablation system has permitted

the use of microwave discharge, electron beam and synchronized lasers to
improve the range of applications for which the laser is useful.

Laser ablation may be considered to consist of three processes. The first is the
interaction of laser beam with the material of the target. The second process is

associated with adiabatic expansion of the plasma. The third process is the
actual deposition of thin films.

Example 5.16

Estimate the minimum power density that is required for evaporation of a

material by laser ablation. Assume the thermal diffusivity of the material is

0:1 cm2=s, and density is 10 gm=cm3 and the sublimation energy is 1011 erg=g,

and laser pulses are of 10�3 s duration.
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According to Krokhin (1972) the minimum power density Qc for evaporation
starts with the thickness of the heated layer at time t after the onset of laser

radiation, which is (2Dt)1=2, where D is the thermal diffusivity. With Q0 as the
laser power density, thermal energy available with a given laser is Q0t.

The thermal energy gained by the material is (Q0t)= r0(Dt)1=2
	 


, where r0 is
the mass density.

If the sublimation energy of the material is U, then we must have

Q0 > Qc ¼ r0UD1=2t�1=2:

D ¼ 0:1 cm2=s; U ¼ 1011 erg=g; 0 ¼ 10 gm=cm3:

Qc ¼ 1013 erg=cm2=s ¼ 106 W=cm2:

Problems

5.1. In order to evaporate Al, Au, Fe, Inconel and Pt by resistance evapo-
ration, select a suitable source to hold the evaporant and explain the

reasoning for your choice.
5.2. A thermal evaporation system has a source, which is 50 cm away from the

substrate. The vacuum in the chamber is 10�5 torr. Calculate the fraction
of evaporated atoms that will be scattered by collision before they reach
the substrate.

5.3. A thermal evaporation system is operating at a vacuum of 10�5 torr, and
depositing a film at a rate of 10 A/s. If the reactive gas partial pressure in

the system is 10�5 torr, calculate the ratio of molecular film arrival rate to
the arrival rate of the impurity atoms. If it is desired to scale up the

process by increasing the distance to the substrate by 10 times, what
should be the conditions of the vacuum system or deposition rate to

keep the same purity of the film.
5.4. Calculate the boiling point of the elements Al, Cr, Au, Fe, Cu at 1 torr,

10�4 torr from appropriate thermodynamic data at 1 atm.

5.5. What is the average energy of copper atoms emanating from a resistance
heated source at a temperature of 15008C? What would be the average

velocity of these copper atoms?
5.6. A Knudsen source has a slit of width 0.1 mm and height 10 mm. It contains

sodium at 670 K which has an approximate vapor pressure of 0.5 torr.
Calculate the beam intensity at a distance of 1 m from the source and

estimate the time it would take to deposit one monolayer of sodium.
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5.7. Calculate the velocity of the electrons when they are subjected to a
potential of 30 kV.

5.8. What are the reasons why a continuous laser such as CO2 laser with high
power output is not suitable for preparation of thin films by laser ablation?

5.9. Under what circumstances the condensation coefficient and the evapo-
ration coefficient can be assumed to be the same? When are they differ-

ent? Why?
5.10. The stagnant pressure in a free jet source is 100 torr and the chamber

pressure is 10�4 torr. Calculate the Mach disk location if the nozzle

diameter is 100 nm.
5.11. It is desired to vaporize tin in a vacuum system. What would be a suitable

temperature for deposition of tin? Calculate the heat required to raise the
temperature of tin to this evaporation temperature. If a tungsten filament

of diameter 2 mm and length 5 cm is used to provide the heat, how much
heat has to be supplied. Ignoring the losses due to conduction and radi-

ation, what current should pass through the tungsten filament if the
evaporation has to be completed in 2s?

5.12. An electron is accelerated through a potential of 10 kV. What would be its

velocity? In a field of 10�2 W=m2, what would be the radius for the
electron path?

5.13. Calculate the thermal energy of atoms evaporating from a source of
copper at 15008C. What is the mean velocity of the atoms emerging

from the source?
5.14. Show that for a one dimensional steady state frictionless flow we have

dA

du
¼ (M2 � 1)

A

u
,

where M is the Mach number.

5.15. What would be the temperature required to achieve a vapor pressure of

10�2 torr when aluminum is to be evaporated? Find the corresponding
temperature for copper. It is desired to deposit a film of aluminum–2%
copper. What should be the approximate composition of the alloy that is
required in the target of the evaporation source?

5.16. An electron beam is accelerated to 10 kV at a current up to 1.5 A. If the
beam is focused to fall on an area of cross section 0:25 cm2, what is the

power delivered per unit area?
5.17. Assuming steady state at the boiling point, obtain an expression to calcu-

late the amount of material evaporated per pulse in a laser ablation

process. Assume there are total absorption of the incident radiation and
no absorption in the vapor phase.
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5.18. It is desired to grow epitaxial silicon at a linear growth rate of 0:1 Å=s.
Convert this into number of atoms of silicon=m2=s. If the temperature at

which the epitaxial silicon is grown is 8008C, what should be the pressure
in the growth chamber?

5.19. Show that in an electron beam system the power absorbed per unit
volume is proportional to current density and inversely proportional to

the acceleration voltage. How do you propose to increase the power
absorbed per unit volume?

5.20. Show that for a photon of energy E, the corresponding wavelength l is

given by

l(mm) ¼ 1:24(eV m)

E(eV)
:

5.21. What is the ratio of population of electrons for the energy of KrF laser

given in Example 5.10 assuming thermal equilibrium? Why is the real
ratio of population several orders of magnitude more than your calcula-

tion? Explain.
5.22. Why does the evaporation rate show a saturation value when the beam

power is increased for certain diameter of the beam? What happens to the
saturation deposition rate if the beam diameter is increased and why?

5.23. Estimate the electron beam power in watts required to evaporate

nickel where the enthalpy required to raise the temperature from room
temperature to evaporation temperature is 500 KJ/mol, for a rate of

material deposition 10 mm=min. Assume the efficiency of energy utiliza-
tion is 30%.

5.24. Plot the power absorbed per unit volume as a function of distance from
the surface when an electron beam of energy 40 keV falls on aluminum.

What is the distance at which maximum power is absorbed?
5.25. A thermionic electron gun of tungsten is providing a current density of

10 A=cm2. What is the evaporation rate of tungsten under these condi-
tions?

5.26. Kelly and Rothenberg (1985) have estimated the ablation depth per pulse

from knowledge of the vapor pressure and enthalpy of vaporization. Use
this formula to estimate the depth per pulse of ablated material of Al2O3

for KrF excimer laser.
5.27. Assuming an ideal Knudsen diffusion cell and the cosine law of effusion,

obtain the flux of the molecular beam at the center and at the edge of a
flat substrate positioned axially in front of the effusion cell at a distance r.

How would the results change if the Knudsen cell was tilted from the
perpendicular to the substrate axis by an angle f?
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Chapter 6

Gas Flow in Thin Film Processing
Systems

6.1. Introduction

Ordinarily under equilibrium conditions the molecules of a gas move around
in a random manner and there is no net velocity for the motion of gas in

any particular direction. Equilibrium properties such as specific heat at constant
volume and at constant pressure may be easily calculated for a gas. When
one creates a nonequilibrium situation, a net flow of gas occurs. A difference

in pressure in different parts of the system will result in the flow of gases.
A temperature difference between two parts of a system will result in gas

flow as well as heat flow. A composition or density difference between two
regions in the same system will create a mass flow. Gas flow considerations are

important in vacuum systems and enable one to design or modify these systems
for efficient operation. This can save costs, improve speed of operation and

enable the achievement of high levels of vacuum. Physical vapor deposition
processing is invariably conducted in a low-pressure gaseous environment and
the quality of vacuum has a direct bearing on the characteristics of the film

produced. Any space filled with gas at less than atmospheric pressure is con-
sidered as a vacuum. The need to work in an environment of vacuum is

prompted by the desire to have long mean free paths for gas molecules,
compared to the dimensions of the processing chamber. Vacuum processing is

also vital to control the amount of gaseous and vapor contamination during
processing. The generation of high vacuum and the measurement of pressure

are of crucial importance in the understanding of the overall picture in thin film
processing.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch06 Final Proof page 453 17.11.2005 10:54pm



6.2. Specific Heat of Gases

The kinetic theory of gases may be utilized to predict the specific heat of gases
at constant volume, CV , and at constant pressure, CP. The average translational

energy of a gas molecule with a velocity component Vx is given by

hEikin, x ¼
1

2
mhV2

xi ¼
1

2
m

ffiffiffiffi
b

p

r ð1
�1

dVxV2
x e�bV2

x

 ! ffiffiffiffi
b

p

r ð1
�1

dVy e�bV2
y

 !

ffiffiffiffi
b

p

r ð1
�1

dVze�bV2
z

0
@

1
A, ¼ m

2

ffiffiffiffi
b

p

r ð1
�1

dVxV2
x e�bV2

x ¼ m

4 b
¼ 1

2
kBT

(6:1)

The second and third integrals in Eq. (6.1) yield a value of unity. Similarly,

hEikin, j y ¼ 1
2 kBT; hEikin, z ¼ 1

2 kBT: (6:2)

The total kinetic energy due to translation is

hEikin ¼ hEikin, x þ hEikin, y þ hEikin, z ¼ 3
2 kBT: (6:3)

We note that the average kinetic energy of the atom due to translation is

the same in every direction. A monatomic gas has three independent orthog-
onal velocity space directions, Vx, Vy and Vz that corresponds to three
degrees of freedom. The energy of the ideal monatomic gas per unit mass is

given by

hEi
m
¼ 3

2m
kBT ¼ 3

2

R

M
T, (6:4)

where M is the molar mass. Hence,

V ¼ dQ

dT

����
V

¼ 3

2

kB

m
¼ 3

2

R

M
: (6:5)

Note that CV depends only on M and is independent of temperature.

The heat supplied at constant pressure not only increases the temperature of
the gas but also provides energy to do work when the gas expands at constant

pressure. Hence,

dQjP ¼ dhEi þ PdVjP ¼ CPdT: (6:6)

The specific volume of the gas is

V ¼ 1

mn
: (6:7)
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We have the gas density r given by

r ¼ mn ¼ Pm

kBT
: (6:8)

Hence,

PdV ¼ P
@

@T

kBT

Pm

� �����
P

dT ¼ kB

m
dT: (6:9)

Therefore,

dQjP ¼
3

2

kB

m
dT þ kB

m
dT ¼ CPdT, (6:10)

so that

CP ¼
5

2

kB

m
: (6:11)

The ratio of specific heats for monatomic gases is given by

g � CP

CV
¼ 5

3
, (6:12)

and is in close agreement with experimental results for inert gases.
The specific heat of diatomic gases do not conform to the above prediction

indicating that these molecules are capable of storing energy in forms other
than translational motion of the center of mass of the entire molecule. In
diatomic molecules one has to consider the internal degrees of freedom such

as rotation and vibration. A diatomic molecule requires six coordinates to
specify the positions of all the atoms. Three coordinates may be utilized to

locate the center of mass of the diatomic molecule. The translational energy of
the molecule as a whole is related to the velocity component associated with

each of these three coordinates. If we consider the diatomic molecule as a rigid
body, the rotation of the molecule requires the specification of two angles that

are sufficient to determine the orientation of the longitudinal axis of the
molecule. The total rotational energy of the molecule is

Erot ¼ 1
2 I v2

x þ v2
y

� �
, (6:13)

where vx, vy are the angular velocity components perpendicular to the longi-

tudinal axis of the molecule and I is the moment of inertia around any axis in
the (x, y) plane and is given by

I ¼ md 2, (6:14)
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where m is the reduced mass and d is the distance between the two masses of the
diatomic molecule. Note that the moment of inertia about the longitudinal axis

of the molecule, taken to coincide with the z-axis is zero. Hence, diatomic
molecule has two degrees of freedom of rotation, which is independent of the

location of the center of mass. The average energy per rotational degree of
freedom is (1/2) kBT .

If the diatomic molecule is not rigid, the atoms vibrate along the longitudinal
axis. The vibrational energy is given by the sum of the potential energy and the
kinetic energy of the vibrating atoms. Assuming the atoms vibrate as a simple

harmonic oscillator, the potential energy is

Epot ¼ 1
2 Kz2, (6:15)

where K is the spring constant and z is the deviation from equilibrium distance.

The kinetic energy of vibration is given by

Ekin, vib ¼ 1
2 m _qq2, (6:16)

where _qq is the time derivative of the relative coordinate and m is the center of

mass. The average energy in each case is given by

hEipot ¼ hEikin, vib ¼ 1
2 kBT: (6:17)

Thus, for a nonrigid diatomic molecule the total average energy is given by

hEitotal ¼ 7
2 kBT , (6:18)

so that

CV ¼ 7
2

kB

m
: (6:19)

Extending the arguments for polyatomic molecules, we obtain for a molecule
with n’ degrees of freedom (each vibration degrees of freedom is counted as two

degrees of freedom since vibration energy is the sum of kinetic and potential
energy of atoms), the specific heat at constant volume is given by

CV ¼
n0 þ 3

2

kB

m
: (6:20)

Since,

CP ¼
n0 þ 5

2

kB

m
, (6:21)

we obtain

g ¼ CP

CV
¼ n0 þ 5

n0 þ 3
: (6:22)
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The measured values of g do not agree with the above-predicted values for
many molecules and in addition show dependence on temperature. This de-

notes the failure of classical theory in describing the energy levels of molecules,
because according to quantum theory all the energy states available to the

molecule are not occupied, as the classical theory would suggest, at low tem-
peratures. Hence CV is less than what is predicted by classical theory and will

approach these values only at high temperatures.

Example 6.1

Show that according to classical physics, if the energy of the molecule is

separable into parts where each part depends upon a single coordinate and the

energy is expressible as a quadratic term in this coordinate, then the average

energy associated with each coordinate is (1/2) kBT. Hence evaluate the specific

heat of linear molecule CO2 and the nonlinear molecule H2O.

Consider a molecule to have the energy «, which can be written separately as

«1, «2, «3, etc, so that

« ¼ «1 þ «2 þ «3 þ � � � þ «n,

where n is called the degrees of freedom. The average energy is obtained by the
expression

h«ki ¼
X

«ke�«k=kBTX
e�«k=kBT

,

where the summation is carried over all the available energy states. If the

separation of successive allowed energy levels is small compared to kBT ,
we can rewrite the above summation in the form of integrals and write

< «k > ¼

ð1
0

«ke�«k=kBTdqð1
0

e�«k=kBTdq

,

where «k is now regarded as a continuous function. We now assume

«k ¼ Ckq2,
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where Ck is a constant and q is a generalized coordinate. The integrals above
are of the type given below and may be evaluated using

ð1
0

x2e�ax2

dx ¼ 1

4a

p

a

� �1=2

and

ð1
0

e�ax2

dx ¼ 1

2

p

a

� �1=2

:

Hence,

h«ki ¼ 1
2 kBT:

For a linear molecule such as CO2, the number modes of vibration is 3n–5 where

n is the number of atoms in the molecule because there are three translational
degrees of freedom and two rotational degrees of freedom where n is the

number of atoms. For a nonlinear molecule such as H2O the number of
modes of vibration is 3n–6 since the nonlinear molecule requires three coord-
inates to specify its rotation whereas a linear molecule requires only two

coordinates. Hence, for CO2 the total number of positional coordinates re-
quired is 9 (three translational, two rotational and four vibrational), so that

the specific heat at constant volume is (13/2) kB=m. For water molecule there is
an additional degree of freedom for rotation but the number of vibrational

modes reduces to three. Hence, the specific heat at constant volume for water
molecules is 6 kB=m.

6.3. Transport Properties of Gases

A number of properties of a gas in equilibrium derived from kinetic theory of

gases assume that the gas temperature and the number density of molecules are
constant everywhere in the system. There is therefore no bulk movement of the
gas and the molecules of a gas suffer no net transport from one place to another.

When we allow for spatial variations in pressure, temperature, velocity and so
on, a net macroscopic motion of the gas occurs. Kinetic theory of gases enables

one to calculate properties of gas such as viscosity, heat conductivity and
diffusion by simple procedures. We assume that the variations of macroscopic

quantities such as temperature, pressure occur over lengths many times the
dimensions of the mean free path. Maxwell (1860) calculated the property of

viscosity that is due to the transport of momentum. The transport of thermal
energy by heat conduction enables one to calculate the thermal conductivity of

the gas. The molecular transport produced by concentration gradients leads to
the computation of the diffusion coefficient of the gas. A summary of the more
recent attempts to improve the calculation of the transport properties of gases is

presented in the book edited by Lafferty (1998).
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6.3.1. Viscosity

Consider a gas enclosed between two parallel plates as shown in Fig. 6.1. We
shall assume the gas has specific mean velocity vx in the x-direction, but vx

depends on the normal distance z from the plate so that we write vx ¼ vx(z).
The magnitude of vx(z) varies from zero to a finite value v0 as we gradually

move away from the plate. We assume the plate at z ¼ 0 is stationary and the
plate at z ¼ L is moving with the gas along the x-axis with a constant velocity v0.
Any layer of the fluid below the plane z ¼ constant exerts a tangential stress Pzx

on the gas above it. Note that the notation for stress has two indices. The first
index denotes the direction of the normal to the area on which the force is

acting. The second index denotes the direction in which the force acts. In the
simplest situation, one expects a linear relationship between the stress Pzx and

the gradient of velocity, so that

Pzx ¼ �h
@vx

@z
, (6:23)

where h is the coefficient of viscosity. The negative sign in Eq. (6.23) takes into
account that the gas below the plane tends to slow down the gas above the

plane. Alternatively, the shearing force generated by the velocity gradient tries
to reduce the physical effect that generated it. In this way, viscosity becomes a
positive number and has units Pa s.

In terms of kinetic theory, one interprets Pzx as follows. Note that the velocity
of the layers points in the x-direction, whereas the velocity gradient is in the

z-direction. Molecules above the plane z ¼ constant have a larger component of
velocity than those below the plane. As molecules cross the plane z ¼ constant

z = L

z = 0
ux = 0

vx = 0

vx = vo vx = vo

z

x

z = constantPzx

Figure 6.1: The plane z ¼ constant in a fluid finds that the fluid below the plane exerts a

force Pzx on the fluid above it.
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from above (or below), they carry their momentum and thereby increase (or
decrease) the momentum of the gas molecules below (or above) this plane. The

stress Pzx is the mean increase, per unit time and per unit area of the plane, of x

component of momentum of the gas above the plane due the net transport of

momentum by molecules crossing the plane.
We note that if there are n molecules per unit volume in the gas, the number

of molecules that move in the z-direction is roughly n/3. Of these only half move
along þz direction. Hence (1/6) n<u> molecules with an average speed of <u>
in the þz direction cross the plane z ¼ constant in unit time across unit area

(Fig. 6.2). We should expect that the molecules that cross the plane z ¼ constant
must come from a parallel plane above or below this plane at a distance

corresponding to the mean free path l. This statement will be slightly altered
if we take into account the detailed distribution of velocities and of mean free

paths, which we shall ignore in this simple calculation. We write therefore for
the momentum of the gas particles in the plane z ¼ zþ l as mvx(zþ l) and in

the plane z ¼ z� l as mvx(z� l). The net molecular transport of x component
of momentum per unit area per unit time from below or above the plane
z ¼ constant is

Pzx ¼
1

6
(nhui)[mvx(z� l)]� 1

6
(nhui)[mvx(zþ l)],

¼ 1

6
(nhuim)[vx(z� l)� vx(zþ l)],

¼ 1

6
nhuim �2

@vx

@z
l

� �
¼ �h

@vx

@z

(6:24)

Therefore,

h ¼ 1
3 nhuiml (6:25)

We have ignored in this simple calculation the random distribution in free paths

and the distribution in velocities that changes the numerical factor in Eq. (6.25)

z

x

(1/6) n<u>

(1/6) n<u>

l

l

vx(z + l)

vx(z − l)

z = constant

Figure 6.2: Transport of momentum by molecules crossing a plane.
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from 1/3 to 0.499. Substituting for<u> and l from Eqns. (2.122) and (2.223), we
obtain

h ¼ 1

3
ffiffiffi
2
p m

s0

ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

pm

r
, (6:26)

which indicates the independence of h from the density of the gas. This merely
indicates that when the number of gas molecules in a given volume increases, a

corresponding increase also occurs in the number of molecules to transport
momentum. Unlike for liquids, note that h for a gas increases as the tempera-
ture increases. This is because in liquids the molecules are close to each other

and momentum transfer occurs by direct intermolecular forces that become
weaker as the temperature increases as well as by virtue of their motion across

the plane. On the other hand, the momentum transfer in gas occurs only by
translational motion of particles and it increases with increase in gas tempera-

ture. The assumptions involved in the derivations above for viscosity assumed
the predominance of two particle collisions (valid for l� d, where d is the

molecular diameter) and of sufficient density that collisions with the walls of the
container are not predominant compared to the collisions of molecules among
themselves (l� L where L is a typical dimension of the container). Hence, the

viscosity h in Eq. (6.26) is valid over a considerable range of pressures. Taking
into account more realistic potentials to represent the interaction between

molecules, various workers have evaluated the viscosity of liquids, and multi-
component fluids (Hirschfelder et al., 1954). Yet, the viscosity measurements

are at the present time best relegated to experimental measurements.

Example 6.2

Calculate the viscosity of argon, nitrogen and water vapor as a function of

temperature and show this result in a suitable graph.

The coefficient of viscosity may be computed from

h ¼ 0:499rhuil ¼ 0:499 mnhuil:

We note that

hui ¼ 8kBT

pm

� �1=2

and l ¼ 1ffiffiffi
2
p

pnd2
m

:

Therefore,

h ¼ 0:998

pd2
m

mkBT

p

� �1=2

¼ 0:998

pN0d2
m

MRT

p

� �1=2

¼ 8:5781� 10�25 (MT)1=2

d2
m

:
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Viscosities given above at each temperature are in the units Pa s and should be

multiplied by 10�4. The viscosities as a function of temperature are shown in
Fig. 6.3.

6.3.2. Thermal Conductivity

A gas in a container that has a nonuniform temperature transports thermal
energy from a region of higher to that of lower temperature. Assuming that the

temperature T(z) varies along the z-direction, the heat Qz crossing a unit area
in unit time is

Gas dm (1010 m) M ð103 kg/mol) 200 (K) 250 300 350 400

Argon 3.69 39.948 0. 178 0.199 0.218 0.236 0.252

Nitrogen 3.78 28.0134 0. 142 0.159 0.174 0.188 0.201

Water 3.18 18.0153 0. 161 0.180 0.197 0.213 0.228

3

2.4

2.2

2
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2.8

1.8

1.6

1.4
200 250 300 350 400 500450

Temperature (K)

Nitrogen

Water vapor
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Figure 6.3: Viscosity as a function of temperature for several gases.
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Qz ¼ �k
@T

@z
, (6:27)

where k is the coefficient of thermal conductivity. k has units of J/m/s/K.

If we consider a plane z ¼ constant, we denote the mean energy of the
molecules by the symbol « (Fig. 6.4). The number of molecules crossing this

plane in the þz direction per unit area of the plane in unit time from below the
þz direction is (1=6)nhui. The net flux of energy Qz crossing the plane from
below or above the þz direction is

Qz ¼ 1
6 nhui[«(z� l)� «(zþ l)], (6:28)

where we assume, as before, that the molecules that cross from either side of
z ¼ constant, must originate at a distance equivalent to a mean free path l. We

can simplify as follows:

Qz ¼
1

6
nhui «(z)� l

@«

@z
� «(z)� l

@«

@z

� �
,

¼ 1

6
nhui �2l

@«

@z

� �
¼ � 1

3
nhuil @«

@T

@T

@z
,

¼ � 1

6
nhuilc

@T

@z
,

(6:29)

where the specific heat per molecule c is

c ¼ @«

@T
: (6:30)

Hence, the thermal conductivity k of the gas is

k ¼ 1
3 nhui lc: (6:31)

e (z + l)

e (z − l)

z = constant

(1/6) n<u>

(1/6) n <u>

Figure 6.4: Energy transport by molecules crossing a plane z ¼ constant.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch06 Final Proof page 463 17.11.2005 10:54pm

Gas Flow in Thin Film Processing Systems 463



As in the case of viscosity, we find k to be independent of the pressure of the gas
in the viscous flow regime. The specific heat CV of a monatomic gas is (3/2) kB,

so that k increases with increase in temperature.

Example 6.3

What is the average temperature of the molecules leaving the surface at 77 K

when neon atoms at 300 K collide with the surface? Assume the accommodation

coefficient is 0.8.

In molecular range of flow, the heat conductivity is different than in the

viscous flow range as obtained above. A quantity called the accommodation
coefficient, a, is defined thus

a ¼ Tr � Tg

Ts � Tg
,

where Tr is the characteristic temperature of the reflected molecule, Tg is the
energy of the gas molecule characteristic of the prevailing gas temperature and

Ts is the temperature of the gas molecule characteristic of the temperature of
the surface it collides with. Hence,

0:8 ¼ Tr � 300

77� 300
:

Solving for Tr, we obtain 121.6 K. Note that the closer the value of a is to unity,
the closer the molecule leaves at the temperature of the cold surface that it
collides with. On the other hand, if a ¼ 0, the molecule leaves at the same

temperature at which it arrived.

6.3.3. Self-diffusion

The transport of molecules is occurring constantly in a gas in a random like
motion. In order to obtain a grasp of the manner in which the random motion

occurs, it is useful to label the atoms in some way, for example, by radioactive
atoms. Suppose there are n1 radioactive atoms and their density depends on the

coordinate z, i.e. n (z). The mean number of molecules that cross a unit area in
unit time is the flux Jz where

Jz ¼ �D
@n1

@z
, (6:32)

where D is the coefficient of self-diffusion. The units of D are m2=s.
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The net flux of labeled molecules crossing the plane z ¼ constant from below
and above in the þz direction (Fig. 6.5) is

Jz ¼
1

6
huin1(z� l)� 1

6
huin1(zþ l)

¼ 1

6
hui[n1(z� l)� n1(zþ l)]

¼ 1

6
hui �2

@n1

@z
l

� �
:

(6:33)

Hence,

D ¼ 1

3
huil ¼ 2

3
ffiffiffiffi
p
p 1

pd 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(kBT)3

m

s
: (6:34)

Note that D is dependent on pressure and temperature. It is known empirically
that the self-diffusion coefficient varies as T7=4 in many gases. The much weaker

dependence of diffusion coefficient with temperature compared to solids arises
from the feature that there is no activation energy barrier in the gas for
diffusion, and the movement of atoms is based solely on collisions.

Example 6.4

Calculate the diffusion coefficient of air at standard temperature and pressure.

Standard temperature and pressure is given by T ¼ 273:16 K; P ¼ 1:01325� 105 Pa.

Molecular weight of air ¼ 28:98� 10�3 kg=mol.
The diameter of air molecule ¼ 3:76� 10�10 m.

n1 (z − l)

n1 (z + l)

l

l
(1/6) <u> n1 (z + l)

(1/6) <u> n1 (z − l)

z = constant

Figure 6.5: Transport of molecules across a plane.
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N0 ¼ 6:023� 1023 molecules=mol.
Hence the diffusion coefficient is

¼ 2

3
ffiffiffiffi
p
p 1

pN0d 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
(RT)3

M

s
¼ 2:77� 10�5 m2=s:

If gases contain different molecules say 1 and 2 then the coefficient of inter-

diffusion is given by

D1, 2 ¼
hu1i2 þ hu2i2
� �1=2

3p(n1 þ n2)(d1 þ d2)2
:

when n1 � n2 diffusion occurs of a gas having low density of molecules into a

gas that has a very large number of density of molecules. This feature is taken
advantage of in vapor jet vacuum pumps.

6.4. Gas Flow in Components

The quantity of gas, a, flowing in a vacuum system is measured by the product of

pressure P and volume V. Hence, at a given temperature T

a ¼ PV, (6:35)

and is expressed in the units Pa m3. At a given temperature, PV is proportional

to the number of gas molecules in the volume. In terms of moles of gas, we
have

amol ¼
PV

RT
: (6:36)

The mass in kilograms flowing in a vacuum system is

akg ¼
MPV

RT
: (6:37)

where M is the molecular weight of the flowing gas in kg mol�1.

Example 6.5

If the quantity of argon gas flowing in a vacuum system at 300 K is 0:1 Pa m3,

calculate the number of moles of gas and the mass of the gas flowing in the

system.
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a ¼ 0:1 Pa m3; R ¼ 8:314 J=mol; T ¼ 300 K:

amol ¼
a

RT
¼ 0:1 Pa(m3)

8:314(J=mol=K)300(K)
¼ 4:0093� 10�5mol,

akg ¼
amolM

RT
¼ 0:1(Pa m3)� 39:948� 10�3(kg=mol)

8:314(J=mol=K) 300(K)

� �

¼ 1:6016� 10�6 kg:

The rate of flow of gas at a given time or the instantaneous flow rate is
specified by the molar flow rate of gas (mol/s), given by

qmol ¼
d

dt

PV

RT

� �
: (6:38)

A closely related quantity is the throughput, Q, (mass flow rate) which is given
at a constant temperature by

Q ¼ d

dt
(PV) ¼ d

dt
(nRT) ¼ kBT

dN

dt
, (6:39)

where N is the number of molecules. The SI unit for throughput is watt, which is
Pa m3=s. Thus the throughput is the quantity of gas flowing in pressure-volume

units, at a specified temperature, flowing per unit time across a specified cross
section. It is essentially a measure of the net number of molecules passing a
given plane per unit time, and since this number is inconvenient to measure, the

product of pressure and volume are involved. Under steady state conditions the
throughput in a vacuum circuit is constant implying the same number of

molecules are leaving the system as they are entering the system so that one
does not find any build up of gases in the system. We observe that gases are

compressible unlike liquids so that the number of molecules flowing per unit
time is an important consideration.

Example 6.6

A throughput of argon is measured at 300 K and found to be 0:075 Pa m3=s.

What is the throughput at 400 K? What are the corresponding mass flow rates?

Q ¼ d

dt
(a) ¼ d

dt
(PV) ¼ P

dV

dt
at constant P

¼ P
RT

N0

dV

dt

N0

RT
¼ qm

RT

N0
, where qm �

PN0

RT

dV

dT
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Q2(at T2) ¼ Q1(at T1)
T2

T1
:

Q2(at 400 K) ¼ Q1(at 300 K)
T2

T1
¼ 0:075 (Pa m3=s)

400(K)

300(K)
¼ 0:1 Pa m3=s:

We have

Q ¼ qm
RT

N0
¼ qkg

RT

M
where qkg �

PM

RT

dV

dt
:

Hence, the mass flow rate is given by qkg and is given by

qkg ¼
MQ

RT
:

Therefore, for M ¼ 39:94� 10�3 kg=mol, R ¼ 8:314 J=mol=K, we have

qkg(300 K) ¼ (0:075 Pa m3=s)� (39:94� 10�3 kg=mol)

8:314 J=mol=K� 300K
¼ 1:201� 10�6 kg=s:

qkg(400 K) ¼ 0:1 Pa m3=s� (39:94� 10�3 kg=mol)

8:314 J=mol=K� 400K
¼ 1:201� 10�6 kg=s

Since one removes gas from the chamber by a vacuum pump of some sort, it is

useful to connect throughput to pumping speed, S, (volumetric flow rate) of the
vacuum system. When the flow of gases is viscous, one can imagine a plane of
area A moving with a fluid a distance d in 1 sec. The volume swept out in 1 sec is

Ad, so that volumetric flow is V. The actual amount of substance in this volume
will depend upon the pressure P. However, when the flow is in the molecular

regime, this simple picture does not help since the flow of molecules is random.
Yet there is a net flow in the direction of low pressure. One imagines the

volume necessary to contain this number of molecules passing a plane at
pressure P to understand the volumetric flow. The pumping speed is the volume

of gas passing per second at any point (m3=s), i.e.

dV

dt
¼ S: (6:40)

Therefore, if pressure in the chamber is constant then

Q ¼ PS: (6:41)

A common unit of representing throughput is by specifying the standard

cubic centimeter per minute or sccm. One sccm refers to a flow of
(6:023� 1023)=22414 ¼ 2:69� 1019 molecules/min. The pumping speed is

important because gases evolved or produced during processing must be re-
moved sufficiently rapidly to keep the operating pressure at the desired value.
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The pumping speed available at the vacuum chamber is affected by the restric-
tions due to the connecting pipe work, so that the estimation of the loss of speed

due to such restrictions becomes an important part of design considerations of
vacuum systems. For a given vacuum pump, the pumping speed is also a

function of the pressure of the chamber that is being evacuated so that this
factor must also be taken into account. Note that unlike the throughput the

pumping speed is not the same throughout the vacuum system.

Example 6.7

What is the throughput corresponding to a pumping speed, S, of 9 m3=s at a

pressure of 10�2 Pa. If the gas removed is nitrogen at 300 K how much heat is

released if all the nitrogen is condensed on to a cryopanel? How is your result

altered if the pressure were 1 Pa?

The throughput ¼ Q ¼ PS ¼ 10�2 Pa� 9m3=s ¼ 0:09 Pa m3=s.

The number of moles of nitrogen/second ¼ n ¼ PV=RT ¼ 0:09 Pa m3=[8:314
�300(K)] ¼ 3:6084� 10�5 mol=s

Heat released in 1 sec. ¼ (number of moles/sec) � (heat of condensation/

mole) ¼ 3:6084� 10�5 mol=s� 5500 J=mol ¼ 0:1985 W.
At a pressure of 1 Pa, the heat released would be 19.85 W. The refrigerator

used must be capable of removing this type of energy in 1 sec.
The time spent by a molecule in the process chamber before it exits the

system chamber is the residence time, t. We have

t ¼ V

S
¼ PV

PS
¼ PV

Q
¼ a

Q
: (6:42)

The gas flows in a channel is due to drop in pressure across the tube. Under
steady state conditions when the temperature T and throughput Q are con-

stants, there is a resistance to the passage of a gas by the components of a
vacuum system. Impedance of a particular vacuum component in the gas flow is

necessary to assess its performance in the system. It is defined by

Z ¼ 1

qkg
(P1 � P2)

M

RT
¼ P1 � P2

Q
, (6:43)

where P1 is the pressure at the entrance (up stream) and P2 is the pressure at
the exit (down stream) from the component where qkg is (V/RT) M(dP/dt).

An alternative but equivalent description is to quantify the ease with which
the gas flows by specifying the conductance C, which is (m3=s)

C ¼ 1

Z
¼ Q

(P1 � P2)
¼ qkgRT

M

1

(P1 � P2)
: (6:44)
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In analogy with electrical circuits P1 � P2 corresponds to the voltage difference
and Q represents the current. The impedance Z and the conductance C are a

function of the gas species whose molecular weight is M, temperature, T, and
pressure, P, except in the case of molecular flow with gas. For a given set of

conditions, Z and C depend upon the gas flow regimes and component geom-
etry. Conductance and volumetric flow rate are expressed in the same units.

However, conductance is a property of a component, which usually fills a
certain amount of space whereas volumetric flow rate has to do with the
situation in a particular area at a point in space. The conductance of an orifice,

pipe or vacuum component is a measure of the throughput for a given pressure
drop across the pipe or component. It is expressed as m3=s (from Pa m3=s=Pa).

The conductance depends on the mode of gas flow and the nature of the gas. At
low pressures, intermolecular collisions are rare. Hence, two aspects of molecu-

lar motion determine the conductance of duct. The first has to do with the rate
at which molecules enter the duct of area A, which is given by 1/4 <v>A. Once

the molecule enters the duct, the second aspect refers to the probability that
these molecules are transmitted through the system. The quantitative expres-
sions for calculations of conductance of a vacuum system element under differ-

ent conditions have been computed and are shown to depend on geometrical
and surface related factors (Roth, 1990).

Example 6.8

Air flows at 298 K through a pipe due to a pressure difference of 8000 Pa at the

end of the pipe. The flow rate measured is 12 kg/s. What is the impedance of the

pipe to airflow? Calculate the throughput and conductance of the pipe to air flow.

The impedance for gas flow is given by

Z ¼ 1

qkg

(P1 � P2)M

RT
:

For air, M ¼ 28:98� 10�3 kg=mol, R ¼ 8:314 Pa m3=mol=K, qkg ¼ 12 kg=s and
T ¼ 298 K, P1 � P2 ¼ 8000 Pa.

Hence,

Z ¼ 1

12 kg=s

8000 Pa� (28:98� 10�3kg=mol)

8:314 J=mol=K� 298 K
¼ 0:0936 s=m3:

The throughput Q is given by

Q(at 298 K) ¼ qkg(at 298 K)� RT

M
¼ 12 kg=s

8:314 J=mol=K� 298 K

28:98� 10�3 kg=mol

¼ 1:0259� 106 m3=s:
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The conductance relates to the number of molecules, N, flowing per unit time
through a cross sectional area of a pipe. If we consider two cross sections of the

same pipe, the number of molecules of gas crossing each cross section is

N1 ¼ A1v1n1 ¼ S1n1 and N2 ¼ A2v2n2 ¼ S2n2: (6:45)

where A is the area of cross section, v is the flow velocity of the gas and n is the

number of molecules in unit volume and S is the pumping speed. Since the
number of molecules that cross each cross section of the tube must be the same

in a permanent flow, we have

N ¼ S1n1 ¼ S2n2: (6:46)

Since n is related to pressure by Boyle’s law, we can write for conductance C,

N ¼ C(n1 � n2): (6:47)

Hence, for two components connected in series

1

C
¼ (n1 � n2)

N
¼ 1

S1
� 1

S2
: (6:48)

The conductance of two pipes that are (Fig. 6.6.) connected in parallel is easily

shown to be

Cp ¼ Ca þ Cb (6:49)

We note in this case, the pressure at the entrance of each component is the

same, even though the throughputs are not the same in each component.
Similarly, the conductance of pipes connected in series (Fig. 6.7) is

1

Cs
¼ 1

Ca
þ 1

Cb
: (6:50)

The conductance of arbitrary shapes in different flow regimes has been calcu-
lated by a number of workers, and assists in the selection of tube diameters,
lengths and other geometrical features of vacuum apparatus. Any design that

decreases the free motion of the molecule decreases the conductance of the

1 2
Ca

Na

Nb

Cb

n1 n2

Figure 6.6: Conductance of pipes connected in parallel.
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system. Therefore fixtures in the vacuum chamber, small diameter plumbing,
baffles, traps, valves, bends, screens reduce the conductance of the vacuum

system. Analytical and numerical methods have been utilized to compute the
conductance of many of these components (Roth, 1990).

Example 6.9

Under steady state conditions calculate the total conductance for the system

shown in Fig. 6.8.

The throughput Q is constant under steady state.

That is the net number of molecules passing any given point is the same, and
there is no accumulation or decrease in the number of molecules.

Hence,

P1 � P2 ¼
Q

C1
; P2 � P3 ¼

Q

C2
; and P3 � P4 ¼

Q

C3
:

Therefore,

P1 � P4 ¼ Q
1

C1
þ 1

C2
þ 1

C3

� �
:

We may also write

P1 � P4 ¼
Q

Ct0
,

1 2
Ca

Cb

n1 n2

n3

Figure 6.7: Conductance of pipes connected in series.

Chamber Pump

C1

C2

C3

P3
P1

P2 P4

Q

Figure 6.8: Calculation of conductance.
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where Ct is the conductance of the combination of components. Hence,

1

Ct
¼ 1

C1
þ 1

C2
þ 1

C3
:

The conductance C and the pumping speed are expressed in the same units and

refer to different physical aspects. Consider the schematic sketch of a vacuum
chamber 1 connected to a vacuum pump 2 via a pipe. The conductance of the
tube that connects the vacuum pump to the vacuum chamber is C. The con-

ductance is the ratio of the throughput Q under steady state conditions, to
the pressure differential, P1 � P2, between two specified cross sections at n

and p in Fig. 6.9. The pumping speed can be given as the ratio of the throughput
of a given gas to the partial pressure of the gas at a specified point near the

inlet port of the pump. We can define the net pumping speed at the port of the
vacuum chamber 1 as Sn, and that at the port of the vacuum pump as Sp. We

obtain

1

Sn
¼ 1

Sp
þ 1

C
, (6:51)

so that

Sn ¼
SpC

(Sp þ C)
; Sp ¼

SnC

(C � Sn)
; C ¼ SnSp

(Sp � Sn)
(6:52)

1

2

Sn

Sp

C

Figure 6.9: Volumetric flow rate versus pumping speed.
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where the units are m3=s. The conductance of an orifice, pipe or vacuum
component is a measure of the throughput for a given pressure drop across

the pipe or component and is expressed as m3=s (from Pa m3=s=Pa). The
conductance depends upon the mode of gas flow and the nature of the gas.

The quantitative expressions for calculations of conductance of a vacuum
system element under different conditions of geometry and flow have been

computed and shown to depend upon geometrical and surface related factors.

Example 6.10

Calculate the pump speed required if a vacuum chamber at 298 K has to

maintain a pressure at 10�5 Pa and if there is a leak rate in the chamber that

removes gas at the rate of 0:025� 10�6 m3=s at pressure 10 Pa.

The net pumping speed, Sn, at the port of the vacuum chamber is given by

Sn ¼
Q

Ps
,

where Ps is the steady pressure measured at the plane across which Q passes.

Taking Q to be the leak rate at 298 K, we have

Qleak ¼ Pleak
dV

dt
:

Pleak ¼ 10 Pa;
dV

dt
¼ 0:025� 10�6 m3=s:

Qleak ¼ 10 (Pa)� 0:025� 10�6(m3=s):

Hence,

Sn ¼ 10� 0:0125� 10�6

10�5
m3=s ¼ 0:0125 m3=s:

6.5. Flow of Gases

In a thin film processing system the gas in the system exerts a pressure depend-

ing on the exposure of the system to the outside world. On evacuation of the
system, one can reach in high vacuum systems with pressures as low as

133� 10�10 Pa. The flow of gases in these pressure ranges assume a variety of
forms depending on whether or not there is influence on the flow by collisions
between molecules. As a result, the flow of gases depends upon several factors

some of which are flow rate, gas properties, geometry and surface properties of
the enclosures within which the gas flows and the pressure drop at either ends of
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the pipe. In an actual thin film processing system one maintains continuous flow
of gases through appropriate valves from pressure ranges of 1 atm to

133� 10�12 Pa. These flows are necessary to replenish material consumed in
the reactors, remove the gases generated in the reactor and maintain purity of

the reactor gases. The flow of gases is related to the pressure difference in the
system at two different points in the reactor. The flow depends on the geometry

and the levels of pressure involved. The time it takes to achieve a certain
pressure in the system, the ultimate pressure that one can attain in a system
depends also on flow properties of gases.

6.5.1. Gas Flow Regimes

The nature of collisions that occur between molecules influences the flow of a
gas in an enclosure. Under one extreme condition, the molecules move around

without suffering any collision. Collisions that occur between molecules may
dominate the flow of gas in the other extreme. In order to appreciate the nature
of gas flow in different kinds of situations, one introduces several dimensionless

parameters.
Three dimensionless parameters characterize the flow regimes. With the help

of these parameters we can specify the type of applicable approximation that is
appropriate to solve a given gas flow problem. The first dimensionless param-

eter is the Mach number, M, which is the ratio of the bulk flow speed, v, to the
velocity of sound, vsound, in the gas:

M ¼ v

vsound
: (6:53)

The velocity of sound in a gas is

vsound ¼
gP

mn

� �1=2

, (6:54)

where g is the ratio of the specific heat at constant pressure to the specific heat

at constant volume thus:

g � CP

CV
: (6:55)

The second dimensionless parameter is Knudsen’s number, Kn, and is the ratio

of the mean free path of intermolecular collisions, l, and the chamber’s linear
size, L, of the channel in which the gas is flowing:

Kn ¼ l

L
: (6:56)
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The Knudsen’s number therefore depends upon the nature of the gas. The third
dimensionless number is the Reynold’s number, Re, and is the ratio of the bulk

momentum flux, nmv2, and the viscous momentum transfer over the character-
istic length, hv=L:

Re ¼ mnvL

h
¼ rvL

h
: (6:57)

where r is the density of the gas. Reynolds number is a measure of the relative

quantity of gas flowing in a pipe.
The three dimensionless parameters introduced thus far are not independent

of each other. For example, assuming the viscosity of gas is given by

h ¼ 1
3 nmlhui, (6:58)

we observe

Re ¼ 3vL

huil ¼ 3

ffiffiffiffiffiffiffi
gp

8

r
M

Kn
¼ 1:88

ffiffiffi
g
p M

Kn
: (6:59)

For reference, one evaluates the numerical values of these dimensionless
parameters for air at atmospheric pressure. The number, n, of molecules of
air per m3 is about 3� 1025. If we approximate the collision cross section, s, as

10�19 m2, the mean free path l is 3� 10�7 m. Compared to ordinary dimensions,
it is clear L� l. Hence, Kn� 1. Since the speed of sound in air is 3� 102 m=s,

most of the problems involving high pressures have Mach numbers in the range
0.001–10. Since M� Kn, we find Reynold’s numbers are much larger

than unity.
We can now appreciate the different type of flow regimes with respect to

these dimensionless numbers. For Kn� 1, collisions between molecules dom-
inates the gas flow. The molecules in a gas undergo many collisions among

themselves before they travel a distance comparable to the size of the apparatus
in which the gas is flowing. If we assume that there is no macroscopic motion of
the system as a whole, the gas transports energy, momentum and heat by

diffusion type random processes. The flow of gases in this region is Poiseuille

flow or viscous flow. The molecules move along in a stream dragging each other

along by frictional forces acting between them. The flow of gas is smooth and
orderly. Every particle passing a point follows the same path as the preceding

particle passing that point. Since the mean free path of the molecules is small
compared to the dimensions of the duct during the type of flow, collisions are

predominant in determining the flow characteristics, and the viscosity of the gas
affects the flow rates. The gas has a maximum velocity in the center of the tube
in which it is flowing and has zero velocity at the walls. The gaseous properties
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such as temperature, density and flow velocity do not vary very much over
distance of the order of a mean free path. The medium behaves as a viscous

fluid. The coefficient of viscosity represents the influence of intermolecular
collisions. The pumping power of a vacuum system must be greater than the

viscosity of the gas in order to transport the molecules.
For Kn� 1, the gas molecules hardly collide with each other. The flow

regime is collisionless flow or free molecular flow. In this regime of gas flow,
molecules collide with the walls of the object but their collisions with each other
are absent. The flow of gas is primarily the result of the restrictions imposed by

the walls of the channel. In molecular flow, gas molecules can flow in a direction
independent of the incident velocity, so that there is a chance that some of the

gas particles will not be transmitted, but will return in the direction of the
entrance of the particles. Vacuum pumps should attract the molecules and

hold them to operate efficiently in this region.
In regions 1 > Kn > 0:01, the flow of gas is neither viscous nor molecular.

The Knudsen number is about unity and the regime of gas flow has the label
‘‘transition regime’’. The molecules of the gas do not bounce off the walls of the
enclosure as in reflection, but reside on the wall for a brief period and randomly

enter the gas flow. The velocity of the gas is neither zero at the wall as in viscous
flow nor do the gas molecules show the diffuse behavior characteristic of

molecules reflected when they fall on the wall from random directions. This
regime of flow, ‘‘slip flow range’’, is intermediate in character between the

viscous flow and molecular flow. The vacuum technology has to encounter
pressure ranges from one atmosphere to 10�10 Pa, so that all the flow regimes

are important. We shall restrict our discussion to some of the simplest type of
analysis available to treat the flow characteristics. More elaborate formulae for

each of the flow regime are assembled in various literature sources (Lafferty,
1998).

The nature of gas flow in a vacuum system is influenced by number of factors.

Among these are the magnitude of the flow rates, the magnitude of the pressure
drop at either ends of the pipe, the surface and geometrical properties of the

pipe and the nature and characteristic of the gases being evacuated.

Example 6.11

Calculate the flow rate for turbulent and laminar flow under the following

conditions. Air is flowing in a tube of diameter 10 cm.

The Reynold’s number is defined by

Re ¼ rvd

h
:
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For a circular tube of diameter d, the velocity is expressed as

v ¼ V 0

pd 2=4ð Þ ,

where V 0 is the volume rate of flow of gas at specified temperature.

v ¼ 4Q

pd 2P
,

where Q is the throughput and P is the pressure. Hence,

Re ¼ P4Q

pd 2P

� �
d

h

� �

Red ¼ 4mnQ

phP
¼ 4

M

N0

� �
Q

N0

R

� �
P

T

� �
1

phR

� �
¼ 4MQ

RTph
:

For air at 300 K, M ¼ 29� 10�4 kg=mol; h ¼ 177:7� 10�7 Pa s

Re ¼ 4MQ

RTph

� �
1

d

� �
¼ 0:00832511

Q

d

� �
:

For d ¼ 10 cm ¼ 10� 10�2 m ¼ (1=10) m.
Laminar flow occurs for Re < 1200 so that Q < 1:4414� 102 m3=s.

Turbulent flow occurs for Re > 2200 so that Q > 2:643� 102 m3=s.

6.5.2. Viscous Flow

We shall consider a simple illustration of viscous flow as typified by a gas

flowing through a long straight tube of circular cross section. We assume the
radius of the tube r is much larger than the mean free path l (i.e. Knudsen’s

number, Kn� 1). We make the further assumption that the flow of the gas is
laminar. This means that all layers of the gas flow parallel to one another. The

velocity of the gas in each layer increases from zero towards a maximum value
at the center of the pipe. The flow of gas depends mainly on the viscosity of the

gas.
Consider a section of the long tube of radius a in which gas is flowing. The

flow of gas is axially symmetric around the axis of the tube. The velocity of the
gas flowing in the horizontal direction v is a function of the distance of the gas
from the axis of the tube. If we imagine gas flowing in coaxial cylinders of

thickness dr then the velocity of the gas increases from zero at the walls to a
maximum at the center of the axis of the tube. Thus v is a function of r, and

v(a) ¼ 0. We assume there are no end effects influencing the flow of the gas.
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Fig. 6.10 illustrates the two types of forces acting on a short cylinder of gas of
radius r and length Dz. The pressure differences between the two ends of the

cylinder provide the force necessary to move the gas. We can write for this
pressure difference

DP ¼ P(zþ Dz)� P(z): (6:60)

A viscous force acting on the outside surface of the cylinder attempts to counter
act the force due to the pressure difference. Under steady state conditions, the

net force acting on the gas is zero. Therefore, the force due to pressure
difference is the base area times the pressure difference, pr2(DP). The viscous
force is, 2pr(Dz)hdv=dr, that is surface area times the viscous stress. Hence,

2prDzh
dv

dr
¼ pr2DP: (6:61)

Therefore,

dv

dr
¼ r

2h

DP

Dz
: (6:62)

Integrating with v(a) ¼ 0 as a boundary condition, we obtain

v(r) ¼ � a2 � r2

4h

DP

Dz
: (6:63)

Thevelocityprofileofgasflowinthetubeconformstoaparabolicshape(Fig.6.11).

The negative sign indicates the flow of gas is in the direction of lower pressure.
The total flux of molecules flowing in the tube requires integration over the

radial distribution of velocities and is

F ¼ n

ða

0

2prv(r) dr ¼ � 2pn

4h
DP

ða

0

r(a2 � r2) dr ¼ �pa 4

8h
n

DP

Dz
(6:64)

P(z) P(z + ∆z)

∆z

Viscous
force

Pressure
gradient
forcer

Figure 6.10: Forces acting on a short cylinder of gas of radius r and length Dz.
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where n is the particle number density inside the short cylinder with length Dz.
The volume of a gas flowing through a cross section of a long tube in the viscous

flow regime is

dV

dt
¼
ða

0

2prv(r) dr ¼ � 2p

4h

dP

dz

ða

0

r(a2 � r2) dr ¼ �pa 4

8h

dP

dz
: (6:65)

We define the throughput Q by

Q ¼ P
dV

dt
¼ �pa 4

8h

dP

dz
P: (6:66)

By integration for a length L corresponding to a pressure drop from P1 to P2, we
have

Q ¼ �pa 4

8h

ðP2

P1

PdPðL

0

dz

¼ pa 4

8hL
�PP(P1 � P2), (6:67)

where

�PP ¼ P1 þ P2

2
(6:68)

The relationship above helps select for a given diameter of pipe the length of

pipe as a function of the average pressure. Note that to obtain large conduct-
ance one should have large diameters and short lengths.

D
a

r

v

v = k2

v /k2
0 1

Figure 6.11: The velocity profile of a gas under steady state conditions

during viscous flow.
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The assumption of development of a velocity profile instantly is obviously not
true. The modification of gas flow velocity is continuous on entering the tube for

some distance. The gas flowing through a thin small aperture from the high-
pressure region to a low-pressure region, reaches a minimum cross section (called

vena contracta) on the low-pressure side. It subsequently expands and contracts
again about a dozen times before settling down to a laminar flow. At a certain

distance from the entrance, the gas flow fully develops and maintains a constant
profile of velocity. The estimate of the length over which this transition occurs is

l ¼ 0:227 a Re, (6:69)

where a is the tube radius. The result of this transition to the fully developed

flow is to lower the flow rate for a given pressure difference between the ends of
the tube. One can state that an increase in pressure drop for a given flow rate

occurs as compared to Poiseuille flow. Clearly, the effect is of importance for
short tubes. The gradient of pressure causes adjacent layers of gas to exert

pressure on each other in the direction of the negative pressure gradient causing
the motion of the gas as a whole. Since viscous flow occurs only when the mean

free path is small compared to the diameter of the pipe, we expect only those
molecules that are near the wall can collide with the wall. The number of such
molecules colliding the surface of the wall is a small fraction of the total number

of molecules in the system, so that the nature of the walls does not have an
important effect on the flow rate.

Example 6.12

Calculate the conductance for the flow of air at 300 K in a circular tube 2 m in

length and 1.5 cm in inner diameter, assuming the inlet pressure is 102 Pa and

outlet pressure is 50 Pa.

C ¼ pd4

128hL

� �
�PP:

d ¼ 1:5 cm ¼ 1:5� 10�2 m.
h ¼ 177:7� 10�6 poise at 300 K ¼ 177:7� 10�7 Pa s.

L ¼ 2 m
�PP ¼ (P1 þ P2)=2 ¼ (102þ 50)=2 ¼ 75 Pa.

C ¼ p(1:5� 10�2)4(m4)

(128� 177� 10�7 Pa s) (2m)

" #
(75 Pa) ¼ 0:0026 m3=s:
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6.5.3. Slip Flow

For Knudsen’s numbers close to unity, the dimensions of the apparatus in which
the gas flows are comparable to the mean free path for molecular collisions.

Once again we consider the flow of gas in a straight cylindrical tube. Unlike
viscous flow, we now assume that the velocity of gas molecules at the walls of

the tube is different from the wall velocity and one refers to this phenomenon as
slippage.

It is convenient to consider the interaction of gas molecules between two

planes of walls when they are parallel and moving with respect to one another.
As shown in Fig. 6.12 the velocity of the gas at plane z ¼ 0 is v ¼ 0 and is v ¼ v0

at z ¼ h. Assuming the mean free path l < h, we have the situation that a
molecule after colliding with the wall suffers a few collisions with the other

molecules before it collides with the other wall.
One can consider the collision of gas molecules with the moving wall in

two categories. In the so-called specular or elastic collision, the tangential
velocity of the gas molecule is the same before and after the collision, or
q2 ¼ q1. If collision is diffuse, the gas molecule has taken a temporary shelter

on the moving wall before it makes its way into the gas stream. Its velocity is
therefore the same as the velocity of the wall, so that q2 ¼ v0. If we assume s

0

defines the fraction of molecules that suffer diffuse reflections, then we can
write for the tangential velocity of the gas molecule after collision with the

moving wall

q2 ¼ s
0
v0 þ (1� s 0 )q1: (6:70)

If the moving wall is at a distance h from the stationary wall, the average
tangential velocity is

uh ¼
q1 þ q2

2
¼ 1

2
(q1 þ {s 0v0 þ (1� s 0 )q1}) ¼ s 0

2
v0 þ

2� s 0

2
q1: (6:71)

z = h

z = 0

v = v0

v = 0

z
q1 q2

Figure 6.12: Slippage flow in a tube.
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We estimate the value of q1 by invoking the results from the fact that q1 should
correspond to the tangential flow velocity at a distance 2l=3 from the wall when

the last collision occurred. Thus,

q1 ¼ vh �
2

3
l
@v

@z

� �
z¼h

: (6:72)

We therefore write substituting Eq. (6.72) in Eq. (6.71)

vh ¼ v0 �
2� s 0

s 0
2

3
l
@v

@z

� �
z¼h

: (6:73)

The contribution to velocity due to slippage is given by the second term in Eq.
(6.71) so that we can write for the slip velocity vslip,

vslip ¼
2� s 0

s 0
2

3
l
@v

@z

� �
z¼h

(6:74)

s 0 can assume any value between zero and one. For s 0 ¼ 0, we have vslip

tending to infinity, and one refers to this condition as perfect slip. In the majority
of cases s 0 > 0, so that we have a finite slip velocity. Assuming s 0 ¼ 1, we

obtain from Eq. (6.74) and Eq. (6.62)

vslip ¼
2

3
l
@v

@z

� �
z¼h

¼ � 1

3
l

a

h

DP

Dz
: (6:75)

Note that z is along the horizontal axis, and the negative sign indicates the
direction of gas flow to be in the direction of smaller pressure. As before in

Poiseuille’s law, we obtain

v(r) ¼ vslip �
a2 � r2

4h

DP

Dz
¼ � a2 þ 4

3
l� r2

� �
1

4h

DP

Dz
: (6:76)

The Poiseuille’s formula for the total flux of atoms through the tube is modified

and is

F ¼ n

ða
0

dr 2prv(r) ¼ �pa 4

8h
n

DP

Dz
1þ 8

3

l

a

� �
: (6:77)

We thus observe, slippage has the effect of reducing the friction and
increasing the gas fluxes or the gas responds more readily to pressure differ-

ences.
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6.5.4. Molecular flow

For Knudsen’s numbers Kn� 1, there are effectively no collisions occurring
between the molecules in the gas phase. One cannot consider frictional forces

between molecules as influencing the flow behavior. Viscosity of a gas does not
enter into the physical description of gas flow. The flow of gas is determined

essentially by the nature of collisions of the gas molecules with the walls of the
tube. Both elastic (specular) and diffuse scattering of gas molecules by the wall
are possible in principle, even though in this regime experiment indicates that

virtually all collisions are diffusive.
In the molecular flow regime, the mean free path is very much greater than

the pipe or vacuum chamber dimensions. The collision of molecules with the
walls dominates their behavior, since molecules rarely collide with each other.

When the molecules collide with the surface, they depart from the surface in
such a way that the direction of the departure of the molecules is completely

random. Regardless of the direction from which the molecule arrives, their
departure from the surface is unrelated to the direction of their arrival. Knud-
sen’s cosine law describes adequately the probability of the molecule being

scattered from the surface in particular direction perpendicular to cos u, where u

is the angle the direction of departure makes with the normal to the surface.

In a molecular flow there is no preferential direction for the molecule to flow.
Flow is possible only because the chamber is connected to a vacuum pump. The

pump in turn does not exert any force on the molecules in the chamber and all it
can do is to capture a fraction of molecules that enter it and prevent them from

returning to the vacuum chamber. By capturing molecules and removing them
from the gas phase, the pump will maintain a lower number of molecules at its

inlet than exists at the other end of the pipe where the density of molecules is
higher corresponding to the pressure of the inlet. Since there will be a concen-
tration gradient, a net diffusive motion is set up from the region of high density

to the region of low density of gas. If pumping ceases, the density variation
disappears and the molecules fill up the space uniformly. The gas alone deter-

mines the arrival rate of molecules at the pump, and this places an upper limit
on the speed of any pump that operates in the molecular flow region.

If one considers the wall as a smooth surface, we consider the reflected
molecules as particles escaping from hypothetical gas equilibrium layer on the

other side of the surface (Fig. 6.13). The flux of molecules reflected in a given
direction u, (where u is the angle between the direction of motion of the
molecule and normal to the surface element) is obtained fromð1

0

u3 cos u0FescdV0dV ¼ cos u0dV0n
m

2pkBT

� �3=2 ð1
0

duu3e�(mu2)=(2kBT)

¼ n uh i cos u0
dV0

4p
,

(6:78)
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where n is the number density in this hypothetical gas layer.
Consider now two elementary areas dS0 and dS perpendicular to one another

(Fig. 6.14). The solid angle dV0 is covered by dS as seen from the center of the
surface element dS0. Similarly, dV is the solid angle covered by the area dS0 as

seen from the center of dS. We write

dV ¼ sin u du df and dV0 ¼ sin u0du0df0: (6:79)

The relationship between the various geometrical quantities is

r2dV ¼ dS0 sin u ¼ dS0 sin
p

2
� u0

� �
¼ dS0 cos u0,

r2dV0 ¼ dS sin u0 ¼ dS sin
p

2
� u0

� ���� ��� ¼ dS cos uj j:
(6:80)

u varies from 0 to p and cos u is negative in the second quadrant so that the
absolute value is taken above.

The number of molecules per unit time leaving the wall element dS0 and
proceeding to dS is

¼ n uh i cos u0
dV0

4p
dS0: (6:81)

We can rewrite the above in alternative form

¼ n uh i dV0

4p
r2dV ¼ n uh i

4p
cos uj jdV dS: (6:82)

Figure 6.13: Molecular flow conditions.

ds

ds'ds' sinθ

q'

q

r

Figure 6.14: Molecular flow between two perpendicularly located areas.
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where we have conveniently eliminated all the terms that depend upon wall
parameters and replaced them with those parameters that depend on the cross

sectional parameters only.
The selection of coordinate system is such that the z-axis is along the longi-

tudinal axis of the tube. We select the surface element dS to be in the x�y

plane. Hence,

q ¼ r sin u and z ¼ r cos u (6:83)

Therefore,

z ¼ q cot u: (6:84)

We observe now the variation of the density of molecules along the longi-
tudinal axis, n(z). Since there are no collisions between molecules, the

number n(z) is constant for each cross sectional area, with a constant z. The
molecules that cross the surface element dS in the �z direction arrived

there after reflection from the walls for which z > 0. If we assume the tube is
long, we can obtain the total flux of molecules falling on dS by integrating from

0 to p=2

dF� ¼
uh idS

4p

ð2p

0

df

ðp=2

0

du n(z) cos u sin u: (6:85)

Similarly, the flux of molecules crossing dS in the þz direction is

dFþ ¼ �
uh idS

4p

ð2p

0

df

ðp=2

0

du n(z) cos u sin u: (6:86)

Note that cos u is negative between p=2 and p, hence the negative sign in dFþ.

The net flux of molecules is

dF ¼ dFþ � dF� ¼ �
uh idS

4p

ð2p

0

df

ðp=2

0

d un(z) cos u sin u: (6:87)

We have to now express n (z) in terms of its value at z ¼ 0. We assume n (z)

varies slowly with z and write from Eq. (6.62) the first two terms in Taylor’s
series

n(z) ¼ n(0)þ q
cos u

sin u

dn(0)

dz
þ � � � : (6:88)
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Hence,

dF ¼ � uh idS

4p

ð2p

0

df

ðp

0

du n(0) sin u cos uþ q
dn(0)

dz
cos2 u

� �
,

¼ � uh i
8

dS
dn(0)

dz

ð2p

0

qdf:

(6:89)

We need now the distance from the center of the cross sectional element to the
wall q, as a function of the azimuthal angle f, since the surface element can be

anywhere in the cross section and not necessarily in the center.
Consider the geometry shown in Fig. 6.15. We observe

a2 ¼ q2 þ u2 þ 2qu cos f, (6:90)

where u is the distance from the axis of the tube to the cross sectional surface

element. Hence,

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � u2 sin2 f

q
� u cos f, (6:91)

taking only the positive root of the quadratic Eq. (6.90), since the distance has

to be positive, q > 0. Hence,

dF ¼ � uh i
8

dS
dn(0)

dz

ð2p

0

df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � u2 sin2 f

q
� u cos f

� �
,

¼ � uh i
8

a dS
dn(0)

dz

ð2p

0

df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2 sin2 f

q
,

(6:92)

a

v
ds

q

f

Figure 6.15: Geometrical relationships in calculations of molecular flow.
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where

w � u

a
: (6:93)

The integral

ð2p

0

df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2 sin2 f

q
¼ 4

ðp=2

0

df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2 sin2 f

q
¼ 4E(w), (6:94)

where E(w) is the complete elliptic integral of the second kind, where

E(w) �
ðp=2

0

df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2 sin2 f

q
: (6:95)

The total net flux through the entire cross sectional area is

F ¼ pa3 uh idn(0)

dz

ð1

0

dw

ðp=2

0

df w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2 sin2 f

q
, (6:96)

where we have used the differential cross sectional area element of a thin ring
with a normalized radius w as

dS ¼ 2pa2wdw: (6:97)

Simplifying by integration

F ¼ �p

3
uh ia3 dn(0)

dz

ðp=2

0

df
1� cos3 f

sin2 f
: (6:98)

The integral has the value 2 so that

F ¼ � 2p

3
uh ia3 dn(0)

dz
, (6:99)

which is the total flow through a tube in the free molecular regime. In the free

molecular flow regime, the tube diameter behaves as an effective mean free
path l ¼ 2a.
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Example 6.13

Calculate the conductance of an aperture in the molecular flow regime.

Let an aperture separate two regions maintained at different pressures.
Let J1 be the flux corresponding to P1 and J2 be the flux corresponding to a

pressure P2. There is a net flow of molecules from left to right and is given by

dN

dt
¼ (J1 � J2)A:

J ¼ n(v)

4
¼ P

(2pmkBT)1=2
:

Q ¼ d

dt
(PV) ¼ P

dV

dt
¼ P

dn

dt

RT

P
¼ kBT

dN

dt
¼ kBT(J1 � J2) A ¼

ffiffiffiffiffiffiffiffiffiffi
kBT

2pm

r
A(P1 � P2),

¼
ffiffiffiffiffiffiffiffiffiffiffi
RT

2pM

r
A(P1 � P2)

For air at T ¼ 300 K; M ¼ 29� 10�3 kg=mol; R ¼ 8:314 J=mol=K; C ¼ 117

A(m3=s).
Clausing (1932) introduced the concept of transmission probability, denoted

by a, to obtain the conductance of vacuum components. If N2 molecules arrive
at the entrance plane of the duct, and if N2a reach the exit plane, then

N2(1� a) return to the entrance plane. In an analogous fashion, if N1 molecules
strike the exit plane, then N1a will reach the entrance plane. Therefore, the net
flux of molecules from the entrance to the exit is (N2 �N1)a. Hence, the

conductance of a duct is given by C0a where C0 is the conductance of the
aperture and a is the transmission probability. Analytical and statistical

methods have been developed to calculate a for various geometrical forms
and sizes of ducts (Lafferty, 1998).

6.5.5. Turbulent Flow

The assumption of laminar flow is not valid when the velocity of the gas is high.
The flowing gas layers are no longer parallel, and any obstacle in the path of gas

flow influences their direction. Cavities may form between layers and lower
pressure regions appear. One considers the flow of gas as turbulent. The
dimensionless quantity Reynold’s number characterizes the conditions under

which gas flow is turbulent (Reynold’s, 1883). For Re > 2100, the flow is entirely
turbulent, whereas for Re < 1100 it is entirely laminar. These numbers depend

slightly on the roughness of the surface. In the region 1100 < R < 2000, the flow
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is viscous or turbulent depending on the geometry of the inlet and outlet and on
the nature of the irregularities of the pipe.

Turbulent flow occurs when the gas is flowing at high-pressure gradients. Gas
flow under these conditions is characterized by flowing gas layers not parallel to

one another, and any obstacles on the way influence their direction. This type of
flow is characterized by eddies and vortices in the gas stream. One encounters

turbulent flow in vacuum systems on the onset of pumping when conditions are
such that the pressure gradient in a gas is high and consequently high velocities
are encountered. The lack of order in the flow of gases during this period is

characterized by the birth and death of eddies. The velocities of individual
regions in the gas are quite different than the average velocity of the gas in

the overall flow direction. The turbulence associated with the motion of gas can
result in dust particle generation that might lead to contamination of the

substrate. Eddies and oscillations develop in the flow at high Reynold’s num-
bers. The turbulent flow generally occurs in vacuum system during the initial

stage of pump down from atmosphere in the pipe between the mechanical
pump and the vacuum stem. Soft pump down procedures are often employed
to reduce turbulence and the associated contamination.

6.6. Generation of Vacuum

Vacuum is defined as a controlled gaseous environment at pressures much
below that of the atmosphere. The production of vacuum began with

the invention of a piston vacuum pump by Otto Von Guericke (1640). The
manufacture of incandescent lamps required the use of vacuum and provided

the impetus for the development of vacuum technology. The advances in
vacuum technology since then have provided the backbone for advances in
thin film deposition technology. It is therefore important to become aware of

the mechanisms of vacuum generation, types of commonly utilized vacuum
pumps, and some of their characteristics and limitations to understand their

role in thin film deposition processes. The vacuum pump should achieve the
purpose of removing gases from the chamber (normally under viscous flow

conditions) and maintain a low partial pressure of gases (usually in the molecu-
lar flow conditions). These tasks must be accomplished over a long period of

time without failure and must do so without the need for excessive mainte-
nance. The gases that they must carry may be reactive, condensable and/or toxic
gases. The performance of these vacuum systems must be such that they can

draw from the system the necessary amount of gas at any given time, econom-
ically and not introduce any impurities or dust particles into the system while

operating.
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6.6.1. Mechanisms for Vacuum Generation

The vacuum desired in practice ranges over fifteen orders of magnitude
(105---10�10 Pa) so that different physical and chemical principles have been util-

ized to generate vacuum. Vacuum systems utilize more than one type of vacuum
pump (typically at least two) in order to obtain high vacuum. The different

vacuum pumps may be roughly classified to fall into three categories: positive

displacement pumps, momentum exchange pumps and capture pumps. Normally
the word pump is used to transport liquids from a region of low pressure to a region

of high pressure. The word compressor is used to denote the same for compres-
sible medium such as a gas. The vacuum pump is essentially a compressor except

the working chamber is attached to the inlet rather than the discharge outlet as in a
compressor. The capture pumps may be said to be analogous to a condenser.

The positive displacement pumps utilize a changing volume along with a
valving mechanism to isolate the pumped gas. Consider a chamber with a gas

at pressure P1 (Fig. 6.16). It is connected through a valve A to a pump. The

P1
P1

P1

P2
P3

P2
P3P2

P3

A A

A

B B

B

Figure 6.16: A simple mechanism for creating vacuum.
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pump has a working volume at pressure P2. The exhaust from the pump is
connected to the outside through a valve B. The space between the two valves

and the pump mechanism constitute the actual pump. The pump starts with an
initial condition when P1 ¼ P2, and the volume of the pump is increased. P2

drops below P1, and the gas therefore flows from the chamber towards the
pump. When the maximum allowable volume by the design of the pump is

reached, the inlet valve is closed, and the volume of the gas in the pump is now
compressed. When the pressure reaches a critical value, P3, the outlet valve
opens, and some of the gas trapped in the pump is removed to the outside of the

pump. When the working volume is reduced further and reaches its smallest
value, the outlet valve is closed. The inlet valve is opened again, and the gas

flows to the pump and the process is repeated. The pump thus operates cyclic-
ally. The pump does not discriminate between different gases. Pumping speeds

are typically around 2� 104 l=s.
In the momentum transfer pumps, a vapor stream or a metallic fin, strikes

molecules of the gas phase and gives them a momentum in a specific direction.
Since the pumps deal with molecules individually, the pumps have selectivity
with respect to gases. Some gases are pumped faster than others. These pumps

have the advantage that they can be operated continuously. The pumping speed
can be up to 105 l=s.

Capture pumps do not exhaust the gases they capture but retain them within
the pump. In some cases, the pumps can be rejuvenated by periodically expel-

ling the gases. These pumps can also be very selective as to the gases they
capture. Their operation depends upon how much gas they have already cap-

tured, so that these pumps have memory effects. Gases can also be ionized and
expelled from the space by the action of electromagnetic fields or implanted

into a surface of the solid when accelerated by a high voltage. Sputter ion
pumps have pumping speed that depend upon the pump size and the gas that
is being removed. Cryopumps are capable of pumping speeds 3A(cm2) l=s,

where A is the area of the cryogenic surface. The capture pumps have no
moving parts, which is one of their advantages.

The mechanisms of operation for a vacuum pump restrict the pumps from
having several desired features. For example, the rate of removal of gases from

the vacuum chamber may equal the rate at which molecules return to the
chamber from the parts of the vacuum pump or from the previously pumped

gas. In this case we say an ultimate pressure that it can reach characterizes a
pump. Many pumps require a certain inlet pressure, which is not atmospheric
pressure, so that one has to reduce the pressure to this level initially before

using these pumps. Consequently, every pump has an operating pressure range
(between inlet pressure and the ultimate pressure) in which it will work as a

vacuum pump. Each pump will operate well at a certain desired operating
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pressure that is in between the two extremes of pressures. The upper limit of
pressure indicates the maximum pressure at which the pump can be started.

Excessive operation at the upper limit results in one or more of the following
conditions: overheating, stalling, rapid saturation. The lower limit of the pres-

sure is the pressure at which the pumping speed drops off. The processing
pressure of the pump is ideally the pressure at which the pump can be operated

continuously without incurring major problems. Every pump cannot exhaust at
atmospheric pressure but only at some reduced pressure. This feature requires
the use of a backing pump, also called the fore pump, whose function is to

maintain the outlet pressure at an acceptable level. Vacuum pumps that are
required to operate selectively on gases (such as reactive gases), and those

whose operation depends upon pressure and those which must have the ability
to handle sudden bursts of gas load, require careful considerations and study.

Vacuum pumps are characterized by their pumping speed, the best vacuum that
can be achieved, the maximum pressure at which gases can be discharged from

the pump, throughput, compression ratio and cleanliness and safety issues that
are attributable to the pump.

The nature of the pump that one chooses also depends upon the gas that is

involved in the pumping. Hydrogen and helium having low molecular mass
cannot be easily removed in pumps that utilize supersonic velocity of the

pumping medium to push the molecules along, so that turbo, molecular drag
and diffusion pumps are very poor in removing these gases. In general when

using reactive gases, it is best to consult the manufacturer and the local gov-
ernment authorities before purchasing vacuum equipment due to the many

restrictions that are placed on handling these gases. For example, acidic gases
can decompose hydrocarbon oil and corrode the metal parts of a pump. Oxi-

dizing gases such as oxygen can explode the pump oil vapor in the exhaust.
When mixed with air, flammable gases such as methane can explode in air.
Gases that condense prematurely in the pump can emulsify the oil and destroy

its sealing properties. Of course toxic gases require special monitoring to avoid
exposure to humans by any leaks anywhere. Environmental monitoring sensors

and methods of treating the vapors before expelling them to atmosphere are a
must procedure with these gases (Fraser, 1980). Generally adsorption of gases

by activated charcoal, decomposition by burning or catalysis are among the
methods employed before letting the gases to the atmosphere.

Consideration of initial cost and the performance of the pump are of vital
interest. However, one cannot ignore the cost of ownership resulting from
maintenance, repair and service life issues. Pumps can be an important source

of particulates and are therefore to be located in such a way that their operation
does not contribute to increase in the particulates in the environment near the

deposition system. The several types of vacuum pumps available are listed in
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Table 6.1. The vacuum pumps and the typical pressure ranges in which they are
utilized are shown in Fig. 6.17.

6.6.2. Positive Displacement Pumps

Positive displacement pumps are used to remove atmospheric air from the
system to acceptable levels of operating pressure (133� 10�2 to
133� 10�3 Pa) and in this capacity they are referred to as roughing pumps

(fore pumps). They can also be used to maintain the outlet pressure at a desired

TABLE 6.1: Vaccuum Pumps

Type of vacuum pump Principle of operation
Typical range of
operation in torr

Rotary vane vacuum

pumps

Displacement of gas by rotary

vanes

10�2---760

Rotary booster pump Displacement of gas by rotary

pistons

10�3---1

Diaphragm and

reciprocating pumps

Expel gases by expanding and

contracting diaphragms

102---1

Vapor jet pump Gas transfer by high speed oil

molecules emanating from jets

10�10---10�2

Turbo molecular pump Gas transfer by high-speed turbine

blades.

10�9---10�1

Cryosorption pump Sorption on cooled zeolites 10�11---10�3

Cryogenic pump Sorption and condensation on cold

surfaces

10�11---10�3

Sputter ion pump Metal bombarded with ions 10�10---10�3

Getter pump Gas sorbed on evaporated titanium 10�10---10�3

Conversion Table for Pressure Units

Pa bar atm torr psi

Pa 1 10�5 9:8692 �10�6 750:06 �10�5 1:4504� 10�4

bar 105 1 0.98692 750.06 14.5032

atm 101325 1.013 1 760 14.6972

torr 133.322 0.00133 1:3158� 10�3 1 0.01934

psi 6894.8 0.06895 0.06804 51.715 1
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low level for another pump in which case they are referred to as backing pump.
In either case, they take a certain volume filled with gas and isolate it from the

chamber to be evacuated. They transfer this volume of gas to the outlet of the
vacuum pump, frequently compressing it before discharging it in the outlet. The

positive displacement pumps have the advantage that they can be operated
cyclically for long times on a continuous basis. The pump does not distinguish
differences in gases so that it is not selective as to the gas it removes.

The most widely used positive displacement pump known as a rotary vane

vacuum pump has a rotor and a stator (133� 10�2 to 133� 10�3 Pa). Larger

pumps employ rotary piston design. The rotor, that is a solid steel cylinder,
rotates on an axle inside the cylindrical cavity of a stator. The rotation of the

rotor is about an axis that is offset from that of the stator, so that a virtual
contact with the stator is made at the top of the rotor at the contact point

(Fig. 6.18). Two vanes are mounted on the rotor diameter so that they are
forced outward by springs and centrifugal forces such that they make contact

with the stator walls. Oil films at the ends of the vanes and at the contact point
provide the necessary sealing, lubrication and cooling. When the rotor rotates
clockwise, it presents an expanding volume to the inlet port (induction phase).

As the vane passes the inlet port, the gas from the chamber enters the pump.
The two vanes isolate the gas (isolation phase) and it is further compressed

(compression phase) and ultimately ejected via the discharge valve (exhaust

Ultra-
high

Very
high High Medium Low

Rotary vane

Roots blower

Cryosorption

Turbomolecular

Diffusion

Cryogenic

Sputter-ion

10−12 10−13 10−8 10−6 10−4 10−2 102 10 1

Pressure (torr) Atmospheric
pressure

Figure 6.17: Vacuum pumps and typical ranges of pressure where they are employed.
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phase). As the vanes rotate the excess oil is swept ahead of the valves back into

the oil reservoir. Pressures up to 133� 10�2 Pa are reached when these pumps
operate cyclically for some time. Lower pressures can be achieved if two pumps

are connected to one another such that the second stage pump handles the
discharge from the first pump. The variation of the pumping speed with pres-

sure is shown in Fig. 6.19. The ultimate pressure is limited by the solubility of
gas in the oil used in the pump. The same situation occurs when the gases are

condensable inside the pump as in the case of water vapor that will emulsify the
oil. In order to achieve low pressures and avoid problems with condensations

of easily condensed vapors, two pumping stages are often connected to each
other in series that allows the ultimate pressure to reach 133� 10�4 Pa. Water
vapor, methanol and ethanol can condense in the vacuum pump limiting their

ability to reach low pressures. Gas ballasting wherein dry gases are allowed to
enter the system during the compression phase to prevent condensation of

vapors eliminates this problem (since partial pressure of the condensable gases
are reduced) (Power and Kenna, 1955). The back streaming of oil vapors

into the vacuum system and the deterioration of oil, noise and vibration,

Exhaust
Intake

Contact
point

Outlet
valve

Vanes

Oil

Rotor

Stator

Figure 6.18: Rotary vane vacuum pump.
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condensation of vapors, handling corrosive gases and accumulation of particu-

lates are the major problem areas for this type of pump which have been
partially addressed in improved designs. The add ons such as oil filtration
systems, fore line traps and the use of inert fluids such as Fomblin1 or

Krytox1 oils adds to the cost and maintenance problems.
The other common displacement pump is the rotary booster pump. In this

pump, two figures called impellers with cycloid involutes or compound curve
flank geometry are geared to rotate synchronously at speeds 1500–3500 rpm

(Fig. 6.20). The lobes trap gas from the inlet region between the impeller and
casing and force the gas to the discharge region. The volume of the gas itself is

moved rather than expanding the gas and compressing it. There is no oil sealing
required and this pump is well suited for use in attaining low pressures in large-

scale systems. The rotary booster pump does not work very well at atmospheric
pressure and operates in the range 10�1---102 Pa, so that this is an assisting pump.
If operated at atmospheric pressure, the rotors become overheated due to the

high viscosity of air, and the expansion of the rotor can bring them in contact
with the casing thereby ruining the pump. When the gas loads are large and the

evacuation times need to be short, rotary booster pumps have several advan-
tages.

In many applications, a vacuum pump with high throughput is needed which
does not use oil. Diaphragm and reciprocating pumps have been used for this

purpose. In the diaphragm pump (Fig. 6.21), the expansion and contraction of a
diaphragm by flexing allows one to control the volume of a chamber. Dia-
phragms are made of materials such as polytetrafluoroethylene (PTFE) that

are resistant to chemical attack, so that these pumps are useful in removing
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Figure 6.19: Variation of pumping speed with pressure.
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aggressive gases. Initially as the diaphragm is receded, the inlet valve is opened
and as a result of the pressure difference the gas flows to the pump. The inlet
valve is then closed and as the diaphragm moves in the positive direction, the

A B

C D

Figure 6.20: Rotary booster pump.

Coolant

Condensate

Noz
zle

V
ap

or
 fr

om
bo

ile
r

P1

Pb

P2

P1

P2

Figure 6.21: Molecular flow in a Vapor Jet Pump.
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gas is compressed and eventually released through an outlet valve. The per-
formance of this pump is limited by the dynamic response of the valves, which is

a function of its mass, geometry, elastic modulus and the driving gas flow. Up to
four diaphragm pumps can be combined with one another to give satisfactory

performance in rough vacuum range in both corrosive and in clean environ-
ment. Ultimate vacuum from 133� 100 to 133� 0:1 Pa at pumping speeds of

200 l=min are possible.

6.6.3. Momentum Transfer Pumps

Vapor jet pumps (also called diffusion pumps) and turbo molecular pumps are
the two common vacuum pumps that rely on imparting momentum to the

incoming molecules in a specified direction. In these pumps the gas is trans-
ferred continuously from the inlet of the pump to the outlet. In the vapor jet

pump a high-speed oil stream transfers the momentum whereas mechanical
moving parts transfer momentum in the turbo molecular pump.

In the vapor jet pump, oil of molecular weight 300–500 is heated in a boiler

and the vapor rises in the chimney like a jet assembly. It leaves the chimney
through nozzles constructed such that the gases leave at supersonic speed. As

the vapor leaves the nozzle, it continues to expand beyond the nozzle exit,
acquiring a high forward velocity. Hence the random molecular motion is

converted into a directed stream of molecules called the vapor jet. As the
vapor jet is directed downward, molecules find it difficult to cross the vapor

jet in the upward direction if they are below the vapor jet. Thus the molecules
that enter the stream from above are directed downwards. The vapor jet

separates the two regions of pressure where P1 is the pressure of molecules
above the jet stream and P2 is the pressure of molecules below the jet stream.
The ratio P2=P1 is termed the compression ratio. The maximum compression

ratio created in the vapor stream is approximately given by exp (rVL=D) where
r is the vapor density, V its velocity and L the width of the stream. The diffusion

coefficient D is related to molecular weight M and the molecular diameter d

where the subscript 1 refers to the pumped gas and 2 refers to the pumping fluid

by (3=8
ffiffiffiffiffiffi
2p
p

)[RT(M1 þM2)=(M1M2)]0:5[(d1 þ d2)=2]�2. Most vapor jet pumps
have at least three and some times up to five stages (Fig. 6.22). The oils used in

rotary vane vacuum pumps are refined hydrocarbon oils or synthetic organic
type fluids or polyfluoropolyether. In a fluid of negligible viscosity, the sum of
potential and kinetic energies, associated with pressure and velocity along a

streamline, remains constant (Bernoulli principle). Acceleration is therefore
accompanied by a fall in pressure along a streamline, and conversely, there must

be a rise in pressure when the fluid decelerates. The pressure is lowest at the top
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of the pump and increases to values of about 133� 10�2 Pa at the bottom of the
vapor jet pump where a backing pump exhausts the gas to the outside. The

pressure gradient set up by the vapor emanating from each nozzle is crucial in
directing both the oil vapor molecules and the molecules from the vacuum
chamber in the downward direction. Each stage is so constructed that the

number of molecules moving in the downward direction passing the plane
perpendicular to the pump axis is the same under steady state conditions. The

oil molecules carry with them the gas molecules that have escaped from the
vacuum chamber and direct them downward toward the region of the pump

outlet where they are discharged into a mechanical pump that can remove the
gas. The oil molecules themselves being heavier than the gas molecules con-

tinue to travel in their original directions after collision. The vapor jets are
cooled by the cooling coils on the walls of the diffusion pump and will condense
and return to the oil reservoir under gravitational forces for subsequent boiling.

A water-cooled baffle on the top of the vapor jet pump condenses any escaping
oil vapor and returns them to the oil reservoir. A liquid nitrogen trap placed

Cold cap

Orifices

Fractionating
tube

Baffle
Ejector

Finned
plate Degassing

Figure 6.22: Vapor jet pump.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch06 Final Proof page 500 17.11.2005 10:55pm

500 Gas Flow in Thin Film Processing Systems



above the baffle adds additional protection in preventing oil vapor to escape
into the vacuum chamber. The ultimate pressure that one can obtain is deter-

mined by the vapor pressure of the liquid. Back streaming of oil vapor into the
chamber is generally due to rotary pump oil, which enters the chamber via the

roughing line. Vapor jet pumps are the preferred vacuum pumps when constant
high speeds for all common gases are desired for long periods of time without

attention. The pumping performance of a vapor jet pump is presented in the
form of pumping speed versus inlet pressure (Fig. 6.23). The constant speed
section represents the result of constant gas arrival rate at molecular flow

conditions and a constant capture efficiency of the vapor jets. The rate at
which molecules arrive depends upon the conductance of the inlet ducts and

the geometry of the pump entrance. When the critical inlet pressure is reached,
the maximum flow capacity of the pump has been reached. It is therefore

necessary to utilize a backing pump to reach this pressure. At the high-end
inlet pressure the size of the mechanical pump exerts a strong influence whereas

the ultimate vacuum attainable rarely exceeds 133� 10�9 Pa. A vapor jet pump
is used to evacuate further a chamber that has already been evacuated by a
roughing pump up to 133� 10�1 to 133� 10�3 Pa range. The roughing pump

must have a throughput larger than that of the diffusion pump. The vapor jet
pump cannot directly exhaust to atmosphere pressure, so that it exhausts to the

inlet of the fore pump. The combination of pumps can achieve low pressures of
the order of 133� 10�9 Pa. The fluids used for vapor jet pumps are drawn

from one of the following liquids: mercury, paraffin oils, polyphenyyl ether,
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Figure 6.23: Pumping speed versus inlet pressure.
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polyfluoropolyethers and silicone oils. Each liquid has some advantages and
disadvantages so that these should be borne in mind while selecting the liquid.

Multiple stages in vapor jet pumps was warranted because the compression
ratio between the fore pressure and maximum inlet pressure is limited because

of decomposition of organic fluids at elevated temperatures and pressures.
Since the oils used have varying molecular weights a baffle arrangement is

used instead of an open chimney so that the oil that reaches the center of the
pump has larger molecular weight than the one in the outer chimney. The
pumping speed at any stage is a function of the nozzle clearance area whereas

fore pressure at which the jet breaks down depends upon the boiler pressure
(temperature) and the ratio of nozzle area to the body clearance area. Hence, a

series of nozzles is arranged along a common axis with stepped increases in the
nozzle clearance area and body clearance area from the stage nearest to the

primary pump to the stage nearest to the vessel to be pumped. One can thus
maximize the overall speed of the pump without requiring high boiling temper-

atures.
Turbo molecular pumps utilize moving mechanical parts to transfer momen-

tum instead of molecules from vaporized liquid so that the back streaming of oil

to the vacuum chamber is avoided. The speed (15000–30000 rpm) with which
the turbofans move is comparable to the molecular speeds and permits the

shuffling of molecules from the high vacuum side to the backing side. The turbo
pump has two types of discs: one is called the rotor that is in between the second

type of disc called stationary discs, that are attached to the pump housing
(Fig. 6.24). When the mean free path of collision of the gaseous molecules is

Direction of
rotation

Axial and flow direction

Rotor

Rotor

Stator

Stator

Back-diffusion

Figure 6.24: Turbo molecular pump.
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larger than the spacing between the rotating and stationary surfaces, molecules
collide primarily with rotor and the rotor impulse is then transmitted to the

molecules by superposing the velocity of the moving rotor onto thermal velocity
of the molecules. The effect of the rotor on molecular velocity is limited if the

gas flow conditions are laminar. Therefore, a turbo molecular pump is not
capable of pumping gases against atmospheric pressure and must be backed

by an adequate roughing pump. The rotor turn through and is interleaved with
stator, which has shuffling blades that are inclined with respect to the rotation
axes. Molecules approach on all sides of the stator and desorb in the same

geometrical distribution from both sides of the stator resulting in no net flow.
Shapiro (1960) analyzed the mechanism of net flow of gases in turbojet pump. A

two-dimensional turbine blade operates essentially in the molecular pressure
regime whereby all the velocity changes of the molecules are due to collisions

with the blade surfaces. The blade angle, the blade spacing and the ratio of the
molecular speed to the blade speed are the important governing factors. Con-

sider the situation where the blade speed Vb is large compared to the molecular
speeds (Fig. 6.25). All the molecules impinging on side 1 reemitted in the angle
c1 will return to side 1 and those in the angle c3 will pass to side 2, and those in
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Figure 6.25: Mechanism of operation in a turbo molecular pump.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch06 Final Proof page 503 17.11.2005 10:55pm

Gas Flow in Thin Film Processing Systems 503



angle c2 will escape to both sides of the blade. In a similar manner all the
molecules striking the blade from side 2 will arrive near point D. The molecules

that are emitted at angle d1 will return to side 2 and those in angle d2 will escape
to both sides and those in angle d3 will pass to side 1. If one compares the

relative sizes of the angles, it is clear that there is a greater probability of
molecules passing from side 1 to side 2 than vice versa. Utilizing a number of

blades as shown in Fig. 6.24, high rates of pumping speed can be achieved. The
effectiveness of pumping a given gas depends upon the relative speed of the
blade with respect to the thermal speed of the molecule. Consequently, light

molecules such as hydrogen are harder to remove with this type of pump.
Pumping speed depends upon the blade velocity and the conductance up to

and into the passage between the blades. Newer turbo molecular pumps operate
with magnetic levitation, with high precision ball bearings and have lower

vibration and longer lifetimes. The compression ratio between backing and
ultra high vacuum side depends upon the molecular mass of the gases and on

the rotor velocity, so that turbo pumps are preferred when large quantities of
gas have to be pumped out. The high speeds of the rotor put a limitation on the
geometric form and lightness and strength of materials used.

6.6.4. Capture Pumps

The capture pumps retain gas molecules on internal surfaces of the pump. In
cryosorption pumps, gas molecules are held due to adsorption by sorbent

materials (high surface to mass ratio 500�1000 m2=gm) kept at liquid nitrogen
temperatures. Cryogenic pumps condense and adsorb gases onto cold panels

and adsorbents maintained in the temperature range from 4–70 K. In sublim-
ation pumps the advantage is taken of the chemical binding of gas molecules to
evaporated metal films. Ion pumps take up the gas and bury them in evaporated

metal films. Since these pumps retain gases within them, they are expected to
show memory effects. These pumps are not very good if there is a heavy gas

load, but are very useful for static vacuum under clean conditions.
The cryosorption pumps are popular as roughing pumps and utilize the

adsorption capability of zeolites. Zeolites have a unique pore structure that
consists of cavities connected to one another by channels. The dimensions of the

channels are comparable to the dimensions of the molecules in the gas. Other
common sorbent materials are silica gel and activated charcoal. The adsorption
isotherm of the gas and the temperature of the sorbent determine the quantity

of gas that can be sorbed in a given mass of sorbent. The adsorption isotherm at
a given temperature, T, is a plot of the quantity of gas adsorbed per unit area

versus the equilibrium pressure in Torr (Fig. 6.26). For a given pressure that is
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desired in the vacuum chamber, Qcm determines the pumping capacity of the
sorption pump where m is the mass of the sorbent and Qc is the amount of gas

that is adsorbed at STP in cm3=g. The molecular pumping rate fmp is given by
{gc[1� (Pu=P)]}f where P is the gas pressure, Pu is the ultimate partial pressure

of the gas and gc (known as the condensation coefficient) is the ratio of the
condensation rate to the arrival rate of the molecules at the surface. The

sorption pump is connected to the vacuum chamber by an isolation valve
(Fig. 6.27). The quantity of gas sorbed is given by (Pi � Pf) V where Pi is the

initial pressure of the vacuum chamber and Pf the desired final pressure and V is
the volume of the vacuum chamber up to the isolation valve. Lower tempera-
tures of the sorbent typically have high specific capacity to adsorb the gases.

However, at low values of operating pressure Pf, the sorbing specific capacity is
reduced precipitously. Each type of gas has a certain saturated vapor pressure

(SVP) with which it is in equilibrium with its condensed phase at the tempera-
ture of interest. Gases with high SVP have low specific capacity to adsorb gases,

so that at 77 K, the specific capacity of helium, neon and hydrogen is quite low.
The pressures reached are typically in the range 133� 10�3 Pa, so that cryo-

sorption pumps work as a roughing pump. When the saturation point is reached,
no more gas can be adsorbed. It is then necessary to bring the pump to room

temperature when all the sorbed gases can be expelled through a valve in the
sorption pump. For this reason, it is preferable to use two cryosorption pumps,

1000

400

40

10

10−6 10−4 10−2 10−0 102

100

20 K

30 K

40 K

90 K

Equilibrium pressure (torr)

V
ol

um
e 

ad
so

rb
ed

 a
t S

T
P

 (
cm

3 /
g)

Figure 6.26: Volume adsorbed versus equilibrium pressure.
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so that one pump is regenerated while the other is in use as a vacuum pump.

Furthermore, the ability of a sorption pump is a function of the history and
depends upon how much gas the sorption pump has already adsorbed. The rate

at which the sorption pump removes gases from the vacuum chamber slows
down as the equilibrium saturation pressure is reached. Since all gases do not
adsorb at the same rate, the use of a second sorption pump will facilitate the

hard to adsorb gases, rather than waiting for the sorption pump to remove these
gases. Once the sorption pump has reached saturation, it has to be regenerated

to its original capacity by baking at elevated temperatures (typically 1 h at
300 8C) to remove the last traces of adsorbed moisture. It is not recommended

to use these pumps when pumping flammable vapors. This is due to the fact that
air as well as the vapor is removed while pumping and when the pump is

warmed to regenerate the pump, an explosion is likely to occur. One must
avoid pumping water vapor in order to maximize the useful life of the sorbent
material. This can be done preferably under vacuum. Cryosorption pumps are

typically used as rough pumps because of their noncontaminating nature. The
design of cryosorption pumps pay particular attention to providing efficient

heat transfer paths, easy paths for gas flow, provide safety during regeneration
and avoid contamination which will otherwise block pathways and protect the

integrity of the sorbent during repeated conditioning and use.

Liquid nitrogen path

Pump cross section

Copper fins

Molecular sieve

Figure 6.27: Sorption pump.
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Example 6. 14

Consider a cryopanel of 100 cm�2 at 77 K where the ambient temperature is

300 K. The surface vapor pressure of water vapor is expected to be in the range

10�8 torr. The surface condensation coefficient is 0.75. Let the rate of arrival of

molecules be 10�15.

The ultimate pressure of water vapor expected is Pu ¼ PS(TG=TS)1=2

¼ 10�8 � (300=77)1=2.

The surface pumping speed S is given by

S ¼ 3:64gc 1� Pu

P

� �
T

M

� �1=2

A l=s:

Hence S is

S ¼ 3:64� 0:75�
�

1� 1:97� 10�8

10�6

�
300

77

� �1=2

100 ¼ 699 l=s:

In cryogenic pumps the gases are condensed and held within the pump. The
hard to condense gases are adsorbed on activated charcoal. The crucial part of

the cryogenic pump is the maintenance of two surfaces at 70 K and 12 K in a
closed cycle refrigeration pump. All gases (e.g. H2O, SO2, NH3, CO2) with

saturation vapor pressure less than 133� 10�10 Pa at 70 K are made to condense
on the warm panel, whereas the low temperature panel brings down and

condenses virtually all other gases (e.g. N2, O2, CO, Ar, Kr, NO) (Fig. 6.28).
However hydrogen, and neon require the presence of sorbents to bring their

partial pressures below 133� 10�10 Pa and require a cryopanel at 4.2 K. The
cryopump technology saw a significant breakthrough with the development of
Gifford–McMohan refrigeration cycle and the use of activated charcoal for the

sorption of hydrogen, helium and argon. As each gas condenses, it releases the
latent heat, so that heat must be conducted efficiently from the condensate to

the refrigerant for the maintenance of low temperature by the refrigerator. As
the condensing gases accumulate, the thickness of the insulating layer thus

formed, allows the temperature of the surface layers to creep up, thereby
diminishing the capacity of the cryopump to pump gases. For adsorbing gases,

the effective pumping stops after the sorbent approaches its capacity at the
operating temperature and pressure. Regeneration of cryogenic pump
involves the warming of the pump to 408C and purging it with dry nitrogen.

Cryogenic pumps operate from a crossover pressure at the commencement of
pumping to the ultimate pressure attainable as determined by the gases that are

pumped. The crossover pressure is mainly determined by the thermal inertia of
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cryopanels to limit their ability to accept high gas loads without reaching
excessive temperatures. Cryogenic pumps can be used in conjunction with

other pumps.
In sputter ion pump, a cylindrical stainless steel anode is maintained at a

potential of around 2 kV with respect to a pair of titanium cathodes creating a
discharge. A magnetic field is provided such that it is parallel to the axis of the

cylinder, so that electrons produced are constrained to move in helical orbits,
and prevented from reaching the anode (Fig. 6.29). As the electrons collide with

gas molecules they ionize them. The long path length assures high efficiency of
ion formation down to pressures of 133� 10�12 Pa and less. The ions are

accelerated by the electric field to a high energy and directed towards the
cathode where they typically react with the metal and are neutralized. The
burial of this ion in the cathode in layers as deep as one micron provides the

primary mechanism for pumping. Since not all the molecules are ionized, even
neutral molecules bury themselves on any surface they encounter. The cathode

Valve

Chevron panel

Bonded sieve

Purge port

Refrigerator cold head

Second
stage, 15 K

First
stage, 80 K

Figure 6.28: Cryogenic pump.
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removes neutral molecules of highly reactive gases such as oxygen and nitrogen

by chemisorption. Initially the ion impact area is the center of the cathode
region. As the concentration of the buried gas atoms increases, an increasing

number of atoms sputter from the cathode, until the rate of sputtering equals
the rate of burial and there will be no net pumping. A sputter ion pump used

before can thus show a memory effect by releasing unexpected atoms from
previously pumped gases. Since burial and sputtering occur at the same place at

the same time, the solution to this problem is to arrange them not to occur at the
same place. This can be accomplished by making two planar cathodes of
different materials such as tantalum and titanium, and the one with the low

sputtering yield becomes the burial area. Noble gases can be removed by
exploring the idea that the sputter yield is high at glancing angle than at normal

incidence. Hence additional electrodes designed as a grid are incorporated into
the system and held at the same potential as the anode. This will facilitate burial

by the auxiliary electrode and sputtering at the cathode. Sputter ion pumps do
not release chemically active trapped gases, but there can be periodic bursts of

inert gases during operation. These pumps cannot be regenerated, but when
saturated, their internal parts must be replaced. Sputter ion pumps can have

Magnetic field 0.1 T

Titanium cathodes

Titanium cathodes

Stainless steel anode

+2.2 kV

Figure 6.29: Sputter ion pump.
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pumping speeds upto 5000 l/s and can be operated in the range of pressures
from 133� 10�4 to 133� 10�12 Pa.

In the getter pump, the gases are captured by the formation of a nonvolatile
compound. Materials that have suitable surface characteristics can remove

molecules from the gas phase by phenomenon known as gettering (500 m2=g to
1000 m2=g). The solid material, which exhibits gettering behavior, is known as

getterer. The total number of atoms or molecules that can be captured by a
getterer is known as gettering capacity. The gettering rate gives the number of
molecules removed by the getterer in unit time. If in addition to receiving the

molecules on the surface they react with getterer and if the molecules can diffuse
into the getterer, gettering capacity increases. One way to take advantage of the

gettering capacity is to have the getterer in the form of powder. However
extremely fine particles can be pyrophoric. The toxicity of such particles

and the highly exothermic nature of chemical reactions are matters for careful
scrutiny.

The net removal rate of molecules from the gas phase by a getter is usually
presented in the form of sorption speed versus sorption quantity (Fig. 6.30). The
maximum possible amount of gas that is sorbed occurs when diffusion takes

place and a stoichiometric compound is formed. The speed of a getter depends
upon temperature and is smaller for lower temperatures. For pressure below

about 133� 10�2 Pa the speed is sensibly independent of pressure.
Getters are of two kinds: evaporable and nonevaporable. The former are

typically alkaline earth elements. The nonevaporable elements are elements
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Figure 6.30: Sorption capacity as a function of pressure.
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such as Ti, Zr and some rare earths which are typically covered with an oxide
film that has to be removed before they can act as getterers. Heating for some

time usually can accomplish this task and the process is termed activation. The
activation is not needed for evaporable getterers, which expose fresh surface all

the time.
Active gases such as H2O, O2, CO2, CO can easily be removed by gettering.

Noble gases are not sorbed whereas hydrocarbons require cracking before they
can be gettered. Hydrogen gettering depends critically on temperature and
pressure and the concentration of gas in the getter material.

Titanium, barium metals are the preferred materials that act as the getter,
and the probability of sticking the gas increases with decrease of temperature

(Fig. 6.31). Many active gases are gettered efficiently at room temperature.
Evaporating titanium onto the pump wall increases the capacity to getter.

Titanium is sublimated directly onto the pump walls either periodically or
continuously. Getter pumps can only remove reactive gases and must be used

in combination with other pumps to handle the removal of noble gases, me-
thane and other stable gases. Getters are used in practice in systems that are
seldom exposed to air after original vacuum has been created. In these appli-

cations they offer the advantage of power requirements, placement near the gas
source thereby avoiding conductance restriction, flexibility in geometrical struc-

ture and size, intrinsic cleanliness and very little pressure dependence.
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Figure 6.31: Sorption capacity versus pressure.
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6.7. Measurement of Pressure

The achievement of vacuum in a system presumes that reliable measurement of
pressure can be recorded throughout the extensive range over which pressure

varies (over fifteen orders of magnitude lower than atmospheric pressure). No
one single pressure gauge is able to measure the pressure over the wide range of

pressures involved. Several commonly used pressure gauges and the pressure
ranges of operation are shown in Fig. 6.32. It is often also of interest and
required to measure not only the total pressure of the system but also the

partial pressure of each of the gases present in the system. At high pressures
it is possible to measure pressure by determining the force per unit area exerted

by the molecules (direct reading gauges). However, at low pressures this force is
insufficient to make an impact on any parameter that can be measured and

therefore attempts are made to measure the actual number of molecules in a gas
(indirect gauges).

The measurement of pressure falls naturally into two categories: those that
measure the total pressure and those that analyze the partial pressure of the
gases. Gauges in one of the following four categories of transducers measure the

total pressure: force measuring, momentum transfer, energy transfer and elec-
trical charge transfer. Partial pressure measurements are made through spe-

cially designed forms of mass spectrometer that measure the mass to charge
ratio of each component in a gas.

U-tube
McLeod guage
Bourdon tube
Capacitance manometer
Spinning rotor gauge
Pirani guage
Thermocouple guage

Ionization guage

Partial pressure guages

Ultra-
high
vac

Very
high
vac

High
vac

Medium
vac

10−12 10−9 10−6 10−3 1

Pressure (torr)

Figure 6.32: Pressure ranges and pressure gauges.
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6.7.1. Force Measuring Gauges

Force measuring gauges rely upon the force exerted by the gas molecules to
produce a measurable effect on a property. The simplest transducer to measure

pressure is a U-tube manometer (Fig. 6.33), which is made of a glass tube bent in
the shape of a ‘‘U’’ and partially filled with mercury or other liquid. One of the

limbs of the ‘‘U’’ tube is connected to the vacuum chamber and the other is
open to the atmosphere. The difference in the height of the liquid, h, in the two
columns of the tube can be converted into pressure, P, by obtaining Patm � rgh,

where r is the density of the liquid and Patm is the pressure of the atmosphere
and g is the acceleration due to gravity. This manometer cannot measure

pressures below 1 torr in any practical way which implies that height difference
of 1 mm are difficult to measure in this technique.

The range over which the pressure can be measured can be increased
(>133� 10�3 Pa) by compressing a sample of a gas, as is done in McLeod

Gauge. The mercury is held in a reservoir, from which it can be raised into a
glass apparatus by pressurizing through one valve and brought back to its
original level through another valve to release the pressure (Fig. 6.34). The

level of mercury is initially raised to a cutoff point to isolate the gas in a bulb
fitted with a closed capillary tube. The volume of the gas, VB, and the

pressure, PB, correspond to the level of mercury shown in Fig. 6.35. At this
point the pressure in the main tube connected to the vacuum system and the
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Figure 6.33: U-tube manometer.
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bulb are the same. The main tube going to the vacuum system is fitted with an
open-ended capillary that is continuous with the main glass tube and identical

to the one that is attached to the bulb. The mercury in the bulb is raised till
the mercury level reaches the capillary tube. The difference in height of the

mercury levels in the closed capillary and open capillary is measured, h. We
obtain the pressure Ps in the vacuum system by the formula

PS ¼
PhVC

(VB � VC)
, (6:100)

where the volume of the gas in the bulb is VB and VC and is calculated by
measuring the length of gas space in the capillary and multiplying it by the area

of cross section of the capillary tube. The above formula assumes ideal gas
behavior and the absence of any condensable or reactive gases in the bulb.

To vacuum system

Open end capillary
Closed end capillary
x-sectional
area known

Bulb
volume known

Cutoff
Pressurize

Release

Mercury reservoir

Figure 6.34: McLeod gauge.
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McLeod gauge has been used as a standard instrument for calibration of
pressure. Gases that condense easily such as CO2, H2O, C6H6 cannot be

accurately measured with McLeod gauge. Some gases such as CO, CO2 perme-
ate through the glass at high pressure and give invalid readings. The McLeod
gauge does not measure pressure continuously and does not measure vapor

pressures, and for this reason is not employed very much.
The elastic deformation of a sensitive solid member with changes in pressure

is utilized in a number of different types of pressure gauges. The diaphragm,
Bourdon and Capacitance gauges are among the most frequently used pressure

gauges. The diaphragm gauge contains a pressure sensitive element from which
the gas has been evacuated (Fig. 6.36). Input pressure to the sensor is applied to

a thin radially tensioned metal membrane rigidly supported by massive rings
whose deflection is proportional to the applied pressure. Bourdon gauge

(Fig. 6.37) employs metal or tapered quartz that unwinds as the internal pres-

sure increases relative to the external pressure. These gauges indicate crude
vacuum up to 133� 10 Pa. The sensitivity of pressure detection can be in-

creased if the diaphragm forms one plate of a capacitor, and a fixed-probe the
other (Fig. 6.38) as in the capacitance gauge. Similarly, strain gauges type of

diaphragm gauge can also be utilized. Temperature fluctuations, hysterisis and
fatigue of materials contribute to errors in measuring pressure with these

gauges.

A B

PS

PS

h

V = VC

P=PS

V=VB

P = PS + Ph

Figure 6.35: Pressure measurement by McLeod gauge.
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Figure 6.36: Diaphragm gauge.
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Figure 6.37: Bourdon gauge.
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Example 6.15

Obtain an expression to calculate the pressure from the capacitance measure-

ment due to the deflection of a circular membrane.

The deflection of a uniformly loaded circular member rigidly attached to a
ring around its periphery is (Fig. 6.39)

d ¼ kPr4

Et3

where P is the differential pressure across the diaphragm, E is the Young’s

modulus, r the diameter and t the thickness of the diaphragm.
If the gauge is electrically connected as a capacitor then the capacitance C is

C ¼ «0 A

(D� d )
¼ «0 AEt3

DEt3 �Kr4Pð Þ ¼
K1

K2 �K3P
:

Typical values of K1 ¼ 1:1� 10�11; K2 ¼ 6:3 and K3 ¼ 0:028 to obtain capaci-

tance in farad and P in torr.

6.7.2. Energy Transfer Gauges

A robust and useful total pressure measurement gauge is the thermocouple

gauge useful for measuring pressures in the range 105---10�1 mPa. The property

To
vacuum
system

Insulator

Reference
vacuum

or 
sealed off

Figure 6.38: Capacitance gauge.
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r

Figure 6.39: Deflection of a uniformly loaded circular member.
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that is exploited is that the heat transfer is proportional to gas pressure in the
molecular flow region. The thermal conductivity of the gas is independent of

pressure in the viscous flow region so that an upper limit to measuring pressure
is about 133 Pa. Conduction through metal parts, radiation heat transfer pro-

vides alternative heat paths at pressures below 10�1 mPa, so that these gauges
are not useful in these pressure ranges.

The thermocouple gauge utilizes a heated wire and a thermocouple. A con-
stant current is provided to the heated element (Fig. 6.40). A constant current is
passed through a resistance wire, and the temperature of the wire is monitored

as a mV reading on a thermocouple attached to it. Under steady state condition
determined by radiation heat loss and heat conduction along the wires, one

reaches a constant temperature. When the pressure is low, the gas molecules
carry very little heat away and the temperature is high. At higher pressures, the

gas molecules carry considerable heat away and the temperature is lower.
The voltage output of the thermocouple due to the difference in temperature

between the filament and the ambient is calibrated to give pressure. The gauge
is sensitive to pressure between about 0.1 and 100 Pa. Nonlinearity, calibration
dependence on the gas composition, and drift in the zero reading are some of

the problems with this gauge.

To vacuum system

Thermocouple

Meter

Heated
filament

Electrical
power supply

Figure 6.40: Thermocouple gauge.
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Pirani gauge (Fig. 6.41) consists of a fine wire connected to a lead at each end.
This wire is heated and a second element is incorporated to compensate for the

changing ambient temperature. The pressure changes result in changes in the
temperature of the sensing element, which alters the resistance of the wire. At

least three modes of operation are possible depending on the configuration of
the gauge. A constant voltage across the heated element is applied and one

observes the current as a function of pressure. A constant current through the
heated element is maintained and one measures the ratio of the impressed
voltage to current as a function of pressure. One can also maintain constant

resistance of the heated element and observe the required energy input as a
function of pressure.

Thermistors, which have a high negative temperature coefficient of resis-
tance, are utilized in thermistor gauges. A compensating thermistor is com-

monly used in the opposite leg of a Wheatstone bridge. Thermistor gauge
output versus pressure for various gases requires calibration procedures.

6.7.3. Momentum Transfer Gauges

The angular deceleration of a spinning ball due to impact of gas molecules is

used to measure pressure in the molecular flow region in the spinning rotor

gauge. In a stainless steel tube closed at one end, a stainless steel (or invar) ball

Grid
Ion collector

Filament

+180 V
+30 V

Figure 6.41: Pirani gauge.
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is levitated with the help of a permanent magnet (Fig. 6.42). The open end of
the stainless steel tube is connected to a vacuum chamber. The magnetic field

is rotated and the ball is accelerated to about 400 Hz. When the drive field is
turned off, the feedback frequency decays due to gas impact induced

friction that is measured over a period of time. When the ball is stationary,
molecules approach the ball symmetrically from all angles and thus there

is no momentum transferred. However, when the ball is moving the molecules
no longer approach the surface symmetrically, but will transfer momentum
to the surface that has the effect of slowing the ball down. The pressure P is

given by

P ¼ prahvi
10s

�v0

v
� RD� 2aT 0

� �
, (6:101)

where a is the linear coefficient of expansion of the ball, T 0 ¼ dT=dt is the rate
of change of the ball’s temperature, r is the density of the ball, s is the
tangential momentum transfer coefficient v0=v is the fractional rate of slowing

the rotor and hvi is the average velocity of the gas molecule. The gauge operates
effectively in the range of pressures 100---10�5 Pa.

4 Lateral
damping
coils

2 Stabilization
electromagnets

2 Permanent
magnets

Figure 6.42: Spinning rotor gauge.
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6.7.4. Ionization Gauges

For measurements of high vacuum, ionization gauges have proved versatile. At
pressures sufficiently low, the force exerted by molecules is extremely small for

measuring the pressure directly. Therefore the gas density and some property
related to gas density are utilized. The phenomenon utilized is the ionization of

gas molecules and collection of some fraction of the ions. The upper limit to
measure pressure in these gauges is set by the electron mean free path and ion
space charge effects and the failure to ionize the gas. The lower limit to measure

pressure arises from residual current of secondary electrons, which are generated
by soft X-rays. These secondary electrons current leaving are indistinguishable

from the electrons required to neutralize the ions that are arriving at the cathode
and their independence from pressure sets the lower limit for measuring pressure.

Ionization gauges must provide a constant source of electrons. Two types of
ionization gauges are distinguished according to whether the electrons are

coming from a hot filament or a cold cathode discharge. The electrons must
pass through a volume attracted by an electrode, which provides sufficient
energy for the electrons to ionize a fraction of the gas necessary to attract the

ions and the consequent circuitry to measure the current. The ion current, Iþ, is
related to pressure, P, according to

Iþ ¼ S I�P, (6:102)

where I� is the electron current and S is the sensitivity of the gauge to generate
ions and send it to the collector. Ionization efficiency depends upon the type of

gas and the energy of the electrons. A maximum in ionization probability is
found around electron energy of 70 eV for most gases. When very low currents

are measured the statistics of random fluctuations sets a fundamental limit to
the rate at which data can be accumulated.

Ionization gauges require calibration and are generally done by comparison
with McLeod gauge at high pressures. At low pressures, gas is allowed to flow
from a reservoir at measured high pressure through two or more constrictions of

accurately measured conductance to pumps of known speed, creating calculable
pressures. Since there are sources and sinks for gas in an ultra high vacuum

system, the role of these in measuring pressure require careful assessment.
These may be thought to arise from pumping and reemission of gases in gauges,

interaction of gas with hot surfaces and sinks and sources in the connecting
tubings.

In the Bayard and Alpert gauge (1950) (Fig. 6.43), the positive ions are
collected in a fine wire located inside a grid and the hot filament is placed
outside the grid structure. The design of this gauge lowers the pressure at which
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secondary electrons due to soft X-rays becomes a limitation and allows larger

volume for efficient ionization and improves the efficiency of ion collection. Hot
cathodes in ionization gauges can contribute to problems in pressure measure-

ment thus: thermal effects resulting from heating of the electrons by radiation,
chemical interaction at the hot cathode and evolution of positive ions or

neutrals from the cathode. Several improvements in the design of ionization
gauges are available to reduce the pressure limit to which the gauge can be

used, and to overcome some of the issues relating to sensitivity of the gauges as
influenced by geometry and life of the tube (Hobson, 2003, Redhead, 2003).

Penning (1937) developed a cold cathode ionization gauge (Fig. 6.44). If one

applies a potential of a few kV between parallel plate capacitor in the presence of a
gas at low pressure, a glow discharge will result. The energetic electrons in a glow

discharge will ionize the neutral molecules to give ions and free electrons. The ions
are attracted to the negative electron where they generate secondary electrons. By

utilizing a ring and an additional cathode and applying a magnetic field, the
electrons are made to follow spiral paths and assist in discharge at low-pressure

levels. The ion current Iþ is related to pressure through a formula of the type

Iþ ¼ CP n, (6:103)

where C is a constant and n is typically in the range 1.1–1.4. The gauge is simple
and rugged in construction. Since the pumping speed is 100 times that of the hot

ionization gauge, it has found more applications as a pump than as a gauge.

Ion collector

Electron
collector
(grid)

Electron source
filament

A +180 V+30 V

Figure 6.43: Bayard Alpert gauge.
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6.7.5. Partial Pressure Gauges

The specific components of a gas present and their partial pressures are needed
in any controlled experiment involving high vacuum. The instrument utilized to
determine the individual gas species is a mass spectrometer, which separates the

gas molecules by the ratio of mass to charge. A partial pressure analyzer
therefore consists of three essential components: an ionizer which is able to

ionize the gas molecules and direct them in a given direction, an analyzer which
receives the ionized molecules and separates them according to their mass and a

detector which can measure the relative abundance of ions. Unlike mass spec-
trometer that has high resolution for mass separation, the residual gas analyzers

(RGA) are more compact, directly mounted on the vacuum system and can
distinguish masses up to 100 where most of the gases of interest are present.

Ionization of molecules is facilitated by electron impact. Exact molecule has a
threshold energy before it can ionize, and the ionization increases with increase
in energy and is a maximum around 70 eV depending on the molecule

(Fig. 6.45). Since the probability of ionization depend upon the individual gas,
corrections are necessary to obtain correct partial pressure measurements, and

B

B

(a) Ring anode

(b) Tubular anode

Figure 6.44: Cold cathode ionization gauge.
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require calibration for each gas. In addition to ionization, fragmentation of

molecules and multiple ionizations occur which facilitate identification of gas-
eous species. The determination of the gas phase composition in the vacuum

chamber implies that there be no component of gas introduced into RGA by
electron induced desorption and outgassing from the ionizer from walls. Ion-

izers are designed to produce a well-collimated beam of fairly monoenergetic
electrons capable of providing a beam that can be controlled at a constant beam

current. The electrons in the ionizer traverse paths (often influenced by mag-
netic fields) that enhance collision with atoms, so that positive ions are pro-
duced and are in numbers proportional to the electron beam current and to the

density of gas molecules.
The simplest way to detect positive ions is to collect them in a Faraday cup

(Fig. 6.46). When a positive ion hits the conducting surface in a Faraday cup, the
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Figure 6.45: Ionization versus energy.
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transfer of electrons from the conductor to the ion neutralizes these. A detector
circuit provides the electron in this process, so that current can be measured.

Currents that are to be measured are typically leas than 10�11 A, so that provi-
sions in design must be made to exclude noise and leakage currents. At very low
pressures amplification of current becomes a necessity and this is accomplished

by the use of electron multipliers. Two types of multipliers are in common use:
Venetian blind electron multiplier and channel type electron multiplier. One

measures either the ion current or the number of ions arriving per second.
The method of separating the ions based upon their mass to charge ratio may

be accomplished by the use of a magnetic sector (Fig. 6.47). A magnetic field
exerts a force on charged particles to move them in curved paths of radius

curvature R, according to

Mv2

R
¼ Bqv: (6:104)

Since the incident ion has energy we note

qV ¼ 1
2 mv2: (6:105)

Analyzer exit

Electron suppressor

Faraday cup

Electrometer

Positive
ions

Figure 6.46: Faraday cup detector.
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Therefore,

M ¼ B2qR2

2V
: (6:106)

Different masses bend by different amounts. The magnetic sector is designed to
receive one type of ion at a time. In order to scan different masses one can vary

either B or V, even though the latter is more convenient in practice.
Various other types of mass separators are available of which the quadrupole

mass filter is the most popular. The quadrupole consists of four metallic cylin-
ders which are energized by a constant DC potential and an RF potential
V cos vt (Fig. 6.48). The configuration of the conducting poles is such as to

allow one mass to pass through the axis of the quadrupole whereas other masses
strike the rods and are neutralized. Different masses are brought into passage

through the qudrupole by varying the RF and DC voltage levels (keeping their
ratio constant). The partial pressure analyzer suited to one’s needs is based on

such considerations as follows: the type of gases one has to deal with, the
resolution of masses desired, the range of pressures over which the instrument

should operate satisfactorily, the time it takes to run through the identification
of all interested gaseous species, the stability of the instrument and of course its
cost. A variety of mass spectrometer choices are available commercially.

A typical mass spectrum is shown in Fig. 6.49 and is a plot of the relative ion
signal strength versus ratio of mass number to charge. The mass spectrum will
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Figure 6.47: Magnetic sector analyzer.
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Figure 6.48: Qudrupole mass filter.
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Figure 6.49: A typical mass spectrum.
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reveal for all elements the existence for several stable forms of isotopes. Since
molecules have binding energies in the range 1–10 eV and the incident electron

energy is typically in the neighborhood of 70 eV, several different reactions are
possible producing many types of fragment molecules. Therefore the existence

of any molecule is associated with a fingerprint of their fragmentation pattern.
A typical example is given in Fig. 6.50. Quantitative interpretation assumes that

each peak has contribution from molecular ions and fragments that can be
added in a linear fashion. The contribution to peak height hij from the gas j at
mass number i is given by

hij ¼ SjPjaij, (6:107)

where Sj is the analyzer sensitivity for the gas j, Pj is the partial pressure of gas j

and aij is the fragmentation pattern ratio for the peak at mass i as compared to

the principal peak. A typical procedure in quantitative analysis starts by attrib-
uting the highest mass peak to a given gaseous species. Assuming that the entire
signal is due to this gas, and from the knowledge of the sensitivity of the partial
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Figure 6.50: Mass spectrum of methane.
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pressure analyzer to detect the gas species as well as the fragmentation pattern
ratio from the special standard, we can obtain the partial pressure. The sub-

traction of the contribution from the mass of the observed peak heights gives a
set of new results. The second highest mass number is now identified and the

process is repeated until all the peaks are accounted for.

Example 6.16

Identify the mass spectra and calculate the partial pressure of the individual

species from the data given below.

Assume that the highest mass number 18 is due to water.

The sensitivity of partial pressure analyzer to H2O is 1:0� 1011 div=torr.
If we assume that the entire M/q peak at 18 is due to H2O, we obtain the

partial pressure of H2O to be

Pj ¼
hij

Sjaij
¼ 120=[1:2� 1011(1)] ¼ 10�9 torr:

The other peaks due to water are at mass number 16 and 17, the aij for these

from the standard fingerprint spectrum is 0.011 and 0.23 respectively. Utilizing
the calculated pressure above, the contribution to peaks at these mass numbers

is

hij ¼ PjSjaij ¼ 10�9 � 1:2� 1011 � 0:23 ¼ 27:6,

hij ¼ PjSjaij ¼ 10�9(1:2� 1011)� 0:011 ¼ 1:32:

Subtracting the above contributions from the observed spectra we obtain the
following results.

Mass number Peak height in divisions

18 120

17 16.3

16 651.6

15 535

14 97.3

13 48.05

12 14.976
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The remaining peaks have the highest mass number of 17, which is attribut-
able to methane (CH4). If we attribute the peak at 17 to 100% methane then the

partial pressure of methane is given by (assuming the same Sj as for water)

Pj ¼ hij=Sjaij ¼ 15=(1:2� 1011)� (0:024) ¼ 5:2� 10�8 torr:

Using the above partial pressure and information from the standard fingerprint

chart for CH4, we obtain hij ¼ PjSjaij

5:2� 10�8 � 1:2� 1011 � 0:077 ¼ 48:05:

¼ 5:2� 10�8 � 1:2� 1011 � 0:156 ¼ 97:344:

¼ 5:2� 10�8 � 1:2� 1011 � 0:858 ¼ 535:39:

¼ 5:2� 10�8 � 1:2� 1011 � 1 ¼ 624:

¼ 5:2� 10�8 � 1:2� 1011 � 0:012 ¼ 7:488:

¼ 5:2� 10�8 � 1:2� 1011 � 0:024 ¼ 14:976:

In this highly artificially constructed result the gases H2O and CH4 account for
all the gases present in the system. The procedure is illustrative of how the
analysis is carried out when several gases are present in the system.

Problems

6.1. Calculate the specific heat at constant volume and at constant pressure for
the molecule CH4. Compare it with the experimental value.

6.2. Calculate the volumetric flow rate for unit aperture for (a) hydrogen, (b)
nitrogen and (c) water vapor as a function of temperature from 100 K to

400 K.
6.3. Show that when two pipes with conductance C1 and C2 are connected in

parallel, the total conductance Ct is

Ct ¼ C1 þ C2.
6.3. Plot C=SP as a function of S=SP.

6.4. Assuming adiabatic expansion show that the throughput Q of a gas
flowing through the aperture is

Q ¼ AP1
P2

P1

� �1=g 2g

g � 1

RT1

M
1� P2

P1

� �(g�1)=g
" #( )1=2

,

T1 is the temperature of the gas at high pressure.

6.5. Calculate the molar flow rate at 300 K, if a one-liter chamber contains a
gas that is escaping at the rate of 10�6 mbar l=min.
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6.6. A tube of diameter 25 cm long and 10 cm in diameter is connected to a
vacuum system. What is its conductance?

6.7. Calculate the thermal conductivity of He, N2 and O2 at 300 K.
6.8. A U-tube manometer has columns from a glass tube of internal diameter

2 cm. What would be the difference in height that has to be measured for
registering a pressure of 10�2 torr? What is the accuracy with which one

has to measure the difference in heights in order to measure pressures of
the order of 10�6 torr? Is this practical? Why or why not?

6.9. Consider the heat flow between two plates separated in distance b from one

another. If the conditions between the plates are such that the Knudsen
number is much less than one, write an expression for heat flux between the

plates. Do the same when the Knudsen number is greater than one. Deter-
mine the dependence of heat flux on pressure and distance between the

plates in each case. Under what conditions is it useful to employ a high
thermal conductivity gas such as helium to improve the heat flux? How

does the thermal accommodation coefficient affect the heat flux?
6.10. A reactor at an average temperature of 350 K operates at a throughput of

0.03 slm (standard liter per minute). What should be the pumping speed at

the chamber if the reactor has to operate at a pressure of 0.005 torr?
6.11. Obtain an expression for the heat transfer by gas conduction between two

parallel plates at a distance b from one another when (a) Knudsen number
� 1 and (b) when the Knudsen number is >1.

6.12. Show that the effective pump speed, S, can never exceed the conductance
of the worst component or pump speed, SP.

6.13. Calculate the distance of separation between molecules in air at atmo-
spheric pressure and 298 K. How does this compare with size of the

molecule? Repeat the calculations for a pressure of 10�3 torr.
6.14. Consider a tube of diameter 20 in. long and 1 in. in diameter. Calculate the

conductance of the tube. What is the conductance of the opening of the

tube? Calculate the total conductance. If the length of the tube were 5 in.
how would your calculation be affected?

6.15. A pump has a pumping speed of 300 l/s. It is attached to a tube of 10 in.
long and 5 in. in diameter, which is connected to a vacuum system. What is

the pumping speed at the chamber? If the diameter of the tube were
0.5 in., how would your calculation be altered?

6.16. Consider an evacuated pipe of diameter 10 in. that is sealed off with a flat
plate. What is the force acting on this plate? How thick the flat plate
should be in order to withstand this pressure. Assume the plate is made

from stainless steel.
6.17. What should be the height of the air column above the ground in order to

register a pressure of one atmosphere at the ground level?
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6.18. Sketch the nature of movement of gas molecules in (a) laminar flow,
(b) viscous flow and (c) turbulent flow for gas flowing in a cylindrical tube.

6.19. How many molecules are contained in a cube of 1 cm at atmospheric
pressure and room temperature of 300 K? What should be the pressure

if the number of molecules in this cube consists of only one hindered
molecule?

6.20. Calculate the conductance for argon flowing in a cylindrical tube of inside
diameter 5 mm and length 2 m, when the flow is (a) viscous, (b) molecular
and (c) slip flow.
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Chapter 7

Special Sources

7.1. Introduction

In physical vapor deposition, atoms and molecules are obtained from a con-

densed source in the form of a vapor. The method used to form the vapor
defines a number of characteristics of the vapor atoms, such as their energy

distribution, velocity distribution, flux of atoms, angular distribution in space,
their degree of ionization and the nature of clusters or molecular fragments

present. In addition, one can influence the above qualities by interjecting in
the path of the atoms reactive or nonreactive molecules, plasma, electron and

ion or photon environment. Several different types of deposition processes
emerge out of all the permutations and combinations of the sources of energy

and we devote our attention to examine some of these processes. Physical vapor
deposition process consists of three essential features: a source to supply the
material, an energy supply to transport the material from a source to substrate

and the substrate on which the film is deposited. Different techniques differ
from one another in the form of energy imparted to the particles and its

associated mass transfer mechanism. The primary energy source from electrons,
photons or ions is used to vaporize the source material, to activate the atoms

during their transport or to modify the film structure during deposition. Unlike
thermal energy sources, one can utilize the electrons, ions and photons to avoid

energy input to materials enclosing the source. The ability to focus the incident
beam provides additional capabilities to heat the source material at the point of
impact. The source material can also be relatively cool as in sputtering when

ions impact the target material over a large surface area. The energies that
can be delivered far exceed the bonding energy of the atoms or the sublimation

energies of solids so that this enables one to consider the transfer of virtually
any material to the vapor state. Atoms coming from the target with increasing

energies also contribute to improvement in film microstructure and show better
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adherence of the film to the substrate. When ions are involved in the vapor,
biasing the substrate can enhance their energies.

7.2. Molecular Beam Evaporation

In molecular beam flow methods, the transport of material from the source to
the substrate occurs in the molecular flow regime. The mean free path for
collisions between molecules is therefore much larger than the source to sub-

strate distance. This is possible if the gas chamber has a very low pressure
(133� 10�6 Pa). The background contamination is minimal because of the

ultrahigh vacuum (133� 10�12 Pa) conditions that are maintained in molecular
beam deposition system (Gunther, 1958). Molecular beam epitaxial (MBE)

systems are oil free and this ensures that the substrate is atomically clean before
growth (Davey and Pankey, 1941). In this way, one can maintain the advantage

of MBE to enable the control of composition and doping level of a growing
structure at monolayer level. To assure such control, it is also essential to use
construction and crucible materials with the lowest rate of gas evolution.

Cryogenic screening around the substrate minimizes the stray flux of atoms
from the walls of the chamber, which are generally at room temperature, and

from the heated components of the apparatus. The partial pressure of undesired
gases on the substrate can be reduced by exposing the substrate to an influx of

gases, such as hydrogen. Since the gas molecules do not collide with one another
on their way to the substrate, the deposition in MBE follows the line of sight

features. The orifice of the source determines the direction in which the beam
emerges, which may be guided further by slits and shutters before it hits the

substrate. The low vapor pressure with the consequent low flux of molecules
permits the use of mechanical shutters to alter the growth patterns of films.
Mechanical shutters that operate (<0.1 s) in less than the time it takes to grow a

single atomic layer (1–5 s) provide one the ability to produce complex multi-
layer structures by interrupting the molecular beam. The ultrahigh vacuum

enables the use of instruments to measure the physical and chemical properties
of the film to be measured in situ. The chemical and mechanical treatment of

the substrate, passivation of the substrate and subsequent removal of the
passivation layer in the MBE chamber forms an important component of

MBE evaporation process to provide atomically clean substrates. In MBE one
endeavors to achieve abruptness and control of interfaces and doping profiles,
primarily due to low temperatures of growth and low rates of deposition, and

the high vacuum environment allows one to use high quality source material
ensuring purity of film deposited. MBE has thus evolved into one of the most
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widely used techniques for producing epitaxial layers of metals and alloys,
semiconductors, insulators and superconductors.

The primary advantage of molecular beam evaporation is that one can grow
films, atomic layer by atomic layer. The mechanism of growth is simple, so that

the control of dimensions at atomic levels permits one to introduce a variety of
heterostructures. Heating a solid source produces atoms or clusters of atoms.

These atoms then migrate in an ultrahigh vacuum environment and impinge on
a hot substrate, where they eventually incorporate in the growing film. Even
though conceptually simple, great technological effort is required to produce

systems that yield the desired quality in terms of material purity, uniformity and
interface control. Typical growth temperatures allow sufficient surface diffusion

to allow layer-by-layer growth while limiting the bulk diffusion. Assuming the
deposition occurs at sufficiently low temperatures, diffusion between layers is

negligible so that one can retain sharp interfaces and confine the dopants to the
layers where it is introduced. These interfaces can be essentially atomically flat.

They permit the design of heterostructures in semiconductors that enable
confinement of charge carriers that dramatically alter the electrical and optical
properties of devices. One can thus fabricate from deposited films unique

structures with new periodicity that is not normally present in nature. Many
compound semiconductors are produced by this method with high purity and

exhibit excellent optical and electrical properties and permit the fabrication of a
number of unusual devices. Among the disadvantages are the downtime asso-

ciated with replenishing the source material when the system has to be opened
to atmosphere that require extensive baking to reach high vacuum before

operation. Some materials like phosphorus cannot be used in MBE systems in
elemental form and there are many specific problems associated with individual

materials and their doping. The cost of the system, and the ability to produce
large area of deposits are of major concern to the manufacturer. The metal
organic chemical vapor deposition (MOCVD) can be an attractive alternative

to MBE because of higher growth rate and larger wafer capability from the
manufacturing point of view.

The constructions of all molecular beam deposition systems are modular
(Fig. 7.1). A typical system consists of chambers in which one accomplishes

the following: wafer loading, sample preparation, analysis and growth of film.
Each module has its own vacuum system and the associated network of pump-

ing, sample manipulation devices and other accessories. The modular construc-
tion serves to maintain each chamber at the appropriate pressure to perform the
tasks that are relevant to that particular chamber. Modular construction enables

one to achieve reproducibility of the process and assist in increasing throughput.
The connection of each chamber to other chambers is through appropriate gate

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch07 Final Proof page 537 17.11.2005 11:52pm

Special Sources 537



valves. The entire system is run by real-time computer control, which ensures
precise synchronization of events during the growth process. The computer
software that is necessary should be adaptable to the needs of the particular

growth structure that is desired by the user. The maturity of the technique of
molecular beam evaporation is reflected in the ability to grow complex device

structures with ultra pure materials, and attain abrupt smooth interfaces and
defect free surface morphology.

The sample introduction chamber allows one to prepare specimens and has
the accessories to transfer them between chambers. The substrates are degassed

prior to growth and all the components must resist bake out temperatures up to
300 8C for extended periods of time that is necessary to minimize outgassing

from the internal walls. Generally, the specimens are in a vacuum of 133� 10�6

to 133� 10�7 Pa. The vacuum available in molecular beam epitaxy system
allows the surface contamination prior to growth to be lowered and also results

in less contamination in the growing film. Preparation of high quality devices
requires that one starts with clean and stoichiometrically perfect substrate. It is

also necessary to remove any oxide present on the substrate. Several in situ
preparation techniques are in vogue, specific to the individual material that

is processed, and these may require additional tools to be included in the
preparation chamber.

The sample preparation chamber acts as the buffer between the sample
introduction and growth or analysis chambers. With the combination of ion
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Figure 7.1: Modular construction of a molecular beam evaporation system.
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pump, cryopump and a titanium sublimation pump, one maintains pressures of
the order of 133� 10�10 Pa. One can achieve these pressures with all metal

seals and a fully baked chamber. To reduce impurity concentrations below
1021 m�3, the partial pressures required should be less than 133� 10�13 Pa. In

this chamber, substrate preparation, such as outgassing, sputter etching and so
on occurs. The substrate holder assembly includes a substrate heater and the

capability for translating and rotating the substrate. The heating of the substrate
is generally by resistance heating. It is common to mount the substrate on a
molybdenum block. Substrate rotation is employed to remove lateral variation

in growth rate and composition. In the growth chamber one maintains rou-
tinely, base pressures of 133� 10�11 Pa or lower prior to deposition. Special

attention is necessary for the materials of construction. Low outgassing 304 or
316 stainless steel has weld joints fabricated by titanium inert gas welding.

Internal parts of the vacuum system utilize pyrolitic boron nitride and refrac-
tory metals. Solid lubricants, such as MoS2, WS2 lubricate moving parts, and

no elastomers are present anywhere within the system. Surface analysis tools
such as Auger electron spectroscopy, secondary ion mass spectroscopy, X-ray
photoelectron spectroscopy and ultraviolet photoelectron spectroscopy, are

often present to verify the progress of sample preparation.
The growth chamber is large enough to accommodate several sources of

vapor producing cells, as well as analysis instruments. The reflection high-
energy electron diffraction (RHEED) is standard instrumentation required to

take advantage of the opportunities provided by molecular beam evaporation
method. The RHEED technique employs a high energy (up to 20 KeV) elec-

tron beam, directed on the sample surface at grazing angle incidence (a few
degrees). The diffraction pattern image is recorded on a symmetrically placed

flourescent screen combined with a charge-coupled device. The electrons are
scattered from the first few atomic layers thereby giving surface sensitive
diffraction patterns. The geometry of RHEED setup allows the MBE tech-

nique to go on uninterrupted, so that the technique is available for analysis
during the growth of the film. A quadrupole residual gas analyser (RGA)

provides signatures for possible leaks in the system and detects all gases in
the system. Evaporation or sublimation from heated liquids or solids contained

in crucibles produces molecular beams. Other means of obtaining vapor beams
are two zone cells, cracker cells and valved cracker cells. Liquid nitrogen

cryopanels surround internally both the main chamber wall and the source
flange, so that re-evaporation from hot parts is prevented. In addition, they
allow for isolation among different cells, as well as additional pumping of

residual gas.
The Knudsen’s cells are tubular crucibles that are open at one end and made

from pyrolitic boron nitride or graphite. Tantalum wires heat the crucibles by
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resistive heating. Tantalum foils shield these wires. The crucibles must be free
from gases or must not produce any gas by any reaction. In a true Knudsen’s

source, the orifice has to be of the same size or less than the mean free path of
the gas molecule at the temperature of evaporation. However, this can lead to

blocking of the cell opening. Increased diameter of orifice reduces the pressure
within the source. Liquid nitrogen cools the sources on the outside to prevent

degassing. Thermocouples are used to measure temperatures. The thermo-
couples are placed near the back of the sample holder. Hence, they have a
large temperature offset with respect to the sample surface. Pyrometric inter-

ferometry and gap thermometry have been used, but still the accurate meas-
urement of substrate temperature remains a difficult task. The practical

Knudsen cells have large openings that permit lowering of evaporation tem-
perature. The flux emanating from the source is slightly different from the

equilibrium value and depends on the crucible shape and varies with the
evaporant fill level in a crucible. The distribution of the vapor molecules

changes from a cosine distribution when the crucible is full to a narrower
distribution when the level drops. The large thermal mass of the crucible and
the evaporant makes rapid changes of evaporation rates and cell temperatures

impossible. Knudsen’s cells are by far the most important type of evaporation
source in molecular beam systems. Large area liquid nitrogen cryoshrouds

encircling effusion cells and substrate prevents contaminants from entering
the system and improve beam flux controllability. The design of Knudsen

cells can be done to improve the controllability of the beam flux. By using
separate cells for the growth of group III and group V elements, one can

increase the capacity of the Knudsen cells. Separate sources are needed for
introducing dopants such as silicon, manganese, magnesium or tin into GaAs.

There are typically six to ten effusion cells that are placed on a flange, and are
co-focused on the substrate heater to optimize flux uniformity (Fig. 7.2). The
flux stability must be better than 1%, which requires control of source tempera-

ture to within a degree or less around 1000 8C.
The ultrahigh vacuum conditions provide molecular beam methods their

distinct advantages, such as ability to create sharp interfaces, excellent uniform-
ity, high purity and benefit of in situ diagnostics. The maintenance of this

vacuum is possible only when one utilizes materials with low vapor pressure
at high temperatures, low outgassing at high temperatures, small thermal ex-

pansion coefficient and reasonable mechanical properties. W, Mo, Ta, Nb and
Re are some of the metals involved. Tungsten is used for heating wires.
Tantalum is employed as heat shields. Molybdenum is invaribly used as the

substrate mounting block. Re and W are the components of the thermcouple
(W0:95 Re0:05=W0:74 Re0:26). Boron nitride, quartz and graphite can be used as

they have low vapor pressure, low outgassing, small thermal expansion and
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good mechanical properties. At lower temperatures where mechanical stabi-

lity is required stainless steel is employed. However, there is considerable
downtime associated with the maintenance of the vacuum equipment. This

is necessitated by the need to open the chamber to replenish source materials
to the evaporation sources. There are also transients caused by heating of

the surface of the source from radiation reflected of the mechanical shutters
that are essential in controlling the flux patterns at the substrate. Since the
thermal heat capacity of Knudsen’s source is large, it has a slow thermal

response time.
Some solids evaporate predominantly as tetramers (e.g. As, P). However,

dimers are preferable by virtue of their better sticking coefficients to the
substrate. Therefore dissociation or cracker sources perform this essential

function. In these sources there are two zones of temperature. The low tem-
perature zone produces the tetramer vapor and the high temperature zone

cracks the tetramers to dimers. The efficiency with which cracking occurs also
depends on the catalyst, and it is found that the metals tantalum and rhenium
are very effective catalysts. One can have large sources of cells outside the
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Figure 7.2: Typical deposition chamber in a molecular beam evaporation system.
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source flange tube and connect them to the cracker section through a valve.
These sources, known as valved cracker cells, permit long operating times for

cells without refilling.
The solid sources of group III and group V elements of a molecular

beam epitaxy growth system can be replaced by gaseous sources, such as
AsH3, Ga(CH3)3, PH3, and Al(C2H6)3. The orginal motivation for introducing

gaseous sources is due to the difficulty of doping semiconductor compounds
with elemental source of phosphorus. The gases are thermally cracked into
atoms and dimers and enter the MBE system through a single port. Use of

ventilation lines avoid transients so that steady state conditions are maintained
during growth. Many other combinations of sources, such as electron beam

sources, valved effusion cells, resistively heated dopant sources, plasma and ion
sources have been developed so that they can be utilized in molecular beam

deposition methods.
Molecular beam epitaxial method is rich in in situ diagnostic techniques.

Effusion cell temperatures are monitored by thermocouples. Optical pyrometry
can be used to measure substrate temperature. The flux of source is often
calibrated by using an ion gauge or mass spectrometer placed over the position

of the substrate. Quartz crystal deposition rates are used to monitor thickness.
Mass spectrometry is used for determining the molecular beam fluxes and to

observe residual gases. RHEED is used extensively to provide information on
observing removal of surface oxide on the substrate, surface crystal structure,

surface reconstructions, surface morphology, growth rates and occassionly the
composition of the film.

The composition, morpholgy and structure of a thin film are probably its most
important distinguishing features. The formation of a particular microstructure

starts at the surface of the depositing film. The surface sensitive techniques are
therefore extremely important in deciphering thin film formation. The electron
diffraction techniques occupy a primary role in this analysis. Electron diffrac-

tion gives a strong signal even with few atoms participating in the diffraction
process because of the strong elastic and inelastic scattering of electrons by

atoms. Monoenergetic electron beam is easily obtained and easily detected
after scattering. The RHEED technique employs a high energy (from 10 to

100 keV) electron beam, directed at the sample surface at grazing angle inci-
dence (0.1–58). The grazing angle forces the electron beam to remain at the

surface. However, at the energies involved penetration of the electron beam
into the sample can be large enough to provide diffraction from the bulk
sample. Asperities on the surface that are not too wide can produce bulk

diffraction patterns in RHEED while reflection patterns appear from flat re-
gions of the surface. A simple kinematic theory can be utilized to understand

the diffraction pattern. Because of the grazing angle of incidence (a few de-
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grees), the electron beam is scattered from the first few atomic layers, and gives
surface-sensitive diffraction pattern. Because of the grazing angles used, one

can continuously monitor the progress of the deposition without affecting it.
A simple kinematic analysis of diffraction from high-energy electrons is given

in Chapter 10. If the electrons interact only with the first atomic layer of a
perfectly flat and ordered surface, the three-dimensional reciprocal latice points

degenerates into parrallel infinite rods. The intersection of the Ewald sphere with
reciprocal lattice gives rise to a series of points on the Ewald sphere, which
defines the direction of diffraction beams. The diffraction pattern should be

points but the presence of thermal vibrations, lattice imperfections, divergence
and diffraction of the incident electron beam, results in a diffraction pattern

consisting of a series of streaks. If the surface is not flat, the many electrons that
will be transmitted through the surface asperities will be scattered in different

directions giving rise to spotty features. The diffraction pattern evolves from
spots to streaks as the surface becomes smoother. Therefore, the very first

application from RHEED patterns is to ascertain the flatness of the surface. If
there is an amorphous surface such as that of an oxide, no diffraction pattern that
is discernible results, so that the presence or absence of oxide on the substrate can

be monitored prior to deposition and the appropriate countermeasures to
prepare the substrate can be undertaken. A polycrystalline surface results in

diffraction rings so that determination of the single crystalline nature of the film
is straightforward. Diffraction patterns taken at two perpendicular azimuths

provide information about the reconstruction of surfaces, where the recon-
structed surface gives rise to additional weak diffraction spots in between

the main diffraction spots. Information about restructuring of the surface can
also be ascertained from the extra lines in the diffraction pattern. Thus the nature

of the structure of the surface can be determined before the start of deposition.
One can observe oscillations in the RHEED intensity corresponding to the

growth of atomic or molecular layers (Fig. 7.3). Only one of the several modes

in which epitaxial growth ocurs causes RHEED oscillations. In the so-called
island growth, the growth of an atomic monolayer proceeds from atomically flat

plane by formation of islands of monolayer height and their subsequent growth
to complete the formation of the monolayer. The surface is thus flat at the

beginning of the growth of the monolayer and becomes rough halfway through
the growth of monolayer (Fig. 7.4). The intensity of the diffracted electrons is

sensitive to the degree of roughness because the de Broglie wavelength of the
electrons is small with respect to the lattice constant of the growing crystal.
The oscillation of the atomic roughness causes an oscillation of the intensity of

the reflected and diffracted electrons, so that one period of oscillation corres-
ponds to the growth of one monolayer. The oscillations are best observed at a

certain angle of the incident electron beam, so that tweaking of the angle at
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Figure 7.3: Intensity oscillations observed by RHEED.
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Figure 7.4: Relationship of RHEED oscillations to surface structure.
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which the electrons hit the surface of the material is necessary. The oscillations
can be considered as a measure of the layer-by-layer growth of the sample so

that one can calibrate the growth rate. The unique feature of MBE is the ability
to monitor the progress of growing crystal surface by RHEED. The diffraction

pattern illustrates the manner in which one can monitor the condition of the
surface during growth.

The observation of the fading of the intensity of RHEED oscillations have
been utilized to provide information on the various modes of growth during
epitaxy as well as supply quantitative information on the diffusion lengths of the

atoms on the surface. The transition from island growth to step propagation
growth occurs when the surface diffusion length of the incident species equals

the separation distance between atomic steps on the surface. Undamped
RHEED oscillations occur only when islands grow laterally and merge to

complete monolayer before the next monolayer begins. If the second island
grows before the first islands have completely merged, the RHEED oscillations

will be damped. When several monolayers are growing at the same time, the
surface always looks rough and the RHEED oscillations die out completely.
The nature of RHEED oscillations when the growth is stopped has resulted in

several new information about epitaxial growth patterns. It is found that surface
smoothens during growth interruptions as evidenced by the RHEED intensities

reaching a steady state value and furthermore when the oscillations are
reexamined they appear to continue for more cycles. These results have also

obtained independant confirmation from photoluminiscence meauserments.
High quality semiconductor epitaxial growth has been determined to occur

above a critical temperature as judged by photoluminiscence measurements.
The misorientation of the substrate (the number of degrees away from the

principal plane and the misorientation direction) has a very large effect on
the quality of the film grown and the critical temperature.

A number of optoelectronic devices, such as light emitting diodes (LED),

laser diodes (LD), solar cells, electronic devices such as high-electron mobility
transistors (HEMBT) and heterojunction bipolar transistors have been fabri-

cated utilizing III-V semiconductor compounds. The ability to produce these
devices depends upon growing thin film epitaxial layers with perfect control of

the interface between the semiconductor layers. In addition, one must be able
to control at least one property, such as dopant concentration, at least in one

dimension. It is possible to vary the band gap, refractive index, or carrier
concentration by varying the composition or elastic strain of the layers and
achieve confinement or guidance of carriers and photons. The design features

permitted by strict control of growth of layers have been referred to as band gap
engineering. Extensive research and development work has been conducted on
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the growth of III-V binary, ternary and quaternary compounds, with emphasis
on GaAs, (AlGa)As and (GaIn)As.

The precursor to the development of molecular beam epitaxy was the study
of adsorption and desorption of gallium atoms on the (111) face of GaAs

(Arthur, 1968). Arthur showed that for III-V compounds, there is a range of
temperatures over which virtually all the group elements are adsorbed on the

surface. Ga adsorbs on GaAs at about 500 8C and has a life time of about 10 s,
whereas arsenic desorbs almost immediately. However, if gallium is adsorbed
on the surface, one atom of As remains on the surface for one atom of Ga

enabling the growth of a stoichiometric crystal. The sticking coefficent of As2

is shown to be unity if a monolayer of Ga exists on the surface and that of

As4 is rarely ever greater than 0.5. The incorporation of As2 occurs by a
simple dissociation mechanism (Foxon and Joyce, 1975). The effective flux of

Ga at the substrate must exceed the requirements of the equilibrium of the
reaction

1
2 As2 þGa ¼ GaAs: (7:1)

K ¼ P
1=2
As2

PGa: (7:2)

Typically the Ga beam is adjusted to provide 1---3 mm of epitaxial growth per
hour, or about 1015 Ga=cm2=s. The As flux is maintained 2–10 times higher than

the Ga flux. Excess As atoms re-evaporate from the substrate except those
group V atoms that have reacted with the group III atoms on the substrate.
Gunther (1958) showed that in order to grow III-V compounds (say GaAs), it is

necessary to have the substrate temperature to be between two effusion cell
temperatures (of Ga and As) for stoichiometric growth, the so-called three-

temperature method. It is also known that for optimum growth in most III-V
materials, it is best to have the surface reconstruction exhibiting the structure

(2� 4). Then-type and p-type conductivity in GaAs can be achieved by doping
with Si, Sn and Mg doping elements.

The major reason for using MBE is associated with its ability to grow
heterostructures with abrupt intefaces (Cho, 1969). The first requirement is
therefore the rate at which the arrival of the source materials at the growth

interface can be altered compared to the growth rate. The molecular beam can
be turned on or off by mechanical shutters in a time much shorter than the time

needed to grow a monolayer. Species arrive only in the form of beams so that
abrupt switching is very effective. Species arriving at the growth surface via an

indirect path involving one or more collisions with the walls after the shutter is
closed is associated with high vapor pressure elements, since the low vapor

pressure elements stick to the wall. Elements as, P with their high vapor
pressure may necessitate the use of growth stops to obtain abrupt interfaces.
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The second requirement in growing abrupt interfaces requires that the time
between the arrival of source material on the surface of the incident species and

its incorporation into the crystal be short compared to the time of growth of the
monolayer. The observation of the growth of monolayers is possible using

RHEED oscillations. However, some dopants such as Sn, In in GaAs have
long incorporation times, so that they are not useful as dopants, wheras Si has a

short surface life time and is the preferred dopant which acts as a donor in
GaAs. The final requirement is for interdiffusion to be negligible at the growth
temperature. Frequently, dopants do not necessarily confine themselves to the

layers in which they are supposed to rest. Hence, lower temperatures of growth,
when possible are sought, but one must also take into account the strong

influence of electric fields on diffusion.

Example 7.1

The RHEED oscillations were examined to result in a growth rate of 1.72
monolayers per second for AlGaAs and 1.08 monolayers per second of GaAs.
What is the composition of AlGaAs?

Composition of AlGaAs ¼ growth rate of AlGaAs� growth rate of GaAs

growth rate of AlGaAs

¼ 1:72� 1:08

1:72

¼ 0:37:

High quality epitaxial material implies low point defect concentration in

semiconductor compounds. The presence of point defects enhances nonradia-
tive recombination in direct gap III-V semiconductors. The point defects also

limit the mobility and velocity of charge carriers by increasing the scattering. If
point defect concentrations below 1017 cm�3 are desired in a semiconducting

compound that has a density of atoms of about 1022 cm�3, then it is necessary to
control the stoichiometry of the semiconductor compound to better than 1 ppm.
Growth temperatures can be found for III-V and II-VI semiconducting com-

pounds to insure stichiometric growth by the three-temperature method. To
avoid atoms from being incorporated as interstitials or vacancies, the surface

diffusion incorporation time must be shorter than the deposition time for a
monolayer. If these times are reversed, unincorporated atoms on the surface

become buried by the next incoming monolayer, resulting in poor quality film.
Therefore, low substrate temperatures degrade the quality of the film, so that a

critical growth temperature is needed to grow high quality films that depends on
the growth rate.
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Example 7.2

GaAs is grown at the rate of one monolayer per second at 600 8C. From the

diffusion coefficient information, estimate the distance traveled by atoms along

the surface and in the bulk during one second. How far does the Ga atom travel

in a deposition time of 3 h on the surface and in the bulk?

7.3. Modified Evaporation Processes

In the evaporation process, thermal energy transforms the condensed phase
into vapor phase. The vaporized atoms continue without suffering any collisions

towards the substrate, since pressure in the system is in the range 133� 10�5 to
133� 10�6 Pa. The transport of atoms follows line of sight paths from source to

substrate. The thickness of the deposit varies from a maximum value above the
centerline of the source and decreases away from it. The planetary motion of
substrate overcomes to some extent this problem by trying to make the flux of

atoms uniform on all parts of the substrate. Another technique is to bring about
viscous flow conditions instead of molecular flow conditions. Viscous flow

conditions require collisions between molecules and occur at pressures above
20 mtorr. One way to accomplish this is to work at higher pressures by injecting

an inert gas such as argon. Argon atoms scatter the vaporized atoms and the
throwing power of the process increases considerably. The technique by which

the evaporated atoms interact with the inert gas atoms before deposition on the
substrate has acquired the name pressure plating or gas scattering evaporation

process. However, vapor phase nucleation and the low density of the deposited
material makes this approach not very useful.

The evaporation of a compound presents problems since most of the com-

pounds fragment on evaporation. There are a few compounds, such as SiO,
MgF2, CaF2 and so on that evaporate without dissociating. The majority of

compounds such as oxides either decompose into fragments or are deficient in
the elements with high vapor pressure. Most oxides on evaporation are thus

deficient in oxygen. Some compounds, such as TiB2 on evaporation break up
into phase mixtures both of which are present in the film. One way to over-

come this problem is by reactive gas evaporation in which one introduces
reactive gas into the vacuum chamber. The stoichiometry or the anion to cation
ratio in a compound depends on several factors: vaporization rate, the ratio of

various molecular fragments in the vapor, the mean residence time of the
fragments of the substrate, the reaction rate of fragments on the substrate to

reconstitute the compound. Since the formation of a compound takes a finite
amount of time, too fast a rate of deposition may not promote the formation of
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the compound. This feature has been observed in TiC, which is formed when Ti
is evaporated in a reaction mixture of C2H2. When Ti is evaporated in a

reaction mixture of C2H2, TiC forms only when the deposition rate is low,
such as 1.5 A/s.

In an effort to retain the high evaporation rate characteristic of the evap-
oration process, and promote the reactions necessary for the formation of

compounds, Bunshah developed the activated reaction evaporation process

(ARE)(Fig. 7.5). This process consists of evaporated molecules traveling
through the plasma of a reactive gas before they collide with the substrate. The

reactive gas plasma is the result of powering an independent set of electrodes
to create a discharge in the reactor gas. The main purpose of this plasma is

to provide high-energy electrons that can facilitate compound formation. The
main function of the electrons is to assist the formation of excitation, dissociation

and ionization reactions. In the ARE process, ionization of both the metal
vapor and the reactive gas or gas mixture occurs in the reaction zone. The

reaction zone is defined as the space between the metal vapor source and
the substrate. Since the evaporation source and the process of generation of
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Figure 7.5: Activated reaction chamber using electron beam as the heating

source for evaporation.
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reactive gas plasma are independent, thermal input parameters for the evapor-
ation source determine evaporation rates. Conditions governing the creation of

the plasma control the number of electrons, their energy and distribution of their
velocities. Plasma provides a source of activated atoms and molecules, energetic

neutrals and ions that can overcome activation energy barriers for chemical
reactions. In addition, many chemical reactions that would not take place except

at very high temperatures can form at lower temperatures in this process.
Metastable phases can also form. For example, TiC that requires a substrate
temperature of 1500 8C to form; but in an activated reaction process, forms at

400 8C. Similarly, metastable phases, it such as cubic boron nitride can form in an
activated reaction process that will not form in a reactive evaporation process. In

addition to these, activated reaction processes provide the opportunity to influ-
ence the properties of the films by giving the flexibility to vary stoichiometry and

microstructure of the film while retaining high rates of deposition. In ARE
process one can independently control the evaporation rate, plasma parameters

such as electron density, electron energy and its distribution and the substrate
temperature and bias.

The uncoupling of the methods used to generate the plasma with the available

methods for evaporation of materials provides a number of different options for
designing activated reaction processes (Bunshah, 1983). The electron beam

heating and subsequent vaporization of material is one popular method for
depositing high melting materials. Evaporation by resistance heating and subse-

quent reaction of evaporated molecules with the aid of a plasma environment are
beneficial in depositing low melting materials. However, arc evaporation, pulsed

laser evaporation can also be effective for evaporation of materials. DC, RF
potential applied between electrodes with or without magnetic fields can gener-

ate plasma. The electron supply to sustain the reactive plasma can be by thermi-
onic emission or by plasma electron beam guns. The selection of a particular
combination of evaporation source and plasma confinement and excitation

technique requires a detailed understanding of the mechanism of reactions
occurring in the activated reaction process. Progress in this area of scientific

understanding requires a detailed mapping of the essential parameters in plasma
with the reaction rates and is at present unavailable.

It is abundantly clear that in order to form any stable or metastable com-
pound, the Gibbs free energy change DG for the reaction at the temperatures

and pressures in the ARE reactor should be negative. For example, at a
temperature of 298 K and partial pressures of hydrogen and ethylene, the
Gibbs free energy change for the reaction

2 Ti(s)þ C2H2(g) ¼ 2 TiC(s)þH2(g); (7:3)
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is given by

DG ¼ DG0 þ RT ln
P(H2)

P(C2H2)

� �
: (7:4)

In a plasma environment, the individual reactants and products may be frag-

mented, ionized etc., so that many more reactions are possible than the one
mentioned above. Each of these reactions occur at an effective temperature

determined by the energy of the electrons in the plasma. Therefore, several
competing reactions may occur and a thermodynamic analysis can give an

indication of the particular conditions, under which a given reaction is favored
and such studies are not available. Even when the thermodynamics favor the

formation of a compound by reaction, the observed rate at which the films form
may be very slow. Therefore, one has to address the kinetics of the process.

Typically, the kinetics of the reaction is governed by a number of possible rate
controlling steps. These steps are: (a) the supply of reactants, (b) the collision
frequency between the reactants, (c) the rate of the chemical reaction at the

interface and (d) the rate of removal of products from the interface. Of all these
the rate of reaction is probably the one difficult to control. The presence of

plasma can enhance the reaction rate. The vapor generation rate in ARE process
is independent of the plasma and depends upon the particular technique used to

generate the vapor. The plasma is independently controlled from the evapor-
ation process, so that one can optimize the plasma conditions to give the proper

electron density, electron energy and distribution function without influencing
the evaporation rate. The ability to locate the substrate out of the plasma region
allows one to avoid the problems associated with substrate bombardment by

ions. A variety of approaches in ARE process is possible by incorporating new
approaches to obtain the evaporation species and to produce the plasma.

The major role of the plasma in the plasma-assisted processes is to activate the
reactions that are necessary for deposition of compound films. Added to this is

the low temperatures at which this synthesis can be accomplished. One can also
modify the growth kinetics and hence the structure and morphology of the film.

Example 7.3

Point out some of the advantages of ARE process with respect to synthesizing

TiC.

The formation of TiC according to the reaction

2 Ti(s)þ C2H2(g) ¼ 2 TiC(s)þH2(g);

has a Gibbs free energy change DG0 ¼ �76:5 kcal=(mol C2H2) at 298 K. The

reaction is thus thermodynamically favored to occur at room temperature.
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However, experimentally substrate temperatures of 300–500 8C are required,
and that too at low deposition rates of about 1.5 A/s.

If the deposition rate is to be increased, the temperature of deposition shoots
up to 1000 8C. Furthermore, the ratio of carbon to titanium in TiC decreases

from 1 to 0.2. With ARE process one can deposit TiC at 400–500 8C at high
rates of deposition. C to Ti ratio can be varied from 0.5 to 1.0.

7.4. Sputter Deposition Process

Grove’s (1852) observation of metal deposits on the walls of a discharge tube as

emanating from the electrodes is the precursor for the use of sputtering in the
deposition of thin films. This observation was first exploited commercially for

the manufacture of mirror coatings. The lack of reproducibility in the properties
of sputtered films was in large part due to poor vacuum conditions and the use

of air for generating the plasma. The atoms sputtered from a target could
diffuse back to the target, re-sputter or be buried underneath subsequent
returning particles. The pressure in the gas chamber is an important consider-

ation in determining whether the sputtered particle proceeds from the cathode
to the substrate. Penning and Moubis (1940) demonstrated that the sputtering

yield is independent of the product of pressure times the distance between the
electrodes, as long as the mean free path was much less than the discharge gap.

It was over a century after the discovery of sputtering that Wehner (1956), and
Almen and Bruce (1961) made observations that revealed the nature of sput-

tering process as one that involves momentum exchange between particles. The
discovery of preferential direction for ejection of atoms from a sputtered single

crystal, and the measurements of the average energy of the ejected atoms
(3–5 eV) (Wehner, 1955) as exceeding the thermal energies by an order of
magnitude, removed any doubt that the ejected atoms may be due to evapor-

ation. Furthermore, the angular distribution of sputtered particles depends on
the direction of the impinging particles and sputtering yields not only depend

upon the particle energy but also on their mass. We understand today, sputter-

ing as the ejection of particles from a condensed matter due to the momentum

exchange brought about by the impingement of energetic projectile particles
(Sigmund, 1993). Photons, electrons and neutral particles besides ions can also

cause ejections of atoms from a solid even though the massive ionized particles
that are easily energized are the most efficient in causing sputtering and are the
focus in sputter deposition processes. The particles ejected in sputtering are

predominantly neutral atoms in the ground state even though ions and clusters
of atoms have also been reported in the emitted flux (Urbassek and Hofer,

1993). Sputter deposition merely denotes that atoms sputtered from the target
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are the source material for films grown by sputter deposition. The condition
under which sputtering is done (reactive sputtering, bias sputtering) or the

configuration used for sputtering (ion beam sputtering, DC sputtering, RF
sputtering, magnetron sputtering etc.) is often indicated by an appropriate

prefix. Depending on the configurations, the substrate and the growing film
may be subjected to low energy bombardment from accelerated host species,

dopants or inert gas ion and can play a decisive role in determining nucleation
and growth kinetics, dopant incorporation probabilities and hence in determin-
ing the structure–property relationships of films. The developments in high

vacuum technology, design of sputtering systems combined with highly sensitive
micro-analytical techniques have assisted the development of sputtering to

obtain high quality single crystalline films with reduced contamination from
background reactive gases. Sputter deposition has been used to grow single

crystalline films, superlattices, alloys and special microstructures. Sputtering has
many well-known applications, such as etching or machining, production of

clean surfaces, deposition of metallic and insulating films, and analysis of
surfaces and growth of active layers in devices.

Sputter deposition is a coating process conducted in vacuum. The source of

the coating material is used as a target. The substrate is also placed facing the
target in the same chamber and the entire system is evacuated in the range of

133� 10�6 to 133� 10�10 Pa. Argon gas is typically introduced into the cham-
ber at 133---133� 100 mPa. The target is subjected to a potential of 0.5–5 keV so

that an electric discharge is produced and the substrate is kept at ground
potential or may be biased and its temperature is controlled. The discharge is

made to operate in the abnormal negative glow mode. The target is negatively
biased so that its surface is bombarded by argon ions from the plasma and

remove mainly neutral target atoms by momentum transfer. The sputtered
species have kinetic energies much greater than thermal energy and proceed
in the direction of the substrate. The substrate is positioned in front of the target

so that it can intercept the flux of sputtered atoms.
Sputter deposition technology has grown in a variety of ways. One can

employ a target that is a mosaic of several materials. Several different targets
can be employed simultaneously to obtain an alloy film. One can employ

several different targets sequentially to create compositionally layered coatings.
Bombarding the film with ions can enhance the microstructure of the deposited

film or control its chemistry. Utilizing a gas in the chamber to react with
sputtered species can produce a compound film. Sputtering provides excellent
film uniformity, particularly over large areas. It is possible to achieve predict-

able and stable film deposits and achieve surface smoothness (the excess kinetic
energy imparted over that of thermal energy in sputtering provides high surface

mobility for atoms that are condensing) and required thickness control (due to
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the relatively large area of sputtering source). There is versatility with respect to
the materials that can be sputtered since the sputter yields of metals under

identical conditions rarely differ by more than a factor of ten. High rates of
deposition can be achieved. The deposits can provide conformal and uniform

coatings with good adhesion to the substrate. The simplicity of the process and
the ability to alter the sputtering technology to provide flexibility and customi-

zation are important features in sputtering technology. The process is simple
and is easily incorporated into the manufacturing environment.

Example 7.4

What is the energy ranges which determine the sputtering process?

The energy of an atom at room temperature is about 0.025 eV, and is revealed
in its vibratory motion about the structural location in the solid.

In order for sputtering to occur there is a minimum energy for the atoms in
the surface, needed to dislodge the atom from its binding energy, which is in the
neighborhood of 10 eV.

With increasing energy the incident ion penetrates deeper into the solid. For
high energies it might go so deep in the solid creating a fair amount of damage

in the crystal, but just cannot transfer enough energy to remove an atom at the
surface. One may expect this to occur in the energy higher than about 700 eV.

Therefore sputtering is expected to occur in the range of energies 50–700 eV.

7.4.1. Ion–Solid Interactions

The fundamental understanding of sputtering emerges from investigations that
study the interactions between bombarding charged particles and atoms in a

solid. It is convenient to divide the processes involved when ions bombard
surface of solids into two categories: elastic collisions and inelastic collisions.

An illustration of a number of these processes is in Fig. 7.6. The effects that are
predominant are governed by the mass of the impinging ion, the angle of

incidence, mass of the target atoms, texture and orientation of the substrate.
The fate of the incident ion when it encounters a solid can be several. The

incident ion can be backscattered from the solid. The ion may penetrate the
solid and loose its energy by slowing down to thermal velocities, and get trapped
inside the structure of the solid. Some of the ions may be thermalized and

escape from the surface by diffusion. The loss of energy of the incident ions by
electrons in the solid results in secondary electron emission, emission of char-

acteristic X-rays and emission of optical photons. The nuclear collision results
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in the displacement of atoms from their lattice location, formation of defects in

the solid and erosion of targets by sputtering.
The loss of energy of the incident ion on encountering a solid is typically

divided into two parts, electronic collisions and nuclear collisions. The incident

ion collides with electrons, resulting in excitation and ionization by inelastic
processes. Since the electron density is high in the solid, the collisions are

numerous and the loss of energy may be thought of as continuous, and these
have been theoretically evaluated for both low- and high-energy ions (Lindhard

and Schraff, 1961; Whaling, 1958). However, only the nuclear component of
energy loss contributes to the production of energetic recoil atoms. The fre-

quency of these collisions is lower, so that they are considered within the
framework of a two-body collision satisfying the conservation laws of energy
and momentum. At high energies the scattering is described by Rutherford

scattering and at medium energies by screened Coulomb scattering. The inter-
action at low energies is difficult to describe by a single analytical function of

the interaction potential, even though Thomas Fermi potential has been very
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Figure 7.6: Different ion-solid reactions.
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successful (Lindhard et al., 1963). The ratio of electronic loss to nuclear loss
varies with mass, charge and particle energy, with energy loss by nuclear

collisions predominant at energies less than A keV, where A is the atomic
weight of the incident ion. Hence to determine the total amount of disorder

that occurs in a material in a collision with energetic ions, one should first
consider the partition of energy loss between electronic and nuclear processes.

The incident ion acquires its energy as it comes near the sheath in a plasma
discharge and accelerates across the cathode sheath. The maximum energy
(100–1000 eV) that an incident ion carries before it hits the target is

q(Vp � Vcath) where Vp is the plasma potential and Vcath is the potential applied
to the cathode. Some of this energy may be lost because of charge exchange in

the sheath. The incident ion can reflect back from the solid in an ionized or
neutral form. These particles may be incorporated in the film depending upon

the species involved and the deposition temperature.
At low energies (<1 keV) the first atom that encounters the projectile re-

ceives most of the energy and responds in an individual manner. At these
energies the interaction is referred to as knock on regime as shown in Fig. 7.7.
When the energies are even lower, the surface topology of the target assumes a

larger role. Sputtering yield is influenced by many factors such as temperature,
channeling, chemical reaction, cluster formation, dependence on fluence and

topology. These influences can only be inferred from simulation studies.

Figure 7.7: Low energy knock-on regime.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch07 Final Proof page 556 17.11.2005 11:52pm

556 Special Sources



In the energy range of 5–100 keV, the incident ion produces a cascade of
recoil atoms along the path of the incident ion. As the incident ion approaches

the surface of the substrate it makes a series of collisions with atoms in the solid.
In many of these collisions, sufficient energy is transferred to displace the atom

from its site in the solid. The displaced atom may in turn displace other atoms
from its position in the solid and so on, thus creating a cascade of atomic

collisions. Along with this will be a distribution of vacancies, interstitial atoms
etc. surrounding the ion track. The incident ion may set in motion a series of
collisions between itself and the atoms of the target that lead to the eventual

ejection of one of the target atoms by the process we refer to as sputtering
(Fig. 7.8). The number of recoil atoms produced at any point is linearly pro-

portional to the amount of energy lost by the incident ion at that point. The
number of recoil atoms that reach the surface and overcome the surface binding

energy and become sputtered atoms can be obtained from the linear cascade
theory. The energy as well as the angular distribution of sputtered atoms can

also be calculated. The probability that the incident ion may get trapped in the
target increases with increasing energy and decreasing ion mass. The incident
ion can lose energy in the solid slowing down to thermal energies and become

trapped in some site in the solid. The collisions between the incident ion and the
screened Coulomb collisions with target atoms in the solid result in energy loss

called ‘‘nuclear loss’’. The number of these collisions is small compared to the

Figure 7.8: Sputtering in the linear cascade regime.
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collision of the incident ion with bound or free electrons so that one describes
the collision between the incident ion and the atom as two-body collisions.

Within the solid, these collisions lead to the displacement of atoms from
their equilibrium positions, formation of point defects, dislocations and amor-

phization of crystalline solid. They can also result in segregation, changes in
electrical charge levels. Radiation damage refers to all of these phenomena

collectively.
At energies higher than about 50 keV, the incident ion that is particularly

heavy can set in violent motion an entire block of atoms along the initial path of

the projectile. The assumption of isolated binary collisions breaks down and
some sort of collective ‘‘hot zone’’ is created. This region is known as the spike

region (Fig. 7.9), for the next atom faced by the incident atom may already be in
motion. One would think that the energy of the incoming ion is more than

enough to provide binding energy to all atoms in the neighborhood of the track.
The sputter yield rises nonlinearly with energy in this region. In this region the

sputter yield is typically in the range 7–20.
At very high energies, greater than 1000 keV, one must consider inelastic

energy channels. The incident ion interacts with the electrons in the solid,

resulting in excitation of electrons, and ionization of atoms that represent
examples of inelastic processes. These interactions lead to electron emission,

emission of characteristic X-rays and optical photon emission.

Figure 7.9: The spike regime of ion surface collisions.
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Each one of the interactions between the ion and the solid has major appli-
cations in science and technology. The incident ions having energies less than

about 10 keV are called low energy ions. The measurement of the number,
energy and momentum and their distribution of the backscattered low energy

incident ions forms the basis of Ion Scattering Spectrometry (ISS) or Low

Energy Ion Scattering (LEIS). An approximately monoenergetic beam of ions,

typically Heþ or Neþ in the energy range 0.5–3 keV is directed at the surface in
some well-defined direction and the energy of the primary scattered ions is
measured as a function of scattering direction. A typical ISS spectrum

(Taglauer et al., 1961) is shown in Fig. 7.10. Utilizing Eq. (7.2) we can obtain
the mass of the scatterer. If M1 is the mass of the incident ion and M2 is the mass

of the ion which it collides with, then A ¼M2=M1. The best mass resolution is
obtained with a small value of A. The LEIS technique enables the study of the

fundamentals of ion-surface interactions as well as characterizes the surface
composition and structure. The surface specificity arises from two fundamental

causes, termed elastic shadowing and neutralization, which stems from the type
of potential with which the incident ion interacts with the target atom. In elastic
shadowing interaction between the incident ion and the potential of the scatter-

ing ion reveals the existence of a shadow cone behind the scattering atom,
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Figure 7.10: Ion scattering spectra.
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which cannot contribute to the scattering process. The width of the shadow cone
is comparable to the atomic spacings, so that the top most layer of atoms

essentially shadows much of the second layer of atoms (Fig. 7.11). When an
inert gas atom approaches the surface, charge transfer from valence electrons of

the solid can occur leading to neutralization of the ion, which contributes to the
loss of scattered ion signal. Ions which are in the immediate vicinity of the

surface for extended periods of time have a high probability of neutralization so
that this also contributes to high specificity of surface analysis. Direct quantita-
tive information on stoichiometry and adsorbate coverage are possible. Eluci-

dation of atomic structure is possible if one uses channeling and blocking
techniques. In addition, one can measure the quality of the thin film crystallinity

including strain and dislocation density. Surface segregation and determination
of the composition of the first monolayer are possible with this technique.

The identification of sputtered ions by energy filtering and quadrupole
mass spectroscopy is the basis of secondary ion mass spectroscopy (SIMS).

In the technique of secondary ion mass spectroscopy, the combination of
excellent sensitivity of mass spectroscopy combined with minimal damage in
sputter etching are important in analyzing surface contamination. A typical

SIMS spectra is shown in Fig. 7.12. Depth profiling of impurities employs this
technique.

The burial of incident ions within the target is the basis for ion implantation.
The selective doping of semiconductor crystals and the precision with which one

can locate controlled amounts of impurities is the technology that enables
present day fabrication of integrated circuits (Dearnaley, 1969). Ion implanata-

tion has also found use in the altering of the properties of optical components,
and improving the mechanical and corrosion properties of metals.
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Figure 7.11: Shadow cone behind the scattering atom.
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The role of ions in modifying the surface of a material through radiation

damage is useful in cleaning the substrates, improving adhesion, creating tex-

tures and improving microstructure of the films. Each of these processes en-
hances the performance characteristics of the film for any device.

The use of high-energy ions (1.5–3.5 MeV He4þ ions) in passing through a
film involves scattering from collisions with nuclei and energy loss due to

collisions with electrons. Both these features are extremely useful in the analy-
sis of composition as a function of depth of the film. The collisions are insensi-
tive to the electronic configuration or chemical bonding of target atoms, but

depend solely on the masses and energies involved. The scattering of incident
ions from nuclei and determining their number and energy enables one to

obtain unequivocally the mass of the scattering ion, and thereby identify the
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Figure 7.12: A typical SIMS spectra.
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composition of the film. The loss of energy of the incident ion as it penetrates
the film provides the scale to determine the depth at which a given atom exists

and contributes to nuclear scattering. All this analysis is possible in a short time
without causing any damage to the sample. Extensive research of these ideas

has provided a rapid means of nondestructive analysis of composition of thin
films as a function of depth in Rutherford backscattering spectrometry (RBS).

A typical RBS spectrum is shown in Fig. 7.13. A simulation program is available
for generating the RBS spectra of samples interactively from the knowledge of
the sample structure in terms of the number of layers and thickness and

composition of each layer in the sample.
The main concern in this chapter is the use of ion–solid interactions to obtain

vapor for the purpose of deposition of films. Clearly, the removal of matter
from the target results also in processes that are of value in understanding

sputter etching.
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Example 7.5

What is the speed of an arsenic ion accelerated to a voltage of 200 keV? If the

range of the ions when they hit a silicon surface were 10�5 cm, what would be the

time in which a cascade would be completed?

eV ¼ 1
2 mV 2

200 keV� (1000 eV=keV)� (1:602� 10�19J=eV)

¼ 1
2� (74:922 amu)� (1:6606� 10�27kg=amu)V 2

V(m=s) ¼ 7:1765� 105 m=s � 108 m=s:

The time to penetrate a range of 10�5 cm or 10�7 m is given by

t ¼ 10�7 m

7:1765� 105 m=s

¼ 1:3934� 10�13 s or � 10�13 s:

Under most conditions involved in sputtering, the time during which the
interaction takes place between the incident particle and the surface being

small compared to the time it takes to travel between one atom and the
next, one considers the path of the incident ion as a series of biparticle

collisions.

7.4.2. Ion Neutralization

When an impinging ion approaches the surface of a solid they have the high

probability of being neutralized prior to impact. The neutralization occurs by
the electron exchange between ion and the surface. The nature of interaction

depends on the distance between the ion and the surface, and we can divide
them into two regimes. In region I, the incident ion is within 10 nm of the

surface atom. In region II, the distance of approach is such that the electron
orbits of the colliding partners overlap.

In region I fast processes (t < 10�15 s) such as resonant and Auger electron

tunneling transitions are dominant (Fig. 7.14). Capture of electrons from the
solid occurs since work functions of most solids are lower than the ionization

potentials of most gaseous atoms. At kilovolt energies the scattered and
recoiled species are essentially neutral.

In regime II, the electron orbital of atoms overlap and the Pauli exclusion
principle begins to exert its influence. Promotion of electrons to higher energy

levels results in collisional re-ionization of neutral species (Fig. 7.15).
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If the incident ion has a mass mi and the target atom has a mass mt, the
bombarding particle can reflect back if mi < mt, the energy of the reflected

particle for an 1808 reflection is (mi �mt)
2=(mi þmt)

2. If mi > mt a 1808
reflection of the bombarding particle requires more than one collision. Argon

with a mass of 40, is comparable in mass and is compatible with most materials
desired in thin film form. The ions of argon in plasma on approaching a clean

conducting surface have very high probability of being neutralized by an elec-
tron. Therefore, the reflected argon atom is unaffected by the cathode plasma
sheath. Hence, when mi < mt, the sputtering process produces sputtered par-

ticles as well as working gas species (usually argon). Under conditions of low
pressure, these reflected atoms can reach the substrate. If the collisions along

the way are minimal, the reflected atoms will reach the substrate with a consid-
erable fraction of their initial energy. One consequence of this is the trapping of

reflected atoms in the growing film. It is clear that the entrapped gas in the films
is a function of the ratio of the target to incident ion mass (Fig. 7.16).
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Figure 7.16: Entrapped gas as a function of ratio of target to incident ion mass.
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Example 7.6

11B ions of energy 9 keV fall on silicon. Compare this with 1.5 MeV Be ions

falling on silicon by evaluating in each case the dimensionless Thomas Fermi

energy «.

The relationship between dimensionless Thomas Fermi energy, «, and the
laboratory energy E (keV) is given by the expression

« ¼ E(keV)
32:5 M2

(M1 þM2) Z1Z2 (Z
2=3
1 þ Z

2=3
2 )1=2

:

For Boron, M1 ¼ 11, Z1 ¼ 5; M2 ¼ 28:086, Z2 ¼ 14 so that « ¼ 1:061 for

E ¼ 9 keV.
For Bismuth, M1 ¼ 208:98, Z1 ¼ 83; M2 ¼ 28:086, Z2 ¼ 14 so that

« ¼ 0:99734 for E ¼ 1:5 MeV. Hence, the two situations must behave similarly
according to the theory of Lindhard et al. (1963).

7.4.3. Sputtering Yields

Sputtering yield, Y, refers to the number of atoms ejected from a target surface

per incident ion.

Y ¼ number of sputtered atoms

number of incident atoms
: (7:5)

Wehner and coworkers carried out a number of experiments that established

general trends of the sputtering process. The sputtering yield depends on the
target species, the surface binding energy of the target atoms, energy, mass and

the angle of incidence of the bombarding species and its nature. The tempera-
ture of the target has a negligible influence on the sputtering yield, as long as the

evaporation rates are low. The crystallinity and the orientation of the target also
influence the sputtering yield. The ions become neutral prior to its interaction

with the solid. If the incident ion beam is molecular, then each atom in the
molecule acts independently and initiates its own sputtering event, as though

each atom arrived separately with the same velocity as the molecule. Sputtering
yield data (Andersen and Bay, 1975; Matsunami et al., 1984) are useful in
calculating dopant profiles in shallow implantation, for determining the erosion

rate of materials and to convert sputter time cycles to depth scales.
The dependence of sputtering yield on incident ion energy shows a charac-

teristic appearance (Fig. 7.17). There appears to be threshold energy for

sputtering below which no sputtering occurs. The surface binding energy, Usb,
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(2–10 eV) of the atoms must be exceeded in order for the atom to escape from
the solid by sputtering. The sputtering threshold energy, typically 20–40 eV,

correlates very well the heat of sublimation energy of the solid (Fig. 7.18). The
heat of sublimation energy per particle is often obtained by

Usb ¼
DHfusion þ DHvap

N0
¼ DHsub

N0
, (7:6)

where DHfusion is the enthalpy of fusion, D Hvap is the enthalpy of vaporization

and DHsub is the enthalpy of sublimation (all enthalpies expressed in J/mol) and
N0 is the Avogadro’s number. The enthalpy numbers considered are room
temperature values. The variation of the surface binding energy with crystal

orientation is neglected in a first approximation.
Above the threshold energy, the sputtering yield increases initially in a

quadratic manner and then increases linearly and eventually attains a max-
imum. At energies higher than the maximum sputtering yield condition, the

sputtering yields decrease quite rapidly. At higher projectile ion energies, the
ions penetrate far inside the solid and their effect does not reach the surface

atoms so that the sputtering yield decreases. Furthermore, the probability of
collision with nucleus decreases with increase in ion energy and the incident
particle collides more with electrons that does not generate recoil atoms. At low

energies, sputtering yield is largely independent of incident ion species. In the
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Figure 7.17: Sputtering yield versus energy of the incident ion.
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energy range of 100–1000 eV, the sputtering yield is approximately linear in ion

energies. This fact helps one to obtain the amount of sputtered matter deposited
or removed as scaling roughly with the product of current density and energy

(power). At typical ion acceleration energies, sputtering yields of most metals
are near unity and very close to one another unlike the vast variations found in
the vapor pressure of elements. The values of sputtering yield lie between 0.5

and 20 in the keV energy range for medium mass ions.
The threshold energy represents the energy that must be exceeded so that an

atom can escape from the target where it is tied to the solid by the surface
binding energy. The shape of the Y(E) curve arises from the nuclear stopping

power of the projectile. At higher energies the cross section for nuclear energy
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loss declines. Furthermore, the incident projectile suffers loss of energy by
colliding with electrons rather than with the nucleus, so that nuclei are

not stripped from their locations in the solid. Empirical expressions given by
Bohdansky et al. (1980) used to obtain the threshold energy are given by

Eh ¼
Usb

g(1� g)
when

mp

mr
< 0:3 and ¼ 8Usb

mp

mr

� �2=5

when
mp

mr
> 0:3, (7:7)

where Usb is the surface binding energy and g is the energy transfer coefficient
given by

g ¼ 4mpmr

mp þmr

� �2
, (7:8)

and mr is the recoil mass in amu and mp the mass of the projectile in amu. The
dependence of yield on energy is approximately given by the empirical expression

Y ¼ (6:4� 10�3)mrg
5=3E 0:25 1� Ek

E

� �3:5

, (7:9)

where E is the initial energy of the projectile in eV. In the range of energies
0:1 keV < E < 1 keV, the empirical expression proposed by Steinbruchel (1985)

is employed as given below:

Y(E) ¼ 5:2

Usb

Zr

(Z
2=3
r þ Z

2=3
p )3=4

Zp

Zr þ Zp

� �0:67

E1=2, (7:10)

where E is in keV.

Example 7.7

Obtain the threshold energy for sputtering for Arþ sputtering of Ni, Mo and W
given Usb for these elements is 4.4, 6.82 and 8.90 eV/atom respectively.

Mp ¼ 39:95 amu

mNi ¼ 58:728; mMo ¼ 95:890; mW ¼ 183:842

mp=mr ¼ 0:68 for Ni; 0:42 for Mo; 0:22 for W:

Utilizing Eq. (7.7) we obtain the threshold energy as 3.4 for Ni, 38.4 for Mo
and 36.7 for W.

The experimental values are 21 for Ni, 24 for Mo and 33 for W.
Figure 7.19 shows the dependence of sputtering yield on the angle of

incidence of the projectile ion. If the incident ion impacts an amorphous
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target, then for grazing angles of incidence the sputtering yield is negligible. As

the angle of incidence increases, the sputtering yield increases reaching a max-
imum. The maximum in the sputtering yield occurs at an angle d of 50–808 from

the normal. The sputtering yield approximately follows the expression

Y(Ei, d)

Y(Ei, 0)
¼ ( cos d)�f , (7:11)

where f depends upon mt=mi and varies from 5/3 for mt=mi > 3 to 1 for

mt=mi > 7. Yamamaura et al. (1983) have proposed the following expression
to denote the angular dependence of sputtering:

Y(h) ¼ Y(0)

cos f h
exp f cos hopt 1� 1

cos h

� �� �
, (7:12)

where Y(0) is the yield at normal incidence and hopt is the angle of incidence
corresponding to the maximum in yield. The expressions for f and hopt are given

as follows:

f ¼
ffiffiffiffiffiffiffiffi
Usb

p
0:94�1:33� 10�3 mr

mp

� �
and

hopt ¼ 90��286� an
1=3
t

� 	3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZpZr

Z
2=3
p þ Z

2=3
r

� 	1=2
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Figure 7.19: Sputtering yield versus angle of incidence of the projectile ion.
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where a is the Thomas–Fermi screening length, nt the number density in the
target and the energies are to be given in eV units.

The bombardment of surfaces by ions can lead to a change in the surface
topography and structure of the target due to a number of causes. If the surface

is initially flat and free from imperfections, sputtering is expected to retain
the flat surface as sputtering continues. However, when the surface has uneven-

ness, then the variation of sputtering yield with the angle of incidence of ions
can bring about a change in the surface topography. The surface, which is hit by
ions at a higher angle, will be eroded more rapidly compared to other surfaces.

Therefore surface topography changes with time of sputtering. Impurities in the
surface can give rise to localized regions with a sputtering yield that is different

than neighboring regions so that surface topography results from such causes.
A surface bombarded with ions can produce dislocations, voids and stacking

faults and these defects lead to variations in sputtering yield and thus contribute
to changes of topography. In the worst cases blistering can occur and these seem

to be more prevalent when the bombarding ion is helium or hydrogen. There-
fore the nature of the surface influences the sputtering rate for a variety of
reasons. These include the possible existence of oxides on the surface, the

evolution of surface morphology during sputtering and the accumulation of
ions implanted in the target.

The sputtering yield of single crystal targets as a function of ion energy and
crystalline orientation is considerably different from the situation when the

target is amorphous or polycrystalline. If the incident ion is split into two
fractions, the channeled one and a random one, the variation of sputtering

yield with angle can be used to compute the sputtering yield as a function of
orientation (Elich et al., 1970). At normal incidence the single crystal target

yield large sputtering yield for orientations with high atomic density. An ion
that is incident on the target at an angle u will to a first order have its path length
increased by sec u through a depth of d as shown in Fig. 7.20. At very large

angles of incidence reflection of the ion is predominant. In a crystal there are
certain directions that are very transparent to the incident ion. The ion channels

between rows of atoms and can travel deep into the crystal before an interaction
with the atoms in the crystal occurs (Fig. 7.21). Along these directions, sputter-

ing yield is a minimum. The fraction of the incident ion beam that channel
depends on the ‘‘width’’ and ‘‘acceptance angle’’ of the channel. These depend

on the density of the atomic rows in a perpendicular plane, the atom ion species
and the energy of the ion. The importance of channeling diminishes for energies
less than a few keV. The escape of ions from the target material is also subject

to blocking when they are prevented from escaping along certain crystallo-
graphic directions. Along certain direction (e.g. < 110 > in face centered lat-

tice) focusing of collision sequence occurs which results in the emission of
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sputtered atoms in a lobe pattern (Fig. 7.22). Polycrystalline targets also reveal
some effects of channeling.

For a given bombarding projectile ion, the sputtering yield at a given energy

is a function of the atomic number of the target element (Fig. 7.23). The
sputtering yield shows a periodicity with atoms in the periodic table of elem-

ents. There is a close correlation of sputtering yield with the periodic table
behavior of the heats of sublimation of solids Y / 1=U1:3

sb

� �
. We observe that

the yield increases with increase in the volatility of the element. The general
behavior is valid for a number of different incident ions up to energies of the

order of 45 keV. The sputtering yield increases with increasing volatality of
the target material. A strong correlation exists between the sputtering yield

and the binding energy of the target. If the bombarding ions form alloys or
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compounds sputtering yield is very low. Sputter yields of different metals rarely

differ by more than a factor of 10 in comparison to the vapor pressures of
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Figure 7.22: Sputtering yield as a function of atomic number.
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Figure 7.23: Emission of sputtered atoms in a lobe pattern.
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different metals that differ by more than order of magnitude at the same source
temperature.

One can appreciate the importance of momentum transfer in sputtering
between the incident projectile ion and the target atom as follows. The sputter-

ing yield of gold increases as the incident projectile ion mass increases through
rare gases from helium to xenon. For copper, the sputtering yield increases to a

maximum with krypton and decreases with xenon since maximum elastic energy
transfer occurs when the projectile and the target have equal masses (Fig. 7.24).
The most widely used projectile is argon ion in the sputter deposition of films.

The sputtering yield for various ions impinging at normal incidence on silver,
copper and tantalum reveals the periodic trends (Almen and Bruce, 1961). The

noble gas ions have the highest sputter yields. For heavy targets, the sputtering
yield increases in the order Ne, Ar, Kr and Xe. However, for targets of inter-

mediate mass the sputtering yield exhibits a maximum at an intermediate mass
of the inert gases, such as krypton.

The distribution of the energy (10–40 eV) of sputtered atoms is shown in
Fig. 7.25. The kinetic energy of the sputtered atoms is significantly more than
those of evaporated atoms from a hot source. The measured energy of the

sputtered particles is given by the formula

dY

dE0
/ E0Usb

E0 þUsbð Þ3
, (7:14)

which was derived from fundamental principles of linear cascade theory, where

E0 refers to the energy of the particles measured outside the target. The energy
of the sputtered atoms imparts a high surface mobility to the condensing
particles that facilitates obtaining smooth as well as conformal morphologies.
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The sputtered atom distribution has roughly a 1=E2
0 distribution on the high-

energy side of the peak, which extends to quite high energies. The implication of

this feature is that as the sputtered atoms hit the sample surface they can cause
also secondary sputtering at the sample, which is termed intrinsic sputtering.

These high-energy atoms have an important role in determining the microstruc-
ture of the films as well as stress in the film. The variation of sputtering yield of
silicon bombarded by argon as a function of energy is shown in Figure 7.26.

The sputtering yield enables one to calculate the erosion rate of the target.
The erosion rate R (nm/min) is given by

R ¼ 623
JYMA

r
, (7:15)

where J is the ion. Current density (mA=cm2), Y is the sputtering yield in atoms/

ion, MA is the molecular weight in grams and r is the density in g=cm3. The
sputtering yields for medium mass ions in the energy range of keV lie between

0.5 and 20. At very high energies, MeV, the light ions for most materials have a
sputter yield of about 10�3. This is particularly useful in Rutherford backscat-

tering spectrometry when sputtering affects only a small fraction of the mono-
layer during a typical analysis period. It is important to remember that the

sputtering yield may be not reproducible due to the possible existence of oxides
on the surface of the target, the changes in morphology of the surface that may
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occur during sputtering and the accumulation of implanted ions in the target.
The target has to be conditioned so that a steady state is reached before

sputtering yield data can be collected with any degree of reliability.

Example 7.8

Calculate the angle at which one obtains the maximum yield for argon ion

sputtering of copper at 1 keV. Assume the surface binding energy for copper is

1.30 eV.

Zp ¼ 18, Zr ¼ 29, mp ¼ 39:9 amu, mr ¼ 63:546 amu and

Usb ¼ 1:3 eV:

The target density ¼ number of atoms in a unit cell/volume of unit cell =

4=(3:6148)3 ¼ 0:0847 atoms=A3

f ¼ (1:3)1=2 0:94� 0:33� 10�3 63:546

39:9

� �
¼ 1:0693:

The Thomas–Fermi screening distance is

a ¼ 0:8853� 0:529�
182=3 þ 292=3

�1=2
¼ 0:1160 A:

The angle at which one obtains maximum sputtering yield is given by

hopt ¼ 90� � 286� 0:1160� (0:0847)1=3
h i3=2 18� 29

182=3 þ 47 2=3ð Þ1=2�1000

" #1=2
8<
:

9=
;

0:45

¼ 69:28�:

7.4.4. Linear Cascade Theory of Sputtering

The incident ion transfers its energy to the solid in one of two ways. In the so-

called electronic collisions, the interaction of the incident ion is with the
electrons in the solid. There is very little transfer of kinetic energy from the

incident ion but inelastic collisions can occur in the form of excitation or
ionization of the atoms in the solid. Since the density of electrons in the solid

is high, the loss of energy of the incident ion due to numerous collisions is
equivalent to a continuous loss of energy. The electronic collisions result in the

emission of secondary electrons, X-ray photons and optical photons and do not
disturb the position of the atoms in the solid. In nuclear collisions, the incident
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Figure 7.26: Variation of sputtering yields of silicon bombarded by argon ions as a

function of energy.

ion collides with the nucleus of the atoms in the solid. More appropriately, the

collision is a screened Coulombic collision with target atoms. The two energy
loss processes – electronic and nuclear – depend on the experimental param-

eters of beam energy, atomic number and target density.
The theory of the loss of energy of an incident ion as it penetrates a solid is

due to Lindhard, Scharff and Schiott (1963). Their model envisages an incident
ion giving up its excess kinetic energy in a series of elastic collisions with

nucleus of atoms in the target. This theory summarizes the velocity dependence
of the two energy loss processes, nuclear stopping (d«=dr)n and electron stop-

ping (d«=dr)e, in terms of the dimensionless parameters, Thomas–Fermi energy
« and length, r. The energy unit of « is defined as the ratio a/b where, a is the
Thomas–Fermi screening length and b the distance of closest approach in an

unscreened head on collision. The Thomas–Fermi screening radius is given by

a ¼ 0:855 a0

Z
1=2
1 þ Z

1=2
2

� 	2=3
, (7:16)

where a0 is the Bohr radius. The dependence of « on laboratory energies is

« ¼ E keVð Þ 32:5M2

M1 þM2ð ÞZ1Z2 Z
2=3
1 þ Z

2=3
2

� 	1=2
, (7:17)
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where Ml, Zl, M2 and Z2 are the masses and atomic numbers of projectile and
target atoms. The principle advantage of this scaling is that one can represent

nuclear stopping by a universal curve (d«=dr)n for all ion – target combinations
as shown in Fig. 7.27. In addition it gives rise to two distinct regions that

are important in industry. For « < 10, the energy loss is both due to nu-
clear loss and electronic loss, and the processes of ion beam mixing and

sputtering etching occur in these regions. For « < 10, the energy loss is predom-
inantly due to electron energy loss and the analytical technique of RBS exploits
this region. Nuclear stopping is important at low energies and reaches a maxi-

mum value of 0.4 at « ¼ 0:35 and subsequently falls off. Electronic stopping
increases linearly with a slope of k (typically in the range 0.10–0.20)

and becomes dominant over the range « > 4. At very high energies it also
passes through a maximum and falls off. Unlike the nuclear loss curve,

the electronic loss curve is not a universal curve. Winterbon’s tabula-
tion of «=E(keV), r=R(m m) and k assists us in converting the dimensionless

quantities to laboratory quantities.
The incident ion slows down on colliding with the atoms in the target in

several of these collisions, the energy transferred to the target atoms is sufficient

to displace the target atom from its position in the solid. The energy transferred
to the displaced atom is sufficient to have the displaced atom, in turn, to

displace other atoms and so on. One creates a cascade of atomic collisions
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Figure 7.27: Nuclear and electron stopping as a function of scaled energy.
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accompanied by vacancies, interstitial etc. in the region surrounding the ion
track. In many ion bombardments the deposited energy density within the

cascade becomes large enough that the assumption of isolated collisions break
down. Sputtering occurs if the energy exceeds the surface binding energy of the

atoms. At higher energies one enter the so-called spike regime. One can also
regard a spike as a local volume where essentially all the atoms are instantan-

eously in ‘‘motion’’. It is also possible to view the spike as a region that has
defect density that exceeded some arbitrarily selected value.

It will be convenient to discuss sputtering in three categories. Whenever the

numbers of collisions are few and the impinging ion transfers enough energy
directly to the target atoms to overcome the binding forces we can think of this

regime as a single knock on regime. A single binary collision will not in general
produce sputtering. The atoms that sputter are from ion energy that is very near

the threshold energy. If the recoil atoms receive enough energy to generate other
recoils, we have the situation for cascade development. If the recoil cascade

region approaches the surface of the target, some of the atoms have sufficient
energy to escape from the target. When the energy is sufficient to generate spikes,
then the spatial density of moving atom is large compared to the linear cascade.

Sigmund (1969) provided the theory for calculating the sputtering yield under
the assumption of linear cascade. The cascades are linear in the sense the ion-

target and atom–atom collisions are assumed to be independent binary events
taking place between a moving projectile ion and an atom at rest. He consid-

ered the dynamics of the collision cascade and derived the total energy flux in
the backward direction. The ejection of a sputtered particle, due to a bombard-

ing particle incident normal to the surface of the target, requires a sequence of
collisions so that a component of the initial momentum is changed by more than

908. Sputtering should therefore be envisioned as a statistical process stemming
from the collisional cascade that is initiated by the incident energetic particle.
The energy deposited at the surface is an important parameter of this theory.

The sputtering yield should be proportional to the number of displaced or
recoiled atoms. Sigmund took this to be proportional to the energy deposited

per unit depth in nuclear energy loss. The sputtering yield is

Y ¼ LFD(E0), (7:18)

where L contains all the material properties, and FD(E0) is the density of

deposited energy at the surface and depends on the type, energy and direction
of the incident ion and the target parameters of atomic number, mass and

density of atoms, N. For the linear cascade region, Sigmund has shown

L ffi 0:042

NUsb
, (7:19)
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and FD is given by

FD ¼ aNSn: (7:20)

One can express the deposited energy on the surface as

FD(E0) ¼ aNSn(E0), (7:21)

where Sn(E) ¼ dr=d«jn is the nuclear stopping cross section, a a correction
factor that takes into account the angle of incidence of the ion beam to the

surface and contributions to large angle scattering events and accounts for the
difference in mass between the ion and target atoms. An approximate expres-

sion for a is given by

a ¼ 0:149þ 0:127
M2

M1
, (7:22)

where M1 is the incident ion mass and M2 the target ion mass. The evaluation of
Sn(E) depends upon the collision cross section for energy transfer to a substrate

atom. The frequency of these collisions is lower than electronic collisions, and is
a two-body collision process subjected to the laws of conservation of energy and

momentum. The interaction of the incident particles and the target atom in the
solid is via a screened Coulomb potential and eventually leads to sputtering

(Lindhard and Schaff, 1961). The interaction potential is of the form

V(r) ¼ Z1Z2e2

4p«0r
x

r

a

� 	
: (7:23)

In a binary collision the maximum energy transferred from an incident ion of

mass Mi to a target atom of mass Mt in an elastic collision is

« ¼ 4MiMt

(Mi þMt)
2
: (7:24)

It is the energy transfer in nuclear collisions that determine the energy and

eventual ejection of atoms from the surface.
A primary ion of energy Ei can displace an atom in the solid if it exceeds the

displacement energy of the atom, Ed. Since Ei>Ed, the displaced atom in turn

can displace other atoms in its path contributing to the creation of a collision
cascade. If this cascade intersects the surface with atoms of energy greater than

surface binding energy, sputtering takes place. It is dear that sputtering event
cannot result from a single collision since the momentum vector of the struck

target atom must change by more than 908. The time it takes for an incident ion
to move between collisions is much larger than the time associated with a

particular collision event. This implies that the chance of exciting overlapping
regions simultaneously is negligible.
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Example 7.9

Obtain an expression for the nuclear energy loss.

In order to derive the rate of energy loss of the incident ion, we shall employ

the impulse approximation. The change in momentum is given by

Dp ¼
ðþ1
�1

F?dt ¼ 1

v

ðþ1
�1

F?dx,

where F? is the component of the force acting on the ion perpendicular to the
incident direction. Since r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ b2
p

and F? ¼ �@V(r)=@y, we obtain

Dp ¼ � 1

v

@

@b

ðþ1
�1

V(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ b2

p
) dx ¼ � 1

v

@

@b

ðþ1
�1

Z1Z2e2a

4p«0(x2 þ b2)
dx ¼ pZ1Z2e2a

4p«02vb2
:

The energy transferred to the nucleus, T, is therefore given by

T ¼ Dp2

2M2
¼ p2Z 2

1Z 2
2e4a2

(4p«0)28M2v2b4
:

The cross section ds(T) for the transfer of energy is given by

ds ¼ �2pbdb ¼ � p2Z1Z2e2a

(4p«0)8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(M2=M1)E

p T�3=2dT where E ¼M1v2

2
,

¼ �p2Z1Z2e2a

(4p«0)T1:2
M

M1

(M1 þM2)
T�3=2dT where Tm �

4M1M2

(M1 þM2)2
E:

The nuclear stopping cross section is therefore given by

Sn ¼
ð
�Tds ¼ p2Z1Z2e2a

(4p«0)2T
1=2
m

M1

M1 þM2

� �
T1=2



Tm

0
¼ p2Z1Z2e2aM1

(4p«0)2(M1 þM2)
:

The expression for nuclear energy loss is thus

dE

dx






n

¼ N
p2

2(4p«0)
Z1Z2e2a

M1

M1 þM2
:

Expressing the above in terms of «0 and r we obtain

dE

dx






n

¼ 4paNZ1Z2e2

(4p«0)

M1

M1 þM2

� �
Sn(«0):
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Example 7.10

Calculate the escape depth of titanium atoms in sputtering.

The theory of Sigmund estimates the effective depth of the origin of sput-
tered atoms called the escape depth. It is given by

Dx ¼ 3

4

1

NC0
,

where N is the density of atoms in the target and C0 a function of the energy of

the ejected atoms. Sigmund expressed C0 in the form

C0 ¼ 12pa2,

where a is known as the screening radius.
For deposition of titanium,

N ¼ r

M
N0,

where r is the density, M the molecular weight and N0 the Avogadro’s number.

Hence for Ti, we have r ¼ 4:51 g=cm3, M ¼ 180:9479.

7.4.5. Sputtering of Multicomponent Materials

A target that is at sufficiently low temperature to avoid diffusion of the con-

stituents and that does not decompose on sputtering is attractive to produce a
film of the same composition as the target. We also assume that the gas phase

transport behavior of the individual elements is the same and that each element
has the same sticking coefficient on the substrate. The differing sputtering rates
of the individual constituents create a surface layer of altered composition from

the bulk composition. This situation occurs only during the initial transient
sputtering period. However, due to conservation of mass requirements, even-

tually one reaches a situation where the surface composition of the target
adjusts to balance the elemental sputtering yields. Under steady state condi-

tions, the composition of the surface layer is such that the effective sputtering
yield times the surface concentration for each species is proportional to its

composition in the target. In other words

Y(A)c(A, s)

c(A)
¼ Y(B)c(B, s)

c(B)
, (7:25)

where c represents the concentration and s denotes the surface. The thickness of
the altered layer in the target depends on the sputtering condition and is
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generally in the range of 3–10 nm. Multicomponent sputtering requires the
allowance of suitable times to reach steady state for sputtering before obtaining

the desired film composition. Since the binding energy of the atoms is different
for different composition of alloys, pure element sputtering rates are not useful

to compute the sputtering rate of alloys.
A multicomponent target in which the elements have significantly different

masses have an angular distribution of ejected particles that is quite different
from one another. Hence, even when the sputtering fluxes are stoichiometric,
the target to substrate transport or the sticking coefficient of the elements being

different, films can be of different composition than the target.
If the target has multiple phases, both the composition and the surface

topography of the target change on sputtering. In particular, when the phases
in the target have significantly different sputtering yields, the inhomogeneity in

the sputtering yield produces irregular surface topography. The angular de-
pendence of sputtering yield further accentuates the irregular topography. Low

sputtering materials in the target exposes them, and a forest of densely popu-
lated cones appears in the high sputter yield materials.

The sputtering target will determine the sputtered flux if temperature of the

target is not too high, so that diffusion will not occur and modify the surface
composition. The correct sputtered flux requires the target to be a homoge-

neous alloy and not a mixture of two or more components. Many sintered
targets may not meet these criteria even if the distribution of elements is

good up to 5 nm. The vapor pressures of elements are very low except at
elevated temperatures, so that the sticking coefficient of elements as they are

deposited in the film is essentially unity. However, if the incident atoms have
high energy they can reach the film and cause sputtering there, altering the

composition of the film from the composition of the sputtered flux.
The change in composition that occurs in the target has been the subject of

much inquiry. There are a number of reasons for the change in composition and

we will briefly allude to them. The composition change that is attributed to
preferential sputtering due to mass differences is present in nearly the outer-

most layer of all alloys. These are predominant when near-threshold conditions
are present. The consequence is the loss of lighter atoms. However other

mechanisms may overwhelm the contribution from this cause. A second mech-
anism to result in composition change is attributed to preferential sputtering

due to differences in chemical binding of atoms. Once again the outer most
layer of all alloys and oxides, and systems like silicon exposed to chlorine and
inert gas ions show this effect. The result is typically the loss oxygen or the loss

of the species with most altered binding. A third mechanism proposed is due to
the preferential sputtering due to volatility of the species. Oxides with high

decomposition pressure show loss of oxygen. Many other alloy systems where
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this is expected to happen may be overwhelmed by other mechanisms to reveal
this effect clearly. Bombardment can induce segregation. This is evident in

subsurface loss of segregating species in virtually all alloys and many ceramic
systems. Oxides and oxysalts may show bombardment-induced decomposition

and thereby contribute to change in composition. These result in loss of C, O, N,
S and the reduction of cations. Ion bombardment can also result in redistribu-

tion of elements. This is observed in alloys containing Si that result in massive
loss of Si from subsurface. In alloys this results in loss from subsurface of
whatever species is redistributed.

Example 7.11

What should be the composition of the target to yield a film of composition

80N20Fe? The sputtering yield of Fe, Ni under argon ion bombardment is 2.1
and 1.4, respectively.

The initial ratio of sputtered atoms is given by

80� 2:1

20� 1:4
¼ 6:

As the sputtering continues, the initial atoms to be produced more are Ni
atoms rendering the target Fe rich. As the sputtering continues the etching
rate of Fe increases and that of Ni decreases because of the increased

composition.
Under steady state conditions

2:1y

1:4(1� y)
¼ 80

20
,

where y is the target composition under steady state conditions.

Solving for y, we obtain y ¼ 0:7271.
Hence a target of 72.7% Ni and 27.3% Fe will produce a film of 80 Ni and

20 Fe when it reaches steady state conditions.

One way to deposit alloys of different composition is to co-deposit by
sputtering using several different sources. The atomistic processes during co-

deposition allow one to dope and alloy the films. An added benefit is the fact
that in the vapor phase there are no solubility limit restrictions. Hence the

solubility limits when thin films are co-deposited are considerably relaxed. This
allows the preparation of multicomponent alloys of films over extended range

of compositions and allows many metastable phases to be produced. These
features add an additional dimension in the design of material alloys.
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7.4.6. DC Glow Discharge Sputtering

The first technique of sputtering employed a DC glow discharge (Fig. 7.28). The
target, in the form of a plate, consists of the material that will eventually result

in a thin film. A DC power supply that is capable of supplying several kilovolts
of power (0.5–5 kV) energizes the electrodes. The substrate location on a platen

is so as to face the target. Arrangement for cooling or heating the substrate to
attain specific temperature for the substrate is common. The substrate can be
electrically grounded, biased or floating. The evacuation of the chamber is to a

base pressure that typically ranges from 133� 10�6 to 133� 10�10 Pa depending
on the specific needs. The base pressure that one obtains prior to sputtering

should give an outgassing flux that is significantly less than the total sputtering
flux in the process. The chamber is backfilled with argon up to a pressure of

133–13300 mPa. The electrodes receive power to create a discharge, where the
target is the negative electrode. The glow discharge is sustained by the electrons

that are emitted and accelerated away from the target surface at energies equal
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Figure 7.28: DC sputtering system.
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to the cathode fall potential. These primary electrons enter the glow region and
collide with gas atoms causing the ionization of the gas. The positive ions

created in the plasma accelerate when they arrive in the vicinity of the cathode
plasma sheath. The atoms ejected from the target condense on the substrate to

form a thin film.
The passage of the coating material from the target to the vapor phase is due

to a physical momentum exchange process. This gives sputtering its most
important characteristic, one of universality. Hence, any material is a potential
candidate for coating. However, DC discharge techniques impose the limitation

that the electrodes have to be conductors. High melting metals, insulators that
are difficult to deposit by evaporation are candidates for sputtering.

The sources of high-energy particles are electrons that arise within the plasma
generated in the discharge process. The positive ions have energies that are in

equilibrium with the ambient temperature. However, when the ions reach the
cathode plasma sheath, they pick up sufficient energy from the electric field to

eject atoms from the target. In DC sputtering, the maintenance of a gas
discharge requires gas pressures of a few mtorr and one can reach current
densities of about 1 mA=cm2. When pressure of the gas in the chamber is high

(20–75 mtorr), transport of ejected atoms from the target to substrate undergoes
a diffusive rather than a ballistic transport. Much of the sputtered material ends

up on the walls of the sputtering chamber as a result of the scattering with the
gas molecules in the chamber. The low current densities combined with scatter-

ing of the molecules ejected from the target, results in giving sputtering depos-
ition rates of 75 nm/min or less. Edges of the sputtering target where a ground

shield is employed to confine the plasma generation region, causes a curvature
of the electric equipotential surfaces. Since the ions are accelerated normal to

the equipotential surfaces, and this curvature causes uneven focusing of the ion
bombardement, one expects uneven sputterring. Large target area, use of
moving fixtures eliminates some of these difficulties. The sputtering target can

be shaped to be conformal to a substrate surface to accommodate deposition on
nonplanar surfaces.

The simplest and most convenient configuration used for sputtering is a
planar diode. Sputtering uses the ‘‘glow discharge’’ type of discharge. There

are two characteristic regions of glow discharge: normal glow and abnormal
glow. In the normal glow, the glow covers only a portion of the cathode surface

area, and the cathode current density is constant. Increase in the operating
current results in the glow occupying a larger area of the cathode surface. The
changes in current that occur are very large and require very small changes in

voltage. The current density in normal glow obeys J ¼ cP2, where P is the
pressure of the system and C is a constant that depends on the gas type and

the cathode material. The value of C for argon is 0.006 and normal glow
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voltages are typically less than 200 V. In the abnormal glow region, the current
density roughly satisfies j is proportional to Vn, where n is typically in the range

2–3. The sputtering process occurs typically in the abnormal glow region.
The cathode serves two purposes. It serves as the source of the material and is

the cathode electrode for sustaining the glow discharge. The target is always a
solid, even though one occasionally employs powders and liquids. The target

rests on a backing plate and the construction of the target, mounting plate
assembly must take into account the needs of heat dissipation, electrical isol-
ation and contact and ground shielding. No more than 1% of the energy incident

on the target goes to produce ejection of sputtered particles, and about 75%
goes into heating the target, and secondary electrons when they bombard the

substrate dissipate the rest. It is necessary to remove the heat generated in the
target by water-cooling of the backing plate. To avoid hot spots in the target,

careful design of water-cooling system is essential. In order to isolate the target
assembly from grounded parts of the system, one employs ceramic-metal seals

with sufficiently thick ceramic to avoid capacitive losses. In order to prevent
sputtering from the assembly itself, a grounded shield surrounds all surfaces at a
distance less than that of the cathode dark space. A ground shield surrounds the

target. This shield prevents ion bombardment of the protected regions, so that
the target backing plate, mounting clips and mechanical support do not con-

taminate the sputtered film. The space between the target and the ground shield
must be less than the thickness of the cathode dark space to prevent the

establishment of a self-sustaining discharge between the target and the shield.
One must eliminate dirt and sharp points that cause local discharges. The

targets must be pure, homogeneous and dense. Targets of metals and alloys
are castings or plates obtained by rolling. Materials made by powder technology

must be fully dense. One produces these targets by either hot pressing or
isostatic pressing and sintering. The target surface may contain insulating
materials due to contamination or oxides formed on exposure to air. Arcs

appear in the region of insulating areas when dielectric breakdown occurs.
Power supplies must distinguish these discharges from more catastrophic fail-

ures between the electrodes. A shutter collects the first few sputtered layers that
are due to contamination during atmospheric exposure or handling the target.

In addition, chemisorbed gases, occluded gases and gases generated by decom-
position of target compounds are among those to be sputtered away in the

beginning of sputtering. It is typical for all sputtering targets to be conditioned
so as to attain a steady state before collecting the film.

The source of ions in DC sputtering emanates from the gas in the glow

discharge. Inert gases are particularly desired as the sputtering gas for ion
generation. They do not react with the sputtering target. Unlike many gases,

such as O2, N2; etc. they do not get incorporated in the target. Argon is the
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favored gas used in sputtering because of its low cost and inert nature. Xenon
and krypton can give higher sputtering yields.

The lowest pressure that one uses depends on the ability to sustain a dis-
charge. The ability of the collisions to suffer ionizing collisions decreases when

the number of gas molecules in unit volume decreases. Therefore, sputtering
rate is very low at lower pressures, and will eventually be zero at a minimum

value of pressure. At high pressures, the sputtered atoms from the target collide
with gas molecules and scatter into directions away from the substrate,
including directions that will return the sputtered atoms towards the target.

Typical operating pressures in DC sputtering are in the ranges of pressures
30–120 mtorr.

One cannot independently control the voltage–current relationship in DC
sputtering. For a given target and operating pressure the voltage necessary to

sustain a glow discharge is more or less determined by the system. The nature of
the target is only important if it influences the secondary electron emission yield

from the target. The sputtering yield depends directly on the incident ion flux.
The voltage–current relationship changes by change of the operating pressure.

The optimum condition of pressure and voltage at which DC sputtering

occurs requires consideration of sputtering yield/energy input as a function of
energy. The dependence of Y/E on E shows a linear increase at low energies till

one reaches a maximum. The Y/E curve then falls with increasing E. It is
important to remember that the sputtering current includes the contribution

of current from ions as well as electrons, and some of the particles that con-
tribute to sputtering are neutral. The energy of the sputtered particles shows a

distribution of values up to a value V eV, because they loose their energy during
collision of other particles. Voltages of the order of 500 V–1 kV are typically

used in DC sputtering. Higher voltages have the added concern about safety
due to the emission of X-rays.

In DC sputtering, the utilization of electrons is inefficient, since the operating

pressures they have large mean free paths compared to the distance between
the electrodes. Many of the electrons with large kinetic energies are incident on

the anode and the substrate. The loss of electrons from the edges of the
discharge is significant. The substrates have to dissipate heat because of

electron bombardment and require cooling.
The deposition conditions are determined empirically. The primary variables

are deposition rate, voltage of the target, working gas used, pressure of the gas,
substrate temperature, bias of the substrate, and plasma boundary conditions.
Many of these variables are interrelated and cannot be independently con-

trolled and the range over which they can be varied depends on the system
used. These variables control the composition, flux and impingent energies of

the sputtered species incident upon the substrate and the growing film.
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A charged particle traveling through an electric potential V gains kinetic
energy (mv2Þ=2 so that the maximum velocity attained by the charge is given by

v ¼ 2qV

m

� �1=2

: (7:26)

The voltage V is related to the electric field E by

V ¼
ðb
a

Ed s, (7:27)

where the electrodes are positioned at a and b and s represents any path
between them. In simple one dimension we can write for the acceleration of
the particle the expression

a ¼ dv

dt
¼ � qE

m
: (7:28)

Hence,

v(t) ¼
ð

a dt ¼ � qEt

m
(7:29)

where E is not assumed to depend on time and v ¼ 0 when t ¼ 0. The distance

traveled in time t is given by

x ¼
ð

vdt ¼ qEt2

2m
¼ v(t)t

2
: (7:30)

For x ¼ 0 at t ¼ 0. Therefore during a time t the energy gained by the particle
is given by

T ¼ mv(t)2

2
, (7:31)

which is less than the maximum velocity. If there is to be an inelastic collision,
and the energy for ionization is Vi, then the time the electron takes to reach the
ionization energy is given by

ti ¼
2mVi

q2E2

� �1=2

: (7:32)

The mean free path of the electron is given by

le ¼ 4
ffiffiffi
2
p

lg, (7:33)
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where lg is the mean free path of the gas molecule. If this mean free path is large
than the time it takes for electron to travel before it can acquire enough energy

to ionize the atom, then the electron does not loose the energy by collisions.

Example 7.12

List the steps in a typical sputtering of a metal.

The most important phase is the availability of a suitable target, know as the

sputtering target. It should be designed to make sure that the temperature of
the target should be within the desired range during sputtering.

The target to substrate distance is typically 10 cm and the diameter of the
target should be larger and may be around 15 cm. This allows the uniform

thickness to be achieved.
The system must initially be pumped down to a base pressure of 10�7 torr, to

avoid contamination from residual gases.

If further reduction in the residual gases is necessary, one has to presputter
Ti, Nb to remove for example oxygen from the system.

The sputtering may be started at a base pressure of argon of 3–4 mtorr.
The pressure and the power to the sputtering target may be varied to

optimize the film properties and deposition rate.
Film properties (stress, resistivity, microstructure, etc.) can be measured to

establish the process for a particular use of the deposited film.
The best way to prepare a system for sputter deposition is to operate the

system first without the substrate in exactly the conditions that one would use

for optimum deposition. This preconditioning run establishes the target altered
surface layer (especially valuable for removing oxides on metals and to establish

steady state composition for alloy targets), outgassing of fixtures by bombard-
ment and fixtures are coated with deposit minimizing further contamination.

7.4.7. RF Sputtering

Extension of sputtering techniques to employ RF power source alleviates the

necessity to employ conductors as targets (Fig. 7.29). Lower pressures (5–
15 mtorr) can result in the maintenance of a self-sustaining discharge when

RF source supplies power to the electrodes. The oscillating electron at high
frequencies causes increased collision with the sputtering gas thereby contrib-

uting to enhanced ionization. The minimum pressure at which the discharge can
be maintained decreases with increasing frequency because additional ionizing
collisions can be induced by the RF field acting on electrons within the plasma

to increase their energy. Unlike in a DC discharge, electrons do not reach
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anodes since both electrodes in an RF discharge are at negative potential with

respect to the plasma, and electrons essentially reflect back and forth between
the electrodes and utilize the energy they gain in the electric field to cause

ionization. RF sputtering can be used to sputter insulating materials. The target
should be in a position to withstand large thermal gradients when the thermal

conductivity of the target material is poor. Thus, high rates of sputtering are
limited by the ability of the target material to withstand thermal shock. RF

sputtering is employed to deposit conducting, semiconducting and insulating
materials (Anderson et al., 1967; Wehner, 1955).

The charge accumulation at the target surface precludes the use of DC
methods to sputter nonconducting materials. The RF sputtering is possible
since the target self-biases a negative potential (Butler and Kino, 1963). The

formation of negative target bias stems from the fact that electrons are more
mobile than positive ions. If one applies a periodic electric field by an RF

generator, and a capacitor couples to the target, then it is easy to visualize the
formation of a self-bias. During the positively charged cycle, the positively
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To vacum pump

+ + +

Figure 7.29: RF sputtering system.
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charged electrode draws more electrons than the ions drawn by the negative
electrode during the same period. The net current over a complete cycle does

not vanish, and this is not permissible, since no charge can transfer through the
capacitor. Hence, to maintain the net current flow of zero, the operating point

on the current voltage characteristic should shift to negative voltages, or a
target bias develops. Sputtering from both the electrodes does not occur, if

the sputter target is an insulator or a conductor capacitive coupled to the RF
generator. The applied voltage divides between the target sheath region and the
substrate sheath region. The capacitive reactance is inversely proportional to

the capacitance or area of the electrode. The maximum voltage drop occurs for
the capacitor with the smaller area. One way to assure that the largest voltage

drop occurs across the target is to make certain that the area of the target
electrode is small compared to the total area of the other electrode. It is easy to

satisfy this requirement since the substrate platform and the system ground,
base plate, chamber walls etc. serve as effective electrodes. The ratio of the

voltages across the sheath at the capacitively coupled electrode Vc to that across
the directly coupled electrode Vd is

Vc

Vd
¼ Ad

Ac

� �x

, (7:34)

where Ac and Ad are the respective electrode areas, and x has the values in the
range 1.5–4. A large value of Ad raises the target potential and reduces consid-

erably the ion bombardment of fixtures at ground.
Most of the applied voltage at the cathode appears across the dielectric target

plate at low frequencies. The remainder of the voltage is screened from the

plasma by the resultant flow of either electrons or ions during the relatively long
time between cycles. Hence the average potential between the insulator and the

plasma is zero. However, at higher frequencies, less of the applied voltage
appears across the insulator, since there is insufficient time for the ion flow to

completely neutralize the induced charge at the insulator surface during the
negative excursion. The large electron flow during positive excursions prevents

the large positive potential from forming with respect to the plasma. Thus there
is a crossover point for frequency for the self-bias effect. This frequency de-
pends upon the target capacitance, external circuit capacitance and gas com-

position and is usually about 1 MHz.
The target is usually a plate, which is thermally bonded to a water-cooled

metal electrode. The bonding agent is chosen from indium–tin solder, epoxy or
thermal grease. A grounded metal shield at a close spacing prevents sputtering

from the metal electrode. Alternative designs to reduce the stray capacitance
induced losses are available. Generally low thermal conductivity materials have
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thin electrodes so that they are prevented from self-destruction by the heat that
occurs during RF sputtering.

One would expect that the majority of applications of RF sputtering involve
the deposition of insulating materials, such as SiO2, Al2O3, BN, Si3N4, etc. The

target material is available as glassy or sintered disks. Since most insulators are
compounds, the transfer of composition from the target to the substrate in exact

amounts is seldom possible. Use of oxygen to augment the loss of oxygen has
often resulted in lowering the sputtering rate, presumably by restoring the
stoichiometry of the target. RF current in the target heats the dielectrics. If

the material is inherently lossy at the RF frequency used, the heat generated
can be considerable and can lead to the destruction of the target. Argon is

typically the gas used to create the plasma so that argon ions bombard the target
and cause sputtering.

The control of ion bombardment in RF sputtering is more difficult. The
actual bias between the film and the plasma is not easily measurable and is

dependent on the geometry of the chamber. It is difficult to guarantee near zero
bombardment of the substrate. Increasing the bias to improve film properties,
stress in the film and the gas accumulation rate are practiced.

In RF sputtering because of the lower pressure of operation, the material
from the target arrives at the substrate with more energy than in the DC case

because of fewer collisions. RF sputtering has also been used for sputter
etching of insulators and metals. A catcher plate placed close to the cathode

catches all the sputtered material. The catcher plate usually has a honeycomb
structure and is well grounded with low inductance wide straps to be efficient in

collecting all the sputtered material. Surface oxides on metals can be routinely
removed in sputter cleaning. Sputter etching for patterning is not practical

because of the fact that sputter yield of materials are not widely different
from one another. Furthermore, sputtered material can easily redeposit at the
edges of the mask.

Example 7.13

Consider an RF discharge at 13.56 MHz applying an electric field of 6 V/cm in

an argon environment. Estimate the electron temperature and ion energy.

The acceleration of ions is given by

a ¼ qE

m
¼ 1:6� 10�19 C� 6 V=cm� 10�2 cm=m

40� 1:66� 10�27 kg
¼ 1:446� 105 m=s:

The velocity of the ions is given by
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v ¼ a

v
¼ 1:446� 105 m=s2

2p � 13:56 MHz� 106 Hz=MHz
¼ 0:0017 m=s:

The distance traveled by the ions is given by

x ¼ v

v
¼ 0:0017 m=s

2p � 13:56 MHz� 106 Hz=MHz
¼ 1:995� 10�11 m:

The root mean square velocity of the ions in an RF field is

vrms ¼
vffiffiffi
2
p ¼ 0:0012 m=s:

The above speed is small compared to the thermal velocity of argon atoms
at room temperature and thus the temperature increase due to the energy

supplied to the ions is negligible.
The velocity of the electrons is given by

ve ¼ v
mion

me
¼ 0:0017� 40� 1:66� 10�27

0:11� 10�31
¼ 124:1 m=s:

The root mean square velocity of electrons in an RF field is therefore

vrms
e ¼ v2ffiffiffi

2
p ¼ 87:75 m=s:

The root mean square energy of electrons is

Erms:e ¼
me(vrms

e )2

2
¼ 9:11� 10�31 � 87:75202

2
¼ 3:51� 10�27 J:

The electron temperature is therefore

T ¼ 2Erme

3kB
¼ 2� 3:5075� 10�27

3� 1:38� 10�23
¼ 1:6944� 104 K:

7.4.8. Magnetron Sputtering

The rate of sputtering of metals seldom exceeds 1000 A/min and of nonmetals
some hundreds of angstroms per minute in DC and RF sputtering. The origin

for this slow rate of sputtering is intimately tied to the very low efficiency in the
use of electrons to create ions. Increased ionization of the sputtering gas at a

given pressure can come about by injecting additional electrons by thermionic
or by field emission from an independent electrode. The efficient use of elec-
trons to promote ionization of the gas in the sputtering chamber is possible with

the assistance of a magnetic field. Application of an axial magnetic field in a
planar diode glow discharge system increases the path length of the electron
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because electrons execute longer helical path orbits before they reach the
anode. In addition, the magnetic field helps the electrons to stay away from

the walls of the sputtering chamber, thereby reducing the losses of electrons due
to recombination process at the walls. In a combined electric and magnetic

fields, the electrons remain in a trap near the target, so that they increase their
ionizing effect. Magnetron configurations eliminate the path of the electrons

going to the walls or to the substrate. Loss of electrons to the anode can occur
only after many ionizing collisions. Magnetrons, the sputtering sources with
magnetic confinement of electrons, greatly enhance the capability of the sput-

tering process by increasing ionization process. Magnetron sputtering achieves
high deposition rates. However, low target material utilization in certain con-

figurations is a major concern. For example, in the region of concentration of
the plasma by the magnetic and electric fields, interaction occurs in a small

region of the total area of the target. On continued sputtering, more sputtering
of the material occurs in this region than anywhere else on the target. This type

Current concentration

Electric field

Electric field

Magnetic field

Magnetic field

CathodeCathode

E × B electron motion

E × B electron motion

Figure 7.30: Racetrack left on a target used in magnetron sputtering.
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of sputtering leads to the formation of a ‘‘racetrack’’. In sputtering of the target
in a magnetron configuration, the racetrack region sputters preferentially

whereas the rest of the target barely erodes (Fig. 7.30). Special designs of
magnetic and electric field configurations and target shapes are necessary to

assure uniform erosion of targets. The electron bombardment of substrates is
virtually eliminated in a magnetron source. The principal advantage to the

magnetron configuration is the formation of dense plasma near the cathode at
low pressure (0.3–5.5 Pa). This means ions can be accelerated from the plasma
to the cathode without loss of energy due to physical or exchange collisions. The

result of this reduction is an effective increase in the average kinetic energy of
sputtered atoms and an increase in the probability of atom from the cathode to

the substrate. This allows high sputtering rate at lower potential than the DC
configuration. One of the effects of the large sputtered particle fluxes near a

magnetron cathode is to perturb the local density of the background gas.
Increase in the magnetron discharge current implies that the gas density in

the cathode region falls dramatically. The various energetic processes occurring
in the magnetron plasma increases the gas temperature with a consequent
reduction in the density of gas. The magnitude of density reduction is depen-

dent on the background gas species, and also on the cathode material, and tends
to be largest for high mass gas atoms and high sputter yield targets. Both

sputtered atoms and the energetic reflected neutrals from the cathode contrib-
ute to this process (Rossnagel, 1988). Sputtering can occur at low and high

pressures when there is no thermalization of particles from the cathode or when
thermalization occurs. Magnetron configurations have been designed to utilize

the target more efficiently than is possible in a planar magnetron configuration
(Fig. 7.31). Various types of fixturing with respect to the substrate are available

to overcome nonuniformity of erosion of the target. Since the plasma is con-
fined near the cathode in magnetron sputtering, reactive deposition requires the
generation of plasma away from the cathode. Application of an RF potential

superimposed on a DC potential is often used to overcome this problem.
Sputter yield of most gas cathode combinations range from 0.1 to 3. The

sputtering is thus a very inefficient process and a large fraction of the incident
energy is lost to cathode heating. The ability to cool the cathode puts limits on

the highest rates of sputtering that one can achieve. One must be careful to
avoid gas scattering-induced redeposition of sputtered atoms back onto the

cathode surface. Besides one must avoid contamination of the target by any
reactive gases present in the system, and the changes in composition that result
while sputtering multicomponent systems.

Magnetron sputtering dominates industrial production of metals and alloys
because it is fast, inexpensive and easily scaled up in size. Large deposition
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areas and low substrate heating are added benefits. The films are generally
polycrystalline or amorphous. Metal deposition is used to make electrical

contacts on a variety of semiconductor substrates and for interconnects.
Metallization of plastic parts is utilized by the automotive industry extensively.

Reflective, darkened and decorative coatings on glass also employ sputtering of
metals. Metal films are deposited on plastic bags that contain food to preserve

freshness. Optical coatings, decorative coatings on costume jewelry are among
some of the other areas where sputtering of metals is used. The purity of the
film is limited by the purity of the gas used to initiate sputtering. In sputtering

the metal target remains close to the room temperature because of cooling, so
that it is not a source for impurity gas.

Example 7.14.

A planar magnetron has a cathode fall of 400 V. What is the maximum speed

of the electron and what type of magnetic flux density is necessary to confine the

electrons within 1 cm of the cathode surface?

The maximum speed of the electron is given by

V ¼
ffiffiffiffiffiffiffiffiffi
2eV

m

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 1:6� 10�19 C� 400 V

9:11� 10�31 kg

s
¼ 1:1853� 107 m=s:

The magnetic flux density required to confine the electron to within 1 cm of
the cathode or for a radius of 0.5 cm is given by

B ¼ mV

qr
¼ 9:11� 10�31 kg� 1:1853� 107 m=s

1:6� 10�19C� 0:5 cm� 10�2 m=cm
¼ 0:0135 Wb=m2:

7.4.9. Reactive Sputtering

Reactive sputtering employs a method by which one provides at least a fraction
or whole of one species of the deposit to the sputtering system from a gas source.

The material of the target combines with the component of the gas phase and
produces the desired film as a reaction product. One can thus utilize conducting

materials as targets in DC sputtering and prepare nonconducting films. Reactive
sputtering can replenish constituents of compounds lost by dissociation when

emanating from a target. For example, the transparent conducting oxide indium
tin oxide is sputtered from a compound target in Ar and O2. The O2 flow is
adjusted to reduce the optical absorption of the film by metal precipitates but

not so much as to increase the resistivity of the film. One can prepare by reactive
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sputtering, films with a gradient in composition. As examples, we can cite the
preparation of TiN films when one provides N2 entirely in the gas phase with a

sputtering target of it providing the metal component. Aluminum can be
sputtered in the presence of oxygen to form alumina. In sputtering GaAs,

adding a smaller partial pressure of As4 to the discharge makes up for less
than unity sticking probability of As4 molecules at the growing film surface.

Reactive sputtering is of particular value when the compounds cannot be
formed by other methods, particularly at low temperatures.

The reactive gas pressure, the flow rate of gases and sputtering rate determine

whether the compound formation occurs at the target or at the substrate. When
the reactive gas pressure is low and the sputtering rate is high, virtually all the

compound formation occurs at the substrate. The stoichiometry of the film
depends on the rate of arrival of sputtered atoms at the substrate compared

to the arrival rate of gas atoms from the reactive gas. The removal of com-
pounds that may have formed at the target surface occurs much slower than the

removal rate of the material from the target. If one increases the reactive gas
partial pressure or decreases the sputtering rate, one reaches a threshold
condition of at which the rate the compound formed at the target exceeds the

rate at which compound can be removed from the target. For targets of metals
and alloys, this condition leads to a sharp decrease in the sputtering rate. The

flow rate of the reactive species versus chamber pressure shows a hysteris effect.
When the target is operating in the metallic mode there is negligible change in

the total pressure as the reactive gas flow is varied. In the nonmetallic mode of
operation the pressure rises linearly with the flow rate, but is lower by DP than

the total pressure in the absence of sputtering. The value of DP depends on
pumping speed and decreases with increase in pumping speed.

The reactive gas interacts with the sputtered atoms and molecules on the
substrate in a complicated way that depends upon the synthesis of the particular
compound. For example, Ti deposited in an N2 environment, reacts with essen-

tially all the nitrogen until the number of N2 molecules adsorbed per Ti atom
deposited approaches 0.5. Beyond this value, the probability that N2 sticks to

the film drops precipitously by several orders of magnitude. The decrease in the
sticking probability may also be due to the lack of adsorption sites for nitrogen.

It is customary to label the mode of sputtering when the target is still in the
conducting state as ‘‘metallic mode’’, and when the target is not conducting,

sputtering is said to be in the ‘‘nonmetallic mode’’.
The transition between the metallic modes of sputtering and the nonmetallic

mode of sputtering where the rate of formation of the compound formation on

the target surface exceeds the sputtering rate is sharp as judged by the sputter-
ing rate (Fig. 7.32). If the sputtering, power supply operates at constant power,

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch07 Final Proof page 598 17.11.2005 11:53pm

598 Special Sources



a sharp drop in voltage occurs when the sputtering rate drops. Poisoning of
the target is the result. If one plots the target voltage as a function of the

injection rate of gas, there is a hysteresis effect. These transitions are present
in virtually all modes of sputtering, such as planar diodes, planar and cylindrical

magnetrons.
The poisoning effect of the target not only reduces the sputtering rate but

also renders it difficult the preparation of intermediate compounds such as sub
oxides of metals. Several attempts to study the transition region have not

been entirely successful. Berg et al. (1987) found the critical pumping speeds
could predict stability conditions to produce a given compound.
Several techniques have developed to maintain a composition gradient in the

sputtering chamber for the reactive gas. For example, introduction of the
inert gas closer to the target with the reactive gas closer to the substrate

achieves the desired result. Getter surfaces with position in the sputtering
chamber can assist in maintaining a composition gradient of the reactive gas

in the sputtering atmosphere. Baffles between the target and the substrate
maintain a gradient in reactive gas partial pressure. When the transition be-

tween metallic and nonmetallic mode is gradual, feed back control techniques
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Figure 7.31: Reactive sputtering chamber.
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are available to adjust target power, total pressure and partial pressure of the
reactive gas.

A number of semiempirical models have been proposed to describe the
transition from ‘‘metallic’’ to ‘‘nonmetallic’’ mode of operation. These models
use the consumption rate due to the gettering effect as well as exhaustion by the

pump (Larsson et al., 1988). They depend on assumptions about the variation of
sputtering yield under differing conditions as well as variations in coverage of

different surfaces.
The sputtered atoms when operating in the metallic mode are generally

neutral atoms. However, clusters of atoms are emitted both as neutrals as well
as charged species. Spectroscopic studies have found evidence for the ejection

of clustered atoms from the target in a number of cases. The control of reactive
gases is important to assure deposition of films of correct composition. Positive

ions emitted will remain near the cathode surface. However negative ions can
gain enough energy to move into the plasma where they are quickly neutralized.
The formation of negative ions has significant negative change in the deposition

rate. Furthermore the composition of the deposited film may be dramatically
altered as the lower sputter yield material is preferentially sputtered from the

depositing film. In magnetron system the reactive sputtering has to be carried
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Figure 7.32: Reactive sputtering showing hysteresis effect.
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out without the insulating layer forming on the target. The flux of the reactant
gas to the target must be decreased relative to the flux at the substrate while still

maintaining the reaction rate. The deposition area must be much greater than
the target area, which is sputtered. Usually introduction of a baffle between the

target and the substrate has been found to be useful. Some systems have optical
feed back techniques introduced so that the metallic mode of sputtering can be

maintained. However, none of these techniques are universal enough to be used
in all situations.

Example 7.15

Calculate the fraction of sputtered ions that traverse through argon plasma in a

sputtering chamber with electrodes 5 cm apart at a temperature of 300 K and

pressure of 20 mtorr. Assume the diameter of argon is 3.35 Å.

We are interested in calculating the fraction of sputtered atoms that will
reach the substrate from the target.

This will depend on the collisions that these ions undergo through traveling in

the intervening gas phase.
The arrival fraction, b, depends upon the ratio of the mean free path to the

distance traveled, l=d.
We have

b ¼ 1:5l

d
1� exp � d

1:5l

� �� �
,

l is the mean free path of the sputtered material d is the electrode spacing.

The mean free path of the gas molecule may be written

l ¼ 2:33� 10�4 T

s2P
,

where s is the molecular diameter in Å.

For a T ¼ 300 K, P ¼ 20 mtorr, s ¼ 3:35 Å for Argon, we find b ¼ 0:094.

7.5. Ion Beam Sputtering

Ion beam sputtering employs an independent source of ions. The flux of ions
proceeds towards a target after the ions pass through a pair of extraction grids

so that accelerated ions form a beam as they travel through a matching pair of
apertures in the grid. The control of ion flux, ion energy and angle of incidence

in an independent manner offers some unique advantages for ion beam sputter-
ing. The location of the source of ions outside the deposition chamber or in a
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differentially pumped separate chamber permits to carry out the deposition
process at pressures of 10�4 torr or less. The ability to control the beam’s

energy, size and mass over many orders of magnitude gives ion beam technol-
ogy a large amount of flexibility. Ion beam deposition of cobalt–gadolinium

alloys in the amorphous state revealed uniaxial magnetic anisotropy. This
observation was of importance in making magnetic devices and is also of

scientific interest because of the opportunity that it created in obtaining anisot-
ropy in amorphous films. As a result, ion beams are utilized in a wide variety of
applications in materials science and engineering such as ion implantation,

micromilling by removing material, controlling the properties of materials by
doping, deposition of films, Rutherford back scattering spectrometry, focused

ion beam microscopy and ion beam processing. However, in physical vapor
deposition or etching, ion beams are typically broad, have energies in the range

of 50 to 2 keV with current density in the mA=cm2 range.
The broad beam ion source was originally conceived for NASA’s space

propulsion program (Kaufman, 1987). These multiaperture ion sources gener-
ate well-controlled ion beams of inert or reactive gas species, with energies from
tens of eV to several keV (Fig. 7.33). Materials scientists and engineers have

adapted this technology for ion beam etching, ion beam sputter deposition and
ion beam direct deposition. We shall consider each of these in turn.
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Figure 7.33: Axial-field discharge chamber.
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The broad beam ion source typically has two components: a discharge cham-

ber where plasma is formed, and some form of optics to extract the ions and
accelerate them so that they are directed towards the substrate or a target. Two

types of ion sources: the Kaufman direct current ion source and the radio
frequency ion source are widely used. In the Kaufman ion source (Fig. 7.34),
thermionic cathode (typically W or Ta) emits electrons, which are accelerated

by a potential difference Vd, between the cathode and the anode within a
chamber containing an inert gas, usually argon, and proceeds toward the

anode. The plasma is created by electron bombardment of the neutral gas in
the discharge chamber. The cross section for electron bombardment ionization

peaks at electron energy of 70 eV for argon. The discharge voltage that should
exceed the gas ionization potential (15.8 eV for argon) and is typically 40–50 V.

Magnetic fields are employed to enhance plasma density and uniformity, by
altering the electron trajectories as they proceed toward the anode thereby

increasing ionization efficiency. The anode is raised to positive potential above
the ground. The ions leaving the discharge plasma and striking the grounded
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Figure 7.34: Kaufman ion beam source.
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target surface arrives with an energy determined by the anode potential. Hence
the anode potential determines the energy of the ions. There is usually a spread

of energies of about 5–10 eV around this energy. Ions moving in the plasma
only feel the effect of the external electric field when they reach the edge of

the plasma (i.e. the sheath region). Ions that cross the screen grid either strike
the screen grid or accelerated through the screen grid by the electric field

between the screen grid and the accelerator grids. These two grids are typically
placed 1–2 mm apart, and have an equal number of apertures. The ion optics
essentially consists of a screen and an accelerator grid, where the apertures of

the grids are aligned so that the screen grid protects the accelerator grid from
direct impingement during normal operation. In the RF inductive ion source

configuration, RF frequency from several hundred kHZ to GHz microwave
regime is utilized to generate the plasma. A coiled RF antenna to the plasma

through a dielectric window establishes the inductive coupling. The primary
advantage of an RF discharge is decreased maintenance when the source is

operated with reactive gases. Both capacitive-coupled and microwave-coupled
sources have been explored. Magnetic fields can also enhance the plasma. The
maximum ion beam current, Ib that can be accelerated by the ion optics is

approximately given by

Ib ffi
«0

9
Ab

e

m

� 	1=2

V
3=2
t = l 2

g, (7:35)

where Ab is the beam area, Vt is the total voltage between grids (Vb þ Va), lg is
the gap between the screen and accelerator grids (Child, 1911), «0 is the
permittivity of free space. The ratio j=V

3=2
t is called the perveance. The max-

imum perveance is fixed for a given grid system and ion species, so that the
maximum current density is proportional to V

3=2
t . The above is an approximate

expression and differs from the experimental value, which is lower by about
20–50%. The control of ion beam current is essentially due to beam voltage. The

dependence of beam divergence on perveance is shown schematically in
Fig. 7.35.

The materials used for the grid are typically graphite or molybdenum, the
former is employed when reactive gases are used, except oxygen. The design of

the grids can produce either a divergent, collimated or a focused beam of ions.
Focused beams are preferred for ion beam deposition applications whereas
divergent and collimated grids are selected for etching applications. The dis-

charge current controls the beam current or ion flux in the DC source, whereas
in the RF source, the plasma density is controlled by the RF power. The ion

beam current in circular optics can be shown to be proportional to the square of
the beam diameter to grid gap. The ion current densities that are obtained

depend upon the grid spacing and the voltages used. With decreasing grid
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spacing, reduced aperture diameters and reduced grid thickness results in an

increased fragile grid structure. To maintain a large ion source requires careful
thermomechanical design. Molybdenum grids can be utilized to give largest

value of the ratio of beam diameter to grid gap. The beam divergence is
determined by the ion trajectories in the extraction region (Fig. 7.36).

The extraction optics in a gridded ion source limits the current sensitivity of
the ion source at low energies. Alignment of the ion optics for broad beam

sources is a major maintenance and reliability problem. Gridsless ion sources
have thus been explored. For ion-assisted deposition and cleaning gridless

sources have been deployed. A gridless ion source is a plasma device operating
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Figure 7.35: Divergence of ion beam as a function of perveance.
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roughly in the glow discharge regime. Ions are accelerated into a beam by an
electric field and this field also established an electron current of comparable

magnitude to the ion current, interacting with a magnetic field. There are two
types of electron motion: one counter to the ion flow and another normal to this

ds

da

Ig Ie

Plasma

Screen
grid

Accelerator
grid

b

Figure 7.36: Ion trajectories.
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Figure 7.37: Hall effect ion source.
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direction. The latter is called Hall current. In gridless source the Hall current
has a closed path. In the so-called end Hall ion source, the beam exists the

acceleration region at the end axis of the magnetic field. In these sources, a
circulating electron in a magnetic field develops the acceleration potential

for the ions in the end Hall source (Fig. 7.37) (Kaufman et al., 1987). High
divergent beam with high current densities (several mA cm2) and low ion

energies (30–120 eV) can be obtained from the sources. Both linear and circular
source configurations are available. It is common to set the electron emission
current to a value of about 10% over the ion beam current to ensure neutral-

ization. Without neutralization, the space charge repulsion between positive
ions tends to disrupt the beam. When surfaces are subjected to bombardment

by high-energy ions, a portion of articles are reflected as high-energy neutrals. If
these high-energy neutrals are not thermalized by collisions in the gas phase

they bombard the growing surface of depositing material and give rise to
compressive stresses in the film.

The ion current density is easily measured, by an open probe biased about
�20 V to repel electrons and allowing only the positive ions to be measured.
The secondary electrons leaving the probe and the high-energy electrons that

escape being reflected contribute to the error in the measured ion current. The
energy of the ion is usually determined to within 5–10 eV of the anode potential.

A retarding analyzer can however be employed to measure the actual energy of
ions. As the ions move from the source to the substrate they encounter the

residual gas in the reactor. Two types of ion reactions can occur during the
transit. The first is directed momentum loss collision, which significantly alters

the ion direction. It is common to neglect these collisions under the conditions
of low-pressure deposition. The charge exchange collisions occur when an ion

exchanges its charge with a slow moving neutral atom resulting in a slow moving
ion and a fast neutral. This process is often not negligible. The product of the
mean free path and pressure usually indicates the importance of these pro-

cesses.
In ion beam etching, the energies used range from 10 to 100 eV. The ion

energy must exceed the binding energy of the atoms in the solid. Ion beam
sputtering is the result of a momentum transfer process between the incident

ions and the target atoms. The number of sputtered ions ejected per incident
ion, S(u), depends upon the ion energy, ion species, mass, target atom species

and mass and incidence angle. The etch rate is calculated from

R ¼ 9:6� 1025J
S(u)

n
cos (u), (7:36)

where J is the current density in mA=cm2, n the atomic density in atoms=cm3

and u the angle of incidence from the normal. The etch rate versus ion beam
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energy for several materials is shown in Fig. 7.38. During ion beam etching
there is momentum transfer and only a small fraction of the kinetic energy of

the incident ions is utilized to provide the kinetic energy of the sputtered atoms.
The rest of the energy is utilized to heat the substrate. The product of ion beam

energy in eV multiplied by the current density (A=cm2) at the substrate provide
a estimate of the power density (W=cm2). High rates of etching are limited by

the methods used to dissipate the heat away from the substrate. Flowing helium
gas provides a good heat transfer medium between the backside of the substrate

and a water-cooled substrate holder. Ions do penetrate about 20–100 A deep
into the material in the energy range 100–1000 eV, so that they are detrimental
to semiconductor devices, with rare exceptions as when used for making ohmic

contacts. Etching is commonly done with argon as the ion beam. Faster etching
rates are possible utilizing reactive gases and the process is termed reactive ion

beam etching (RIBE). If the reactive gas is chemisorbed into the surface and
utilizes ion beam to complete the chemical reaction for etching, the term

chemically assisted ion beam etching (CAIBE) is used. Ion beam etching is
routinely used in the storage industry for etching magnetic material and air

bearing surfaces in Al2O3–TiC composites. It has shown its usefulness in a
number of specialized applications, such as formation of ultrasharp tips in Mo
and diamond. It is also useful in etching several complex compounds. It is

W = 6.23JS M/ρ nm/min

J = Ion current density (mA/m2)
S = sputtering yield (atoms/ion)

M = molecular weight (gm)
r = mass density (gm/cm3)

S

Ion energy

Figure 7.38: Etch rate versus ion beam energy.
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widely used as a method of precleaning substrates to remove the top few
monolayers of the surface, which are usually infested with impurities and/or

contaminants.
Ion beam sputter deposition employs the ion beam to sputter the material

from a target, and the sputtered atoms are deposited into a nearby substrate
surface. Since the pressure of the gas in the chamber is 10�4 torr, all the

sputtered toms arrive at the substrate with virtually all their kinetic energy,
before they have a chance to thermalize with the background gas. The high
degree of mobility of sputtered atoms provide the mobility and promote the

formation of smooth films.
Ion beams can assist in modifying film microstructure and the properties

if used in conjunction with other deposition methods. Ion beam assisted de-
position (IBAD) refers to all those processes that utilize the ion beams to

enhance film properties or alter its microstructure during deposition.
The energy of the ions and the arrival rate of ion to atom are the major

parameters that one has to control. At low ion energies, 1–10 eV, desorp-
tion of chemisorbed atoms on the surface of the substrate is the dominant
influence of ion bombardment. At ion energies of the order of 50–100 eV,

enhancement of film properties such as improved density of films occurs. High
ion to atom ratios combined with low energies avoids undesirable effects due to

sputtering and ion implantation. Ion bombardment can develop compressive
stresses in the film. Ion bombardment can break up surface atom clusters on

the substrate and promote stepwise growth of films at lower temperatures.
The texture of grains is also influenced by ion bombardment of films during

deposition.
Direct deposition of films when a broad beam ion source moves through a gas

has found many applications. For example, ion beams of low energy (50–
400 eV) when directed towards a substrate in a gaseous medium of methane,
deposits diamond-like carbon with many desirable properties.

For sputtering insulators, neutralization of the ion beam is necessary. This is
possible by directing a beam of electrons from a thermionic or field emission

gun towards the substrate, so that ions and electrons arrive at the target at the
same rate.

Ion plating is an all-inclusive name given to those processes where the
principal focus is to take advantages offered by energetic particle bombardment

during the film formation or in modifying the properties of the film. Since the
emphasis is not on the source of the atoms or the environment in which
transport of atoms occurs, several different hybrid processes can qualify as ion

plating processes, so that there is a plethora of names to describe these
processes. It is not unusual to describe the same process by more than one

name depending on the source of atoms, environment in which the atoms move,
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the source of ions and the energy of the ions impinging on the substrate.
Generally, in ion plating, a uniform flux of ions bombards the substrate and

the film prior to and during the film deposition. The desired result is the
cleaning and conditioning of the film to provide better adhesion. The energy

of the bombarding particles is sufficient to cause sputtering but is such that
deposited particles are more in number than sputtered particles. The optimiza-

tion of the flux, the species and the energy of the incident ion beams is necessary
to produce desired changes in the properties of the film through alteration of
microstructure of the film.

The source of ions is generally through the creation of plasma. DC and RF
discharges, electron and magnetron enhanced discharges, microwave dis-

charges, vacuum and plasma arcs provide the necessary ion flux. In a DC
discharge, high pressure (>10 mm) is necessary to sustain the discharge and

the ion bombardment occurs on the cathode. The potential drop in the
cathode dark space determines the energy of the ions. Since charge exchange

process occurs, the cathode receives a broad spectrum of energies of
particles that includes neutrals. The optimum potential is dependent on pres-
sure of the gas and the distance between the anode and cathode. Electron beam

bombardment of anode heats the anode. The plasma generated by capacitive
coupling of an RF discharge uses electrons more efficiently in generating

ions. When the electrodes are conductors, ions bombard during the half cycle
when the electrode is negative. For insulating electrodes, the difference in the

mobility of electrons and ions creates a surface that has a plasma sheath and
ions bombard this surface during the negative portion of the cycle. The differ-

ence in the area of electrodes determines how large a DC potential drop
with respect to one electrode one can achieve. The energy dissipated in the

creation of a plasma requires attention to impedance matching and coupling
losses to other surfaces. The use of insulating materials and lower pressure
discharges offer distinct advantages. Microwave discharges produce an in-

creased amount of excitation of discharge, and the equivalent particle temper-
atures are rather high. Use of electrons from thermionic or field emission

sources can produce high plasma densities. The electron sources have limited
lifetime, and the uniformity of plasma is difficult to control. Magnetron config-

urations eliminate electron bombardment of substrates, and can produce a
very high flux of ions. The difficulties associated with nonuniform fields give

nonuniform plasma densities and require special attention to design of magnetic
field. The employment of localized ion sources can influence the deposition
of thin films.

The source of vapor in ion plating can be from a variety of sources: thermal
evaporation, sputtering sources; chemical vapor species. Each of the individual

sources can have a variety of alternate configurations.
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Ion-assisted deposition is a term used to denote physical vapor deposition
processes when the substrate and the growing film are subjected to a continuous

or periodic bombardment by a flux of energetic atomic particles which is done
to change the film formation process and the properties of the film. Among the

properties that are of specific interest is improvement of adhesion of film,
surface coverage, density, stress in the film, enhancement of chemical reactions.

The ions can be supplied either by the plasma environment when the substrate
acts as the cathode, or by bombardment from an ion source. Often the ion beam
is neutralized before it hits the film to prevent charge buildup on the bom-

barded surface and avoid the spreading of the beam by Coulombic repulsion.
Depending on the source of ions, there are several names given to the pro-

cesses. The mass and the energy distribution of the bombarding ion and the flux
ratio of the bombarding species to depositing atoms are the principal param-

eters in this type of process. The modification of film properties is often found to
depend on the flux ratio above a certain energy level.

Bombardment of the surface by energetic particles before deposition of the
film is utilized to clean the surface. Adsorbed molecules can be desorbed from
the surface of the substrate. If the ions are reactive as exemplified by oxygen,

the hydrocarbon layers can be volatilized. For higher energies, cleaning can be
accomplished by sputtering of the top surface atoms. When one has reactive

ions, chemical cleaning can also result. Surface can be modified and made
conducive to film formation on bombardment by high-energy particles. As the

bombardment continues while the film is being deposited one finds the nucle-
ation stage is affected so as to increase the density of nuclei. Bombardment also

enhances the formation of a diffusion or compound type interface if there is
mutual solubility. Interface formation is also aided by radiation damage. Heat-

ing of the surface can also result in favoring the formation of a compound or
alloy. Density, grain size, porosity are all affected by ion bombardment. High
compressive stresses are induced in the film on bombardment. Bombarding gas

can be incorporated in the film especially at low temperatures. Ion bombard-
ment also improves the throwing power so that good surface coverage occurs

enabling the coverage of microscopic features.

Example 7.16

Calculate the etch rate of silicon when Ar ions of current density 1 mA=cm2 are

falling on it. Assume the sputtering yield is 0.5.

If the current density is J, then the number of ions striking the surface is given
by 6:25� 1015 ions=cm2=s.

The etch rate is therefore ¼ YJW=r:
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Hence, etch rate for silicon is given by

¼ Y
atoms

ion
J

ions

cm2s

mol

atoms

g

mol

cm3

rg

A

cm
:

For silicon, W ¼ 28, r ¼ 2:3, Y ¼ 0:5, so that the etch rate is 6.3 A/s.

7.6. Ionized Cluster Beam Deposition

The idea that one can create a cluster of atoms, partially ionize it and accelerate
it towards a substrate is the basis of ionized cluster beam deposition (ICB)

technique (Takagi, 1988). The kinetic energy of the ionized cluster of atoms
gives one an additional degree of freedom in controlling the properties of

thin films. A typical cluster has as many as 500 atoms, in which usually more
than 75% of the atoms are in the uppermost two layers of the cluster. One can

therefore anticipate some unique physical and chemical behavior from these
clusters. The clusters of atoms on reaching the substrate break apart on

impact and release atoms to spread across the surface and move atoms faster
on the surface than would be possible without heating the substrate. Thus

one of the most significant properties of the ICB deposition technique is an
apparent enhancement of the surface adatom migration or diffusion in the
depositing film.

The generation of clusters occurs when atoms eject through a small nozzle
from a high-pressure region to a low-pressure region (Fig. 7.39). The adiabatic

expansion that occurs results in cooling, which creates the environment of
supersaturation for the vapor atoms. A crucible in which one heats the evapor-

ant to achieve a vapor pressure of 10�2�1 torr provides the source of atoms. It
is also possible to employ argon gas to augment the vapor pressure to reach the

high pressure desired in the source. The expansion of vapor through a nozzle
produces the desired clusters.

To create a cluster, the atoms must collide with each other. Hence, the gas

flowing through the nozzle must meet the viscous flow conditions. Therefore,
the nozzle diameter D of the crucible has to be larger than the mean free path l

of the vapor atoms in the crucible. The difference in vapor pressure between the
crucible and the vacuum chamber must be in the range 104�105 torr, so that

deposition pressures occur in the range of 10�7�10�5 torr. Typical nozzle
thicknesses to diameter ratios are 0.5–2.0 to form sufficient number of collisions

in the nozzle to form clusters. Several nozzles, each satisfying the requirement
above and arranged geometrically can produce a uniform beam of clusters over
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a large area. Then crucible can be heated by either resistive heating, electron

bombardment heating or by some hybrid method.
The clusters ionize on colliding with injected electrons supplied in the region

immediately above the nozzle. The electron emission current, Ic, determines the

fraction of clusters that ionize. Most clusters ionize singly. The fraction of
clusters that ionize as a function of electron current is nonlinear.

The ionized clusters receive energy by the electric field supplied by acceler-
ating electrodes located outside the ionization region. Voltages up to 10 kV are

typical. Both the neutral and ionized clusters strike the substrate with different
kinetic energies. The acceleration voltage and the aspect ratio L/D of the nozzle

determines the trajectory of ionized clusters. By the design of the shape and
spacing of the acceleration electrodes it is possible to produce best beam

uniformity. Reactive gases introduced into the reactor for synthesizing com-
pound films require that pressure of the reactive gas be sufficiently low so that
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Figure 7.39: Ionized cluster deposition system.
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no discharge occurs with the consequent break up of clusters. Since the ICB
system operates at low pressures, more than one source pointing towards the

substrate is helpful in synthesizing multicomponent films.
The treatment of the formation of clusters in a beam according to classical

nucleation theory is helpful in appreciating the behavior of cluster ion beams.
The Gibb’s free energy for the formation of a cluster of radius r is

DGc ¼
16pg3v2

c

3[kBT ln S]2
, (7:37)

where g is the surface tension, vc the molecular volume in a cluster, S the
saturation ratio P=P0, where P is the vapor pressure in the source. The rate of

nucleation J is

J ¼ K exp �DGc

kBT

� �
, (7:38)

and the factor K is

K ¼ P

kBT

� �2

vc

ffiffiffiffiffiffiffiffi
2g

pm

r
: (7:39)

Clusters can grow depending on the rates of impingement and reevaporation of
atoms, so that clusters have a distribution of sizes. The clusters that form farther

in the nozzle are larger.
The translational velocities of clusters emerging from a nozzle are consistent

with the behavior of supersonic nozzle beams rather than vapor emerging from

an open crucible. Clusters bombarding the surface, both ionized and neutral
ones, break up into atoms. However, the energy of the ionized cluster is greater

because of its acceleration through a potential. The atoms from the cluster
move rapidly on the surface of the substrate with a very high diffusion coeffi-

cient. The size, the structures of clusters are important in determining its role in
influencing the microstructure of thin films.

The ionized clusters have a low effective charge to mass ratio because gener-
ally only one atom in a cluster of many hundred is ionized. This means, space

charge effect based problems that can occur with low energy ion beam depos-
ition techniques are significantly reduced. The binding energy of cluster atoms is
small so that when they hit the substrate the atoms are easily dislodged from the

cluster and move on the surface easily by diffusion. In principle this can provide
epitaxial films at lower temperatures than conventional techniques. The clusters

when analyzed by electron diffraction technique appear to be amorphous in
nature. The kinetic energy of the incoming clusters can have number of conse-

quences. It can increase the local temperature at the point of impact. It can
either implant some atoms or sputter some atoms. Besides increasing surface
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diffusion, it can also create activation sites for nucleation to occur. Compound
films can be deposited by introducing appropriate reactive gases into the system.

The control of kinetic energy, through partial ionization of the clusters and
subsequent acceleration by an electric field, results in a broad degree of control

in the effective kinetic energy of the atoms that arrive at the surface.

Problems

7.1. A sputtering system is utilized to deposit aluminum. The pressure in the
system due to argon flowing in the system is 0.005 torr and the tempera-

ture is kept at 350 K. If the distance between the target and substrate is
25 cm, calculate the mean free path of aluminum atoms. What fraction of

aluminum atoms are scattered before they reach the substrate?
7.2. After reaching steady state conditions at the target, it is found that the

composition of the sputtered film deposited on glass is different than the
sputtered film deposited on a silicon substrate. Explain why this may
occur.

7.3. Sputtering is carried out in an argon atmosphere at a pressure 30 mtorr
and a temperature of 350 K. If a voltage of �600 V is applied to the target

and the cathode fall is 2 cm, calculate the electric field. How much time
the electron has before it can acquire enough energy to ionize Argon

atoms which have an ionization energy of 165.69 eV. What distance does
the electron has to travel to acquire this energy? Calculate the mean free

path of the electrons under these conditions? Is it likely that electrons will
loose their energy in collisions?

7.4. Calculate the times required to travel one mean free path for (i) an electron
and (ii) argon ion in an RF sputtering system operating at (a) 1 MHz and
(b) 13.56 MHz. Assume the target is at a potential of –500 V ad the cathode

sheath is 2 cm. The pressure in the system is 10 mtorr and the temperature is
350 K. What is the consequence of reducing the pressure of the sputtering

system? Does it increase or decrease the sputtering rate? Explain.
7.5. InP is grown in an MBE system at the rate of 1 mm=h. What is the partial

pressure of In at which this rate of growth can be obtained? If the atomic
densities are around 1022 cm�3, and the impurity concentration should be

less than 1015 cm�3, what should be the partial pressure of gas containing
impurities that has to be maintained in the system?

7.6. When do you expect to observe negative ions in a sputtering chamber?

What would be the consequence of the presence of negative ions in
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sputter deposition? What remedies would you suggest to overcome any
problems?

7.7. Prepare a table showing the comparisons between the activated reaction
process and the reactive sputtering process under the following categor-

ies: (a) source reactions, (b) plasma-volume or transport reactions and
(c) plasma surface interactions.

7.8. Calculate the time it takes for an argon ion to travel from one atom to the
next when it hits the (100) surface of silicon, ands compare it with time it
takes for an argon ion to make a collision with an atom of silicon.

7.9. What is the maximum energy that can be transferred in an elastic collision
between a mass m1 hitting a target atom with mass m2 when the incident

ions scatters at angle u after scattering?
7.10. Plot the sputtering yield versus energy of the incident ion according to the

empirical expression of Bodansky et al. for incident ions (a) Arþ, (b) Krþ,
(c) Xeþ, (d) Csþ, (e) Hgþ and (f) Gaþ on aluminum.

7.11. Plot the sputtering yield versus energy for (a) Krþ on Cu and (b) Arþ on
Au.

7.12. Explain the role of bias on the properties of the film mentioned below: (a)

purity of the film, (b) density, (c) coverage over contours, (d) sputter gas
incorporation, (e) composition control and (f) production of anisotropic

properties.
7.13. In a DC discharge sputtering how is the deposition rate influenced by (a)

target voltage and (b) bias voltage to the substrate? Explain your answer.
7.14. A sputtering target is made from 70% tungsten and 30% copper. As-

suming the sputtering yield of copper is four times that of tungsten,
what would be the composition of the film deposited in the steady state

condition?
7.15. Calculate the escape depth of the origin of sputtered atoms for (a) Fe and

(b) silicon.

7.16. Calculate the sputtering yield versus energy when Ar ions are used to
bombard a target of silicon. Plot the result.
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Chapter 8

Gas–Solid Interactions

8.1. Introduction

The knowledge of the manner in which gases interact with solids and the
conditions under which one can remove these gases from the solid are of

obvious importance in thin film technology. The material can interact with the
gases and change the environment. Conversely, the environment can influence

the material and change its properties. A clear understanding of a number of
phenomena is necessary to appreciate the conditions under which solids take up
gases and release gases. These phenomena are: evaporation and condensation,

adsorption and desorption, back scattering, displacement, surface reactions,
solubility, diffusion, permeation, degassing and leaks. These phenomena are

schematically illustrated in Fig. 8.1.
A gas in the environment can interact with the solid in a number of ways. One

of the ways is by the formation of a gaseous product. For example, high tempera-
ture may decompose hydroxides, resulting in the removal of gases, such as

moisture from the solid. Alternatively, a solid can remove a gaseous product
from the environment. Many substances, such as charcoal, finely divided alumina,
etc. act to chemisorb the gases from the environment. Some gases interact with

the solid and in return react and form a new gaseous product. Silicon monoxide,
for example, has high vapor pressure and can be removed from the system when

silicon interacts with oxygen. In certain situations, reactions between gases in the
environment can occur by catalytic effect of the solid present, without the

consumption of solid in the process. For example, carbon monoxide can combine
with hydrogen in the presence of a catalyst surface to produce methane and water

vapor. Gas adsorbed on the surface of a solid can also desorb from this surface.
Desorption is the release of the gas from internal surfaces to the vacuum cham-

ber, when the molecules are held in bound states on surfaces of a solid.
The material can change by its interaction with the gas. The reaction of a

material with a gas can produce a volatile product and cause a loss of the solid.
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The mechanical properties of the material can drastically change because of the

dissolution of the gas in the solid. Compounds, such as oxides, nitrides, carbides,
hydrides, formed internally inside the solid, influence mechanical properties

drastically. The strength of a solid increases when other elements dissolve
in it. The interaction of the gas with the material at the grain boundaries

influences its mechanical properties. Volume changes invariably accompany
phase changes that result in uneven stresses in the material promoting unex-

pected dimensional changes or promoting crack propagation.
It would be desirable to start the deposition of a film in a chamber where

there is very little gas to begin with, as in a high vacuum, so that contamination
problems can be avoided. The ability to reach low levels of pressure is curtailed
by the variety of sources that provide leaks in a system. It is at least clear that

we must avoid those materials in the vacuum system that can easily evaporate
within the chamber and contribute to the gas load in the system. It is necessary

to understand the thermodynamics of surface between the solid and the vapor
to interpret clearly the processes that can occur at the boundary between them.

Desorption

Vaporization

Internal

Leaks

Back streaming

PUMP

Permeation
Real

Diffusion

Figure 8.1: Potential sources of gases and vapors in a vacuum system.
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All atoms in the gas phase will eventually encounter a solid surface. Due to the
unsaturated valence atoms existing on the surface, several physical or chemical

phenomena can occur at the surface whereby the gas atoms spend proportion-
ally a larger amount of time on the surface than elsewhere giving rise to

physical or chemical adsorption phenomena. The number of molecules
adsorbed as a function of pressure at a given temperature shows a variety of

features that can be tackled by simple theories of adsorption. A specific ex-
ample of exploiting adsorption is in the growth of films by atomic layer epitaxy.
The gases can dissolve in the solids and their concentration is a function of

temperature, pressure and the nature of the gas and the solid. Diffusion of gas
can occur in the solid driving the gas further into the bulk or make the gaseous

dissolved atoms come to the surface and eventually escape into the chamber.
Gases can enter the solid from the high-pressure side and escape to the low-

pressure side through permeation. One can remove the atoms adsorbed on the
solid by thermal heating or by exposing it to energetic radiation before one can

deposit a film on a surface. The degassing process of a reaction chamber
requires us to be cognizant of all the various phenomena between the gases
and the solid.

8.2. Pumping to Low Pressure

The fundamental task for a vacuum system is to reduce the number of mol-
ecules of a gas in the reaction vessel to levels sufficient for the intended

application and keep their density at the desired level. Vacuum pumps attached
to the chamber serve this need. The pumps operate by either expelling the gas

in the chamber to atmosphere after removing toxic gases or store the gas in a
condensed form. It is essential to first attain a high vacuum in a chamber to
ensure that all sources of contamination are absent. The very first attempt to

pump down the system must eliminate air from the atmosphere. In subsequent
pump downs, the system comes to atmospheric pressure, during change or

introduction of new components into the system. It is best to do these in a
more controlled manner in the presence of flowing dry nitrogen or other

inert gas. The main concerns are to ensure that the vacuum system has the
appropriate types and sizes of pump combinations, ductwork, valves and proper

distribution of gas flows to meet process requirements.
The first stage in the evacuation of a chamber is to remove the gas originally

present in the chamber. In addition to this gas, other sources of gas eventually

make way into the volume of the chamber. These sources present an uninter-
rupted supply of gas and present the vacuum pump with a continuous gas load.

The vacuum achievable in the chamber is the result of the dynamic balance
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between the gas load and the ability of the vacuum pump to remove the gas
from the volume of the chamber. The second stage in any process is to maintain

the process pressure with a given gas load.
The rate of evacuation of gas from a chamber depends on the type of

assumptions one makes about the gas loads. We shall illustrate several different
situations by which we can appreciate the factors that influence the pump rate in

a vacuum system.
The simplest situation is to consider the vacuum pump to be in direct

connection with the chamber (Fig. 8.2). Assuming the temperature is constant,

and there is no source of gas other than what is in the volume of the chamber,
we can write at a given temperature

PV ¼ constant, (8:1)

so that

P
dV

dt
¼ �V

dP

dt
, (8:2)

and therefore,

Q ¼ SPP ¼ �V
dP

dt
, (8:3)

where SP is assumed constant pumping speed at the port of the pump, Q is
the flow rate of the gas enclosed in the vessel known as the throughput and

P is the pressure of the gas at the temperature T. The right-hand side of
Eq. (8.3) represents the amount of gas leaving the chamber, while the

left-hand side shows the gas entering the pumping duct. For example, for a
standard liter per minute (slm) throughput (i.e. temperature 273.16 K and

P

Q

SP

Figure 8.2: Vacuum pump in direct contact with chamber.
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pressure ¼ 760 torr), the equivalent Q at an operating temperature of 500 8C
(773.15 K) in a reactor is

Q ¼ 1
L

min

� �
� 760 torr� 773:15 K

273:15 K
¼ 2151 torr L=min: (8:4)

A reactor maintaining an operating pressure of 0.3 torr and temperature of
500 8C with a gas input of 0.4 slm, requires a pumping speed

S ¼ Q

P
¼ 0:4� 760� 773:15

273:15
� 1

0:3
¼ 2868 L=min: (8:5)

Integration of Eq. (8.3) provides the manner in which the pressure of the
chamber decays with time. We obtain

P(t) ¼ P(0) exp � SP

V
t

� �
, (8:6)

where P(0) is the pressure of gas in the chamber at the start of pump down, i.e.
at t ¼ 0, and P(t) is the pressure of the gas in the chamber after the pump is

functioning for a time t. Therefore, the time it takes to reach the pressure P(t) is

t ¼ V

SP
ln

P(0)

P(t)

� �
: (8:7)

The times predicted by the above equation for a vacuum system are an overesti-

mate for pressures below 10 torr since additional factors, as discussed below,
prolong the time to attain a desired vacuum level. For rapid pumping of small

volumes, the above expression will not give accurate values since it does not take
into account geometry, conductance, volume of ducts, transients and the like.

The pumping speed S has an effective volume rate that is less than the
manufacturer’s specification, since one specifies the value of SP at the pump

port. The connection of pump and the chamber to one another by tubing has
conductance (Fig. 8.3). Because of the conductance losses, S < SP. Even though
conductance and pump rate have the same units, they represent different phys-

ical entities. Conductance always refers to a geometric component across which
there exists a pressure differential. Pumping speed can refer to any plane that acts

as a pump for the preceding portions of the system. As shown in Fig. 8.3, the
vacuum chamber with pressure P has connection to a pump at pressure PP.

The conductance of the connecting tube is C. Therefore

Q ¼ C(P� PP); Q ¼ SPPP: (8:8)

We have

P� PP ¼
Q

S
� Q

SP
¼ Q

1

S
� 1

SP

� �
¼ Q

C
: (8:9)
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Simplifying,

S ¼ SP

1þ SP=C
: (8:10)

Therefore, S never exceeds SP or C and the smaller of the two quantities limits
the value of S. The effect of conductance is always to reduce the speed of pump

at the chamber. For instance, if C ¼ SP, the effective pumping speed is only half
the manufacturer’s rated value for the pump. It is for this reason that one

maintains the ducts between the chamber and the pump as short and as wide
as possible. Effective speeds approaching SP are possible if the conductance C is

greater than 5SP.
If the pump and the chamber are directly connected, and if there is a constant

gas load QG due to leaks, then

Q ¼ SPP�QG ¼ SPP 1� QG

SPP

� �
¼ �V

dP

dt
: (8:11)

When Q ¼ 0, one reaches the ultimate pressure, Pu, so that

QP ¼ SPPu: (8:12)

The effective pumping speed is

S ¼ Q

P
¼ SP 1� Pu

P

� �
: (8:13)

Integration of Eq. (8.11) results in

P(t)�QP=SP

P(0)�QP=SP
¼ P(t)� Pu

P(0)� Pu
¼ exp � SPt

V

� �
: (8:14)

Q

Pressure P

S
SP

Figure 8.3: Vacuum pump connected to the chamber through a pipe of conductance C.
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Therefore,

t ¼ V

SP
ln

P(0)� Pu

P(t)� Pu

� �
, (8:15)

where t is the time to reach the ultimate pressure and depends on the gas load.

One can represent the outgassing rate of a surface in high vacuum by the
expression

Q ¼ Q0 exp
�t

t

� �
, (8:16)

where Q0 is the initial outgassing rate, t is the time, and t is the associated
characteristic outgassing time, assumed to be constant. The equation describing

the outgassing rate of the chamber is given by

�V
dP

dt
þQu þQ0 exp

�t

t

� �
¼ SPP: (8:17)

The evacuation time t is given by

t ¼ V

SP
ln

(P0 � Pu)�Q0=(SP � V=t)

(P1 � Pu)� [Q0=(SP � V=t)] exp (� t=t)

� �
: (8:18)

The pumping speed of a system is not constant throughout its specified working
range as shown in Fig. 8.4. It is necessary to determine intervals, from the

performance characteristics of the pump, where one can make an approxima-
tion of constant speed. One then adds the time determined for each step. Most
practical systems undergo a series of operations that constitute one cycle. The

gas pressure may vary over several decades in a cycle and depends on the
particular function the reactor performs. Therefore, it is necessary to establish

the time required to reach a certain pressure in each of the flow regimes:
viscous, transient and molecular flow. It is also necessary to repeat each cycle

as fast as it is practically feasible without jeopardizing the integrity of the thin
film. The pump size can limit the ability to perform all these functions in one

system, if not adequately chosen.
The evacuation process must invariably start at atmospheric pressure. Since

gas densities range over 15 orders of magnitude, it is not possible to use a single
pumping device to produce the desired vacuum. It is common to use at least two
different devices for producing vacuum. Mechanical and cryosorption pumps

are often the first stage of pumps used to produce coarse vacuum. Higher
degrees of vacuum can be achieved by using vapor jet pumps, turbo molecular

pumps, cryosorption pumps or ion getter pumps. Most deposition systems
require the best possible vacuum feasible with considerations made for quality,

throughput and cost. Impurities introduced into the system during the vacuum
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generation stage may cause alteration in the nucleation and growth of the film,

which can have a profound influence on properties, such as contact resistance,
adhesion, resistivity and grain size of films.

Example 8.1

Obtain an expression for the variation of pressure with time assuming outgas-

sing rate can be represented by Eq. (8.11). Simplify this expression for high

vacuum region and after long times of pumping.

Rearranging Eq. (8.18), we have

P ¼ (P0 � Pu) exp � SPt

V

� �
þ Q0

SP � V=t

� �
exp

t

t

� �
� exp � SPt

V

� �� �
þ Pu:

For high vacuum, Pu � P0 and V=t � SP.

Therefore, we obtain

P� Pu ¼ P0 exp � SPt

V

� �
þ Q0

SP

� �
exp � t

t

� �
� exp � SPt

V

� �� �
:

Critical point

Inlet pressure (torr)

−10−11 −10−3 −10−1

P
um

pi
ng

 s
pe

ed
 (

ai
r)

Overload

1 2 3 4

Figure 8.4: Pumping speed of a diffusion pump as a function of inlet pressure.
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For long times of continuous pumping, we have e�SPt=V � e�t=t, so that

P ¼ Q0

SP

� �
e�t=t þ Pu:

Hence, the main effect on the reduction of pressure arises from the decay of the

outgassing rate with respect to time, so that during high vacuum pumping the
major factor is the dependence of gas evolution from the surface area of the

chamber.

8.3. Leakage

Leakage affects the properties of films in a variety of ways. Oxygen, for
example, can reduce adherence of films. Electrical and optical properties of a

film alter in ways that are not beneficial when oxygen and carbon contaminate
the film. In etching systems, the basic process chemistry may change so that

premature removal of material occurs.
In a vacuum system, gas can leak from external or internal sources. True leaks

refer to the leakage of gas from outside atmosphere to the vacuum system.
Porosity through the chamber wall material, poor seals, cracks, leaks in water-

cooling lines within the vacuum system represent some of the sources for
external leaks. Parts of the vacuum system may trap gases in limited volume

from which gas release occurs very slowly and these leaks are virtual leaks.
Virtual leaks may be due to surfaces in intimate contact, trapped volumes, such
as unvented bolts in blind holes, pores or joints, mechanical mounting of a part

on a surface (Fig. 8.5). In either case, under steady state conditions the leakage
restricts the ultimate pressure that one obtains in a vacuum system. The leakage

rate is the throughput of a small hole from atmospheric pressure to the vacuum
space and is expressed in Pa m3=s. Erlich and Basford (1992) have discussed the

calibration and use of leaks and recommend good procedures to follow.
Testing for a leak, determining its location and eradicating the cause of the

leak are important skills required of any individual who utilizes deposition and/
or etching systems. It is advantageous if one is aware of the history of the
system, the relationship of pressure to pumping time, base pressure, rate of

rise (ROR) and any other relevant factors from history of the system. These can
save considerable time from wasteful efforts in locating and fixing leaks.

When the vacuum system is set up, it is most helpful to find out leakages in a
system by utilizing the built-in total pressure gauges. If the lowest pressure

achievable in the system is known, Pe, and with a known pumping speed, SP, the
gas flow through the leak is given by

Qleak ¼ SP(P� Pe), (8:19)
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where P is the ultimate pressure actually reached in the system. If Pe is not
known, one can isolate the pumping system from the vacuum chamber and

observe the pressure rise. Sometimes while using gauges that record properties
that are dependent on the gas like heat conduction and ionization gauges,

one can spray the leak with a gas different than air like helium or methane.
The change in gauge pressure is an indication of leakage and points to its
location.

Vacuum systems equipped with partial pressure gauges permit leak detection
in a much more reliable manner. A quadrupole mass spectrometer can

enable the experimenter to use any tracer gas, when this gas is applied to the

File down side of screw
to vent trapped volume

Veting of weld or full-
penetration weld should be used

Hole drilled to
relieve volume

Trapped volume

Trapped volume

Vented O-rings

(b)

(c)

(a)

Trapped volume

Figure 8.5: Sources of leaks in vacuum systems.
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outer surface of the vacuum equipment. The total gas leakage rate Qleak is
given by

Qleak ¼
1

Ctg

� �
StgPtg, (8:20)

where Ctg is the concentration of the tracer gas, Ptg is its partial pressure and Stg

is the pumping speed. The most convenient way to detect and measure leaks is

through a dedicated mass spectrometer, such as a helium detector.
There are several simple ways to detect leaks. Mass spectrometer with

helium as the tracer gas detects leaks as small as 10�10 atm cm3=s and lower.
A probe in the form of a fine jet of helium close to the external entrance of a

leak serves to introduce the gas into the system. The reason for the selection of
helium is that one can identify it unambiguously, by its amu (the closest

neighbor H2 has 2 amu). It also diffuses fast because of its low mass (second
only to H2). It occurs in atmosphere in only one part in 200000 in air. The gas

itself is inert and safe.
The rate of leakage depends upon the type of flow of gas from the high-

pressure to the low-pressure side of a boundary. For molecular flow, the leak

rate is proportional to (P1 � P2). In a viscous flow, the leak rate is propor-
tional to (P 2

1 � P2
2). The leak rate increases with increase in temperature

for molecular flow but decreases for viscous flow. For a given type of flow, say
molecular flow, to obtain the leakage rate of M2, one multiplies the known

leakage for gas of mass M1 by (M1=M2)1=2. Similarly, in viscous flow regime,
multiplying the leakage rate for gas species #1 by h1=h2, where h1 and h2 are the

viscosities of gases 1 and 2 respectively gives the leakage rate for mass M2.
The flow of gas traverses the leakage path from atmosphere to high vacuum
chamber, and experiences a change in the flow condition from viscous laminar

flow to molecular flow. One can write the flow equation for steady state
conditions as:

Q ¼ pr 4

16hl
(P 2

1 � P2
2)þ 4

3

r2

l

2p

M0

� �
(P1 � P2)

1þ C1P2

1þ C2P1

� �
, (8:21)

where C1 and C2 are constants involving h and M’.
When a helium gas impinges on the leakage surface, the jet of probe traverses

the suspected surface. The rate of travel of the jet probe is important, since the

gas may take some time to flow and manifest itself at the detector. The time it
takes for gas to pass through a leakage path l cm long is

t ¼ l 2

6D
: (8:22)
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Assuming there is no adsorption and taking the average speed from Eq. (2.122),
we obtain

t ¼ l 2

4r

ffiffiffiffiffiffiffiffiffiffi
pm

8RT

r
: (8:23)

For l ¼ 0:2 cm; r ¼ 10�6 cm, we get t ¼ 0:23 s. It is thus preferable to move
the probe slowly. The smaller the leak, the more slowly one must move the
probe.

Leakage can be at a level that is acceptable or unacceptable for the successful
implementation of a process. Once the level of leakage that can be tolerated is

established, appropriate techniques with the required sensitivity may be
employed to detect leaks (Fig. 8.6). It may be the case that in several applica-

tions, it is only important to reduce the partial pressure of a certain component,
say oxygen, below a certain level. One method of detecting leaks is to measure

the rise of pressure in a vacuum chamber, when helium is injected near the
location of the leak in a specially constructed mass spectrometer that is sensitive
to helium is a common detector used to locate leaks. The thermocouple and

Pirani vacuum gauges can be used to detect leaks as they respond to thermal
conductivity changes in the gas. Ionization gauges, which exploit the difference

in the ionization efficiencies between the air and other gases, may also be
employed to detect leaks. Other properties, such as color of the glow discharge

depend on gas composition, and use of radioisotope can be employed to detect
leaks for special circumstances.

In the presence of a true leak, one reaches an ultimate pressure Pu. This is

Pu ¼
Qleak

Sn
¼ Qleak

V1

� �
t, (8:24)

where t is time constant of the vacuum vessel or the time to reduce to a certain

pressure.
The virtual leak results in a flow rate that is

Qlv ¼
PaV2

et
, (8:25)

where Pa is the pressure of the trapped gas, V2 is the volume within which the
gas is trapped, e ¼ 2:81833 and t is the time subsequent to the start of pump

down of volume V1. The maximum pressure produced by the gas escaping from
the trapped volume is

Pmax ¼
Qlv

Sn
: (8:26)
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Example 8.2

Consider a real leak in an evacuated chamber of volume one liter. The gas flow

throughput is 1� 10�3 Pa dm3=s. Calculate the rise in pressure if helium is used

instead of air.

(Pressure and time in arbitrary units)
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(Pressure and time in arbitrary units)(Pressure and time in arbitrary units)

Time

(a) Real leak

Time

Time

Pump valve closed

Time

(c) Real air leak replaced with helium (d) Composite of (a) and (b)

(b) Outgassing (or virtual) leak

Figure 8.6: Typical pressure changes in sealed devices due to leaks.
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Assuming the temperature to be 25 8C, the mean free path of air (molecular
diameter) is 3:74� 10�10 m and is given by

l ¼ kBTffiffiffiffiffiffi
2p
p

Pd 2
:

For a pressure of 1:33� 10�1 Pa in the vacuum side, the mean free path is 5 cm.
Hence, the flow is molecular in nature on the vacuum side of the leak.

The flow through aperture of zero length in the molecular-flow regime is
given by

Q ¼ 1ffiffiffiffiffiffi
2p
p

ffiffiffiffiffiffiffi
RT

M

r
a (P1 � P2),

where a is dependent on the geometry of the orifice. Hence,

QHe ¼ Qair

ffiffiffiffiffiffiffiffiffiffi
Mair

MHe

r
¼ Qair

ffiffiffiffiffi
29

4

r
¼ 2:7Qair:

Hence, with helium the leak rate will be 2:7� 1:0� 10�3 ¼ 2:7� 10�3 Pa=s.
This is a measurable difference in the rate of rise of pressure in a vacuum

chamber.

8.4. Evaporation and Condensation

Every substance has, at any finite temperature, atoms vibrating about their
equilibrium positions. Near the surface, some atoms may possess sufficient

kinetic energy and momentum in the direction normal to this surface to escape
from the surface. As they leave the solid and enter the volume of the chamber

being evacuated, they drift away from the solid. If the enclosure is closed, then
the vapors will be in the vicinity of the solid, and there will be a dynamic

balance between atoms wanting to recondense onto the solid with the atoms
wanting to leave the surface of the solid. The equilibrium condition results in a
finite partial pressure of the evaporating substance. This pressure, according to

the Clausius–Clapeyron equation, depends on the temperature for a given
substance. A reduction in temperature reduces the equilibrium vapor pressure

that depends on the heat of evaporation of the substance. A reduction in
temperature for most commonly encountered gases results in a vapor pressure

that is well below 133� 10�10 Pa if the temperature of the surface with which
the gases are in contact is at 4.2 K. The above feature is taken advantage of in

the design of cold traps, refrigerated baffles and cryogenic pumps in vacuum
systems. Evaporation and condensation refer to the phenomenon associated
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with the bulk material. When the amount of material remaining on a solid
surface is a few molecular layers or less, the term adsorption and desorption

denote respectively the arrival and departure of gas molecules.
The vapor pressure of most materials used in the construction of the vacuum

system is sufficiently low that it does not constitute a major gas load in the
system. However, inadvertently left materials in the vacuum system can con-

tribute to the gas load. These can arise from imperfectly cleaned vacuum
components or incompletely dried components. The organic solvents or the
water vapor can be a source of gas load due to vaporization. As long as the

vapor pressure of the substance is below the equilibrium pressure, the vacuum
system continually extracts the vapor. However, there are situations (e.g. when

the vapor is compressed during pumping operation) in regions of the vacuum
system where the vapor pressure, say of water, may exceed the saturated vapor

pressure. These situations can occur in the pump itself or in gauges used to
measure the pressure. One can avoid this type of condensation by the use of a

ballast system. In this system, by admitting a controlled amount of air to the
pump, the partial pressure of water does not exceed the saturation value at any
given stage of operation of the pump. The second most important cause of gas

load by evaporation arises from the carelessness in handling of the parts.
Organic material from improper cleaning processes, fingerprints, etc., can be a

cause for much of the gas load due to evaporation, and one should avoid this by
carefully crafted cleaning procedures. The vapors from the oil used in vacuum

pumps can also contribute to back streaming to the chamber.
A positive approach to use evaporation and condensation is by bringing the

vapor in contact with a cold surface so that it can condense and thereby reduce
the pressure in the system. The gases that normally escape from the solid by

evaporation can all be brought to condense on a cold surface. This procedure
assists the ultimate pressure that one can reach in a system. The temperature of
the cold surface on which the gas is condensing determines this ultimate

pressure. Let us suppose that a system is at pressure P and temperature T.
The number of molecules escaping by evaporation depends on temperature

as given by Eq. (2.160). The mass of gas condensing on a surface at a tempera-
ture T is

G ¼ 5:834� 10�2Pf
M

T

� �1=2

g=cm2=s, (8:27)

where f is the condensation-sticking coefficient. Therefore

Pu fc
M

Tc

� �1=2

¼ Pf
M

T

� �1=2

, (8:28)
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so that

Pu ¼
f

fc
P

T

Tc

� �1=2

: (8:29)

where f and fc are the condensation coefficients at T and Tc, respectively. At the

cryogenic temperature of 4.2 K corresponding to liquid helium melting point,
we obtain

Pu ¼ 8:4P, (8:30)

if the initial temperature is 300 K, and assuming the ratio of condensation
coefficients to be unity. The vapor pressure of the majority of gases com-

monly encountered in air (H2, O2, N2, CO2, H2O) is such that one can
reach ultimate pressures of 10�10 torr at 4.2 K (Fig. 8.7).

The difference in vapor pressure between surfaces at equilibrium at two

different temperatures brings about a flow of gas. The difference between the
number of molecules condensing and leaving the unit surface in each second is

DN, where

DN ¼ fP(2pmkBT)�1=2 � fcPu(2pmkBT)�1=2: (8:31)
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Figure 8.7: Vapor pressure of common gases.
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Therefore, the throughput is

Q ¼ ADNkBT

¼ A
kBT

2pm

� �1=2

fP� fcPu
T

Tc

� �1=2
" #

,
(8:32)

where A is the area of the condenser surface. Eliminating fcPu from Eq. (8.30),
we obtain the speed S of the pump:

S ¼ 3:64 fA
T

M

� �1=2

1� Pu

P

� �
: (8:33)

For cryogenic pumps based on liquid helium temperature, the above expression
results in speeds of the order of 106 L=s.

Example 8.3

A vacuum chamber of volume V contains a gas of specific heat CV at a pressure

of P and is cooled from a temperature T1 to T2 in time t. How much heat is given

off? Obtain an expression for the power required to remove this heat.

The number of moles, n, of the gas in the vacuum chamber is given by

n ¼ PV

RT
:

The heat given off in the process of changing temperature is

DQ ¼ nCV(T2 � T1):

The power requirement to remove this heat evolved in time t is given by

Power ¼ DQ

t
:

8.5. Thermodynamics of Surfaces

Gibbs (1928) laid the foundations for understanding surfaces according to
thermodynamics. While dealing with bulk phases, density, entropy, energy
and other similar quantities are assumed to be uniform right up to the boundary

of the bulk phase. However, as pointed out by Gibbs, when there are two phases
in contact, the assumption of uniformity in properties up to the interface

between the two bulk phases must be considered invalid. This is because a
discontinuity in energy at the boundary would imply the existence of an infinite
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force at the boundary that is physically not permissible. It is evident that all the
forces of attraction and repulsion must have a finite range. Therefore, each

phase can be considered homogeneous throughout its bulk except in the vicinity
of the boundary where a change occurs from the properties of one phase to that

of the other in a thin layer of transition. The thickness of the transition layer is
not arbitrary and is determined by the equilibrium constraint that the chemical

potential of each species in the phases must be constant throughout the system.
The variation of a typical thermodynamic property f across phases 1 and 2 is
shown in Fig. 8.8.

Gibbs provided a phenomenological treatment of the problem of dealing with
a system containing an interface. He replaced the transition layer at the inter-

face by a hypothetical surface, which we refer to as the Gibbs dividing surface.
In this approach, each phase on either side of the Gibbs dividing surface is

assumed to be homogeneous right up to the boundary, so that one can utilize
the thermodynamics of a homogeneous phase for each phase. Furthermore, for

any extensive quantity f, Gibbs wrote

f ¼ f1 þ f2 þ fs, (8:34)

Distance
Actual system

2

2

1

1

Gibbs dividing
surface

f1

f1

f2

f2

Figure 8.8: The variation of thermodynamic property f in an actual system is replaced

by selecting a dividing surface where the thermodynamic property in each phase is

constant up to the boundary.
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where f1 and f2 represents the thermodynamic extensive quantity if the phases
1 and 2 remained homogeneous right up to the Gibbs dividing surface, and fs is

the correction term attributed to the interface arising out of the actual presence
of the transition layer. In spite of the artificial nature of the model, it allows us

to determine the thermodynamic properties of the surface in terms of well-
defined equilibrium properties f, f1 and f2. The dividing surface itself may be

characterized by its area and curvature.
The properties of the system should not of course depend upon the choice of

the dividing surface. It is usual to construct the dividing surface to be within the

transition layer. The surface is chosen such that each point in the transition
layer has nearly the same surroundings as the neighboring points, which lie on

the interface. Therefore, the location of the diving surface has one degree of
freedom and can be moved normal to the dividing surface. Consequently, any

other surface parallel to the dividing surface can equally well serve as the
dividing surface. An additional convention is therefore needed to fix the divid-

ing surface securely in space. Unlike flat surface, which have the same area
when they are moved normal to it, curved boundaries require the dividing
surface to be fixed, since parallel curved surfaces have different areas, and

hence different interface properties. The advantage of the dividing surface
vanishes when the curvature of the interface is comparable to the thickness of

the transition layer and more elaborate treatments using statistical mechanics or
thermodynamics of inhomogeneous systems (Cahn and Hilliard, 1958) have to

be invoked.
Consider now a system consisting of two phases 1 and 2 separated by an

interface. We will assume that the curvature of the interface is large compared
to the thickness of the transition layer. One can then ignore the dependence of

surface energy on curvature. Let V1 and V2 be the volumes of phases 1 and 2
respectively, so that the total volume of the system is given by

V ¼ V1 þ V2: (8:35)

The above formula does not uniquely define V1 and V2, since their values will

depend on the location of the Gibbs dividing surface. The location of the Gibbs
dividing surface can be fixed by recourse to an additional condition. We take

this to be the concentration of atoms at the interface. Let us suppose that the
concentration of component i in the bulk phase is given by CI

i and CII
i , respect-

ively. The number of moles of substance i in each phase is given by nI
i ¼ V1cI

i

and nII
i ¼ V2cII

i . The total number of moles of component i in the system is
denoted by ni. Therefore, we have

nA
i ¼ ni � (V1cI

i � V2cII
i ), (8:36)
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where nA
i is the surface excess amount. It is convenient to write

GA
i �

nA
i

A
, (8:37)

where A is the area of the interface and GA
i is called the surface excess

concentration (moles=m2). Note that GA
i is not the total concentration of i in

the surface layer, rather it represents the excess (or deficiency) of component i

with regard to the concentration in the adjoining phases. Gibbs chose the pos-

ition of the dividing surface such that the surface excess of component, which is
typically the main component or solvent (here taken as component 1), to be

equal to zero. Hence, we can take

nA
1 ¼ n1 � (V1cI

1 � V2cII
2 ) ¼ 0: (8:38)

Therefore, we can write

n
A(1)
i ¼ (n1 � CI

i V1)� (n1 � cII
1 V2)

cI
i � cII

i

cI
1 � cII

1

: (8:39)

For a one-components system, the surface density of atoms is taken to be zero,

by convention. In a multicomponent system, the principal component in the
phase is taken to have a zero value at the dividing surface. Hence, this convention

fixes the volume of the adjoining phases. Therefore, all the thermodynamic
quantities are uniquely defined and divided between volume contribution and

surface contribution.
The fundamental equation of thermodynamics is

U ¼ U (S, V, N1, N2, . . . ): (8:40)

We can obtain through Legendre transformation the appropriate thermo-
dynamic potential, V, by replacing the entropy and the number of moles in
the fundamental equation by their corresponding intensive variables tempera-

ture T and the chemical potential mi as:

V ¼ U � @U

@S

� �
V, Ni

dS�
X

i

@U

@Ni

� �
S, V

dNi ¼ U � TS�
X

i

miNi: (8:41)

We note

dV ¼ dU � TdS� SdT �
X

i

midNi �
X

i

Nidmi ¼ �SdT � PdV �
X

i

Nidmi:

(8:42)

We have therefore,

V ¼ V(T, V, m1, m2, . . . ): (8:43)
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Note that we can write

V ¼ A�G ¼ (U � TS)� (U þ PV � TS) ¼ �(PV): (8:44)

Consider now the system shown in Fig. 8.9. The sides of the system are chosen

to be conical since the variation in thermodynamic properties in the direction
normal to the conical side will be zero from the definition of the dividing

surface. If this system were isolated, we have from the combined first and
second law of thermodynamics

d(U � TS) � �dW, (8:45)

where dW is the work done by the system. If in addition, we allow the exchange
of atoms between the two phases and the surroundings then,

d U � TS�
X

i

miNi

 !
� �dW �

X
i

d(miNi): (8:46)

If we maintain the chemical potentials at constant value, then

d(miNi) ¼ midNi: (8:47)

We write

�dW �
X

i

midNi ¼ �dW 0, (8:48)

Phase 1

Gibbs dividing surface

Phase 2

A

V1 V2

System at constant
V, T, m2

Figure 8.9: System consisting of an interface and parts of two homogenous phases.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch08 Final Proof page 639 17.11.2005 11:51pm

Gas–Solid Interactions 639



where dW’ does not include the work done due to transfer of atoms in order to
maintain the constant chemical potential. Hence,

dV � �dW 0, (8:49)

so that under constant T, V and mi, the equilibrium condition is dV ¼ 0, or V

has a minimum value for stable equilibrium.

We define surface energy as the reversible work required to create a unit
area of surface at constant temperature, volume and chemical potentials.

Hence,

g � @W

@A

� �
T, V, mi

: (8:50)

We can write the thermodynamic potential in the form

V ¼ Va þVb þVs, (8:51)

where a and b are the two phases that include the boundary, which is denoted
by the superscripts. For the surface we observe

dVs ¼ d(gA) ¼ g dAþA dg, (8:52)

where the term dg arises from the variation of surface energy with strains in the

surface. For fluid–fluid interfaces, dg ¼ 0, and we can write

Vs ¼ gA: (8:53)

Comparing the above with W ¼ �PV, we note that the surface energy g and

area A of the interface, are analogous to pressure P and volume V for bulk
phases.

At constant T, V and mi the only work is the one associated with the increase
in the area, so that we can write

g ¼ @Vs

@A

� �
T, V, mi

: (8:54)

The total amount of surface work is thus

Vs ¼
ð
s

g dA: (8:55)

The equilibrium shape of the surface thus corresponds to the minimum value of
Vs, when no work is done in the bulk phases.

As the interface is created, the chemical potential may be kept constant only
when we allow the flow of species i from the bulk phase to the surroundings of
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the system. The incremental number of moles of i, transferred to the interface
per unit area is defined as surface excess and is given by

Gi �
dNs

i

dA
: (8:56)

Since the surface can either be enriched or depleted in the component i, we can

expect Gi to be positive or negative. We have therefore,

dVs ¼ g dA ¼ d(A�G) ¼ dA� dG ¼ dAs �
X

i

mi dNs
i : (8:57)

Hence,

g ¼ as �
X

i

miGi, (8:58)

where as is the Helmholtz free energy per unit area of the interface. In a

one-component system, by selecting the Gibbs dividing surface such that
G1 ¼ 0, we obtain

g ¼ as: (8:59)

The variation of the thermodynamic potential V can be obtained from the
definition

dV ¼ d
�

U � TS�
X

mi dNi

�
¼ dU � TdS� SdT �

X
i

midNi �
X

i

Ni dmi:

(8:60)

Since

dU ¼ T dS� PdV þ
X

i

mi dNi, (8:61)

we obtain

dV ¼ �S dT � P dV �
X

i

Ni dmi: (8:62)

We have

dV ¼ d(�PV) ¼ �P dV � VdP: (8:63)

Hence,

�S dT þ V dP�
X

i

Ni dmi ¼ 0: (8:64)
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The corresponding relationship to the above for the surface is given by

�Ss dT �A dg �
X

i

Ns
i dmi ¼ 0: (8:65)

The above equation is often written in the form

dg ¼ �Ss dT �
X

i

Gi dmi, (8:66)

where s is the entropy per unit area, and Gi � Ns
i =A is the surface excess of

component i. The above equation is known as the Gibbs adsorption equation. It
is evident that the changes in surface energy are brought about by changes in

temperature and chemical potentials only.
We can now consider the situation when the interface between two incom-

pressible fluids is no longer planar, but the total volume of the system is constant.
The temperature T and the chemical potential mi are equal in both the adjoining

phases that define the interface. Under conditions of equilibrium we have

dV ¼ 0 ¼ dVa þ dVb þ dVs ¼ �P1 dV1 � P2 dV2 þ g dA: (8:67)

Since V1 þ V2 ¼ constant, we obtain dV1 ¼ �dV2, so that

0 ¼ �P1 dV1 þ P2 dV1 þ g dA, (8:68)

or

P1 � P2 ¼ g
dA

dV1
: (8:69)

But for an interface, we have

dA

dV1
¼ k, (8:70)

where k is the curvature of the interface. Hence, we obtain the relationship

P1 � P2 ¼ gk: (8:71)

For a flat interface, k ¼ 0, so that P1 ¼ P2. However, in the general case for a
curved surface, the pressures in the two phases are unequal. We can obtain the

above equation in a useful form by writing the terms in Eq. (8.68) refer all to the
same pressure, and to rewrite in terms of chemical potentials. We have for a

one-component system

m1(T , P1) ¼ m2(T, P2), (8:72)

or

m1(T, P2 þ gk) ¼ m2(T , P2): (8:73)
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For g k� P2, we can approximate

m1(T , P2 þ gk) ¼ m1(T , P2)þ gkV1, (8:74)

since

@m1

@P

� �
T

¼ V1, (8:75)

where V1 is the molar volume of phase 1. Hence,

m1(T, P2)� m1(T, P2)þ gV1k ¼ 0: (8:76)

We have thus expressed the chemical potentials at the same pressure P2. The

chemical potentials are referred to as the bulk chemical potentials, or the
chemical potentials when the interface is flat.

Example 8.4

From the Gibbs–Duhem equation, obtain the effect of curvature on the equi-

librium temperature a liquid drop.

Let a be the vapor phase and b be the condensed phase.
The Gibbs–Duhem equation for each phase at constant external pressure is

given by

Sa dT � Va dPþ dma ¼ Sa dT þ dma ¼ 0 and Sb dT � Vb dPb þ dmb ¼ 0:

Noting,

T(Sa � Sb) ¼ DHe and dma ¼ dmb,

where DHe is the enthalpy of evaporation we obtain,

(Sa � Sb) dT þ VbdPb ¼ DHe

T
dT þ VbdPb ¼ 0:

From Laplace’s equation, we have for a spherical droplet of radius r

dPb ¼ d
2g

r

� �
,

so that, we obtain

DHe

T
dT þ Vbd

2g

r

� �
¼ 0:

Simplifying, we obtain

dT

T
¼ � Vb

DHe

� �
d

2g

r

� �
:
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Integrating,

ðT
T0

dT

T
¼ � Vb

DHe

� � ðr
1

d
2g

r

� �
:

Therefore, we obtain

ln
T

T0

� �
¼ � 2g

r

� �
Vb

DHe

� �
:

We note that at a given pressure the drop must be cooler in equilibrium with the
vapor phase.

8.6. Adsorption

A gas molecule striking a solid surface can either be reflected by an elastic
collision or may temporarily stay on the surface and subsequently depart with a

velocity and direction that is unrelated to its initial values. The energy transfer
between the gas molecule and the atoms in the solid occurs only in the latter

case. Sorption is the name given to the type of interactions by which the gaseous
molecule resides in/on a solid. Adsorption refers to the type of interactions that
the gas molecule has with the atoms of the solid surface whereby the molecules

will spend a larger proportion of their time near the surface than anywhere
resulting in a time-averaged concentration that is higher near the surface than in

the bulk of the gas phase. When the gas atoms penetrate further into the solid
and there is a volume dependency, then one speaks of occlusion or absorption.

Solid surfaces in contact with a gas must necessarily consider adsorption
because epitaxial growth, baking to achieve ultrahigh vacuum, role of impur-

ities in influencing properties and in vacuum generation technology, we are
assisted by our understanding of adsorption phenomena. Many of the physical

and chemical processes either start at the interface or are influenced by the
presence of the interface. Two classifications of adsorption are generally popu-
lar: physical adsorption and chemisorption. The solid that takes the gas is the

adsorbent. The adsorbed gas is the adsorbate. In physical adsorption, the ex-
change of energy that occurs when a gas atom settles on a vacant position on the

solid surface is analogous to the energy of condensation of gas atoms. In
chemisorption, the gas atom may combine with the surface atom on a solid to

form a chemical compound so that the energy involved corresponds to the heat
of formation of a compound. In a real situation, the picture of adsorption of

gases shows a continuous variation from physical adsorption to chemisorption.
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The boundary between the gas and the solid is the seat for a number of physical
and chemical processes. There is a fundamental difference between the atoms

that lie on the surface of a solid and those in the interior of the solid. The atoms on
the surface of a solid have fewer neighbors than atoms in the bulk. This results in

an unbalance when the atoms in the surface can exhibit unsaturated valence that
can bond with a foreign atom or molecule. This process, where the molecules of a

gas in the vicinity of the solid attach themselves to the solid surface is adsorption.
There are a number of features that one wishes to know about the behavior of

the adsorbed gases. What type of influence temperature and pressure has

on adsorption? What is the strength of the bond of adsorbed atoms? What
are the changes that the surface that is adsorbing the gas undergoes? What are

the changes that the gas must undergo before adsorption? What is the steric
nature of bond of the adsorbed molecule? How do the adsorbed molecules

interact with each other? The search for answers to these questions and others
form the extensive field of adsorption.

It is simple to appreciate that the atoms on the surface of a solid must be in a
different energy state than the atoms in the bulk. The additional energy con-
tributed by the surface atoms is the surface energy, and it imparts to the surface

certain characteristics that are distinctly different from the bulk. For example, a
surface may try to minimize the number of atoms by assuming a shape that is

appropriate to this requirement. The forces of surface tension are the conse-
quence of this desire to minimize the surface area. Some solutes are present in

more abundance in the boundary than in the bulk phase. This preferential
presence of a certain solute on the surface can result in a number of useful

properties for the solid. In some other cases, this can be a hindrance to the
performance of a solid in a given application. A gas molecule that has normally

three degrees of freedom, such as translation motion loses one or all of these
degrees of freedom on adsorption on a solid.

Physical adsorption generally does not result from any major rearrangement of

the electron clouds of the gaseous atoms or molecules. Furthermore no splitting
of the molecules into parts occurs. The amount of heat released in physical

adsorption corresponds to heats of condensation of gas and is generally within
1–20 kJ/mol. Physical adsorption can occur only below the critical temperature

for the gas. The nature of force responsible for this adsorption is van der Waals
type of forces. The attractive force is therefore provided by the instantaneous

dipole moments of the adatom and its nearest neighbor surface atoms.
Physical adsorption is generally rapid and reversible by lowering the pressure.
Delays or hysteresis can occur when mass transport is slow or the penetration

of gas is torturous as in a porous solid. Physical adsorption can occur at or below
the critical temperature or the boiling temperature whichever is lower. One

important feature of physical adsorption is that multilayer formation occurs
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here. The gas phase molecule can interact with surface that consists of surface
molecules in the condensed phase that are of the same kind or different kind. The

determination of the surface area of small particles exploits the phenomenon of
physical adsorption. Physisorption is only observed when stronger chemisorption

is not present. One can investigate physisorption only at low temperatures, since
at room temperature binding with potential energies less than 25 meV/atom is not

possible. The depth of potential well in physisorption is of the order of 0.3–1 nm
so that physisorbed molecules are located at relatively large distances from the
surface and are usually highly mobile in the plane parallel to the surface.

Chemisorption involves the formation of a chemical bond between gaseous
atoms and the atoms on the surface of the solid. The adsorption occurs regard-

less of the critical temperature of the adsorbate. The chemical nature of ad-
sorbent and the adsorbed molecule determines the type of chemisorption that

occurs. Chemisorbed gases are difficult to remove and one monolayer thick. In
the majority of cases, a certain amount of activation energy is necessary for

chemisorption to occur. Chemisorption is thus not always reversible. It is also
possible to absorb one molecule and desorb another as when oxygen chemi-
sorbed on carbon desorbs as carbon monoxide or carbon dioxide. A physically

adsorbed gas can become chemisorbed when the conditions of pressure and
temperature change. The rate of chemisoption is governed by the kinetics of the

specific reaction and may be slow or fast. Once the gas is chemisorbed, subse-
quent removal may be difficult. Chemisorption is generally expected to be

limited to a monolayer. Compared to physical adsorption, chemisorption occurs
even at high temperatures where physical adsorption is small. In actual cases

there is a continuum of adsorption between physical and chemical adsorption
with no sharp dividing region between them.

Example 8.5

The average time of stay, t, of a molecule when it hits a surface is given by

t ¼ t0 exp
Q

RT

� �
,

where t0 is of the order of a molecular vibration time and may be assumed to

around 10�13 s. Calculate for values of Q between and obtain the surface con-

centration of the molecule. Under what conditions do you expect the molecules to

adsorb on the surface?

The average time t of a molecule on the surface is given by

t ¼ t0 exp
Q

RT

� �
,
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where Q is the energy of interaction between the gas molecule and atoms on the
surface of the solid.

One may consider adsorption to have occurred if t is much larger than t0.
Under these conditions the molecule stays on the surface, reaches equilibrium

condition, and its leaving the surface is independent of how it arrived on the
surface. Under such circumstances, we say that the thermal accommodation

coefficient is unity.
The surface concentration is given by

G ¼ F0t,

where F0 is the number of molecules of collision per unit area per unit time.
The surface of a solid is continually bombarded by molecules from the gas

phase. The rate of impingement of molecules is given by

F0 ¼
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p :

At equilibrium, a corresponding number of molecules must evaporate from the

surface to maintain a net flux of zero molecules at the surface. However, as the
molecule approaches the surface of the solid, it will reach a position of min-

imum energy (QP or QC in Fig. 8.10) where it may be trapped. If such trapping
occurs, the mean time of stay of the molecule on the surface is given by

ta ¼ t0 exp
Q

kBT

� �
,

where t0 is inversely proportional to the number of attempts molecules make to
jump out of the surface. Experimentally measured values of t0 range from 10�16

to 10�9 s. The fact that ta has a finite value implies that the molecule will spend
on the average more time on the surface than anywhere else in the system, so

that its concentration is higher on the surface, or we say the molecule is
adsorbed on the surface. How long the molecule will stay on the surface is
governed by the value of Q. At 300 K for van der Waals type of forces Q is in

the range 100–4 cal/mol and ta varies from 5 to 150 kcal/mol, where t ranges
from 10�6 to 101100 s.

Since the net rate of adsorption must be zero, we write

na ¼ ta
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p ¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p t0 exp

Q

kBT

� �
:

It is important to recognize that ta may depend on na or Q depends on surface
coverage. We have also assumed that the process of adsorption follows simple

first-order kinetics so that there is no intermediate stage, such as break up of
molecules before adsorption.
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The primary interest in adsorption is to determine the number of molecules, n

(or moles adsorbed per gram of solid) that are adsorbed on the surface of a solid
at any given temperature T and pressure P. Under true equilibrium conditions,

one can represent this relationship in the general form

F(n, P, T) ¼ 0: (8:77)

It is convenient to represent the above function in terms of relationships
between two variables when the third variable is constant. Therefore, three

methods of representation of adsorption data are possible. The most widely
employed is to depict the relationship between n and pressure at constant
temperature. The adsorption isotherm relates number of molecules adsorbed

with pressure at constant temperature as:

n ¼ f (P)jT : (8:78)
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Figure 8.10: Potential energy as a function of distances from surface for a diatomic

molecule.
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The adsorption isobar gives the functional relationship of the number of
adsorbed molecules as a function of temperature at constant pressure as:

n ¼ g(T)jP: (8:79)

Finally, the adsorption isostere depicts the relationship of pressure versus tem-

perature at constant value of the number of adsorbed molecules as:

P ¼ h(T)jn: (8:80)

Since chemisorption is a chemical reaction, it is quite sensitive, as a given
molecule that may chemisorb on one surface of one material may not chemisorb
on the surface of another material. For example, cobalt chemisorbs on palla-

dium and not very well on gold. If the molecule breaks into fragments and each
of the fragments chemisorb to the surface, the phenomena is called dissociative

chemisorption.

Example 8.6

Consider an atom or molecule, which has one valence electron that approaches

a metallic surface. Show that the van der Waals attraction is inversely propor-

tional to the third power of the distance of the atom from the surface.

The physisorbed atom is pictured as an oscillator along a coordinate u, which

is taken to be normal to the metal surface (Fig. 8.11). Let the atom be at a
distance z from the surface.

The attractive force between the solid and the atom is due to time dependent
interaction of the valence electron and the nucleus or core with their images.

A point charge þe outside the surface of a semi-infinite medium with dielec-
tric constant « induces an image charge given by

q ¼ 1� «

1þ «
e,

positioned in the medium at the same distance from the surface. For a metal

surface, assuming « ¼ 1, we obtain q ¼ �e.

Atom

Surface

Figure 8.11: Attraction of an atom to a surface by van der Waals attractive force.
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The potential energy of interaction between the real charge and its image is
given by

V ¼ � e2

4p«0z
:

The total interaction energy is given by

V(z) ¼ � e2

4p«0

� �2
1

2z
� e2

4p«0

� �2
1

2(z� u)
þ e2

4p«0

� �2
1

2z� u
þ e2

4p«0

� �2
1

2z� u
:

The first term is the interaction between the nuclear core with its image. The

second term is the interaction of electron with its image. The repulsive terms
are due to interaction between the nuclear core and the electron image and vice

versa.
If one expands the terms in powers of u/z, we obtain the lowest order terms

to be

V(z) ffi � e2

4p«0

� �2
u2

4z3
:

8.6.1. Langmuir’s Adsorption

Langmuir (1918) examined adsorption as one of dynamic equilibrium between
the bulk gas phase and the adsorbed layer. Each surface has a number of

molecules, F, striking on a unit area per unit time, where according to the
kinetic theory of gases we have

F ¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p : (8:81)

Let us assume that the surface has a certain number of sites, S, available for
adsorption, of which atoms occupy S1 sites and the remainder S0 ¼ S� S1 are

free. The rate at which atoms evaporate is proportional to S1 or is k1S1, where
k1 is a rate constant. The rate of condensation is proportional to the bare

surface S0, and to the gas pressure or k2PS0. One assumes single adatom
occupies one site and all adsorption sites are identical in nature and indepen-

dent of the presence of adatoms on other sites. The gas pressure determines the
number of collisions the gas atoms make on the surface. Under steady state

conditions

k1S1 ¼ k2PS0 ¼ k2P(S� S1): (8:82)
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Denoting by u the fraction of surface covered,

u ¼ S1

S
, (8:83)

and therefore

u ¼ bP

1þ bP
, (8:84)

where

b ¼ k2

k1
: (8:85)

If we write

u ¼ n

nm
, (8:86)

where nm is the amount of adsorbate in cm3 STP/g adsorbed at the
monolayer point. Note that when u ¼ 1 corresponds to the monolayer, with

u < 1 or u > 1 as sub-monolayer and multilayer coverage, respectively. We
have

n ¼ nm
bP

1þ bP
: (8:87)

The above expression is the Langmuir’s isotherm and appears schematically in

Fig. 8.12 and is a rectangular hyperbola. The derivation of Langmuir’s adsorp-
tion isotherm relationship from thermodynamics (Volmer, 1925) and from
statistical mechanics (Fowler, 1935) gives it a prominent position in the theory

of adsorption. Note that at low pressures, P! 0, and

n ¼ nmbP, (8:88)

so that coverage is proportional to pressure at constant temperature. If P!1,

n ¼ nm, (8:89)

or the adsorbant surface becomes saturated with a monomolecular layer of the

adsorbent. We can put Langmuir’s adsorption isotherm in the form

P

n
¼ 1

bnm
þ P

nm
: (8:90)

Therefore, a plot of P/n versus P should yield a straight line (Fig. 8.13). The

slope and the intercept of this line yield nm and b.
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Figure 8.12: Fractional coverage as a function of gas pressure P, or solute

atomic fraction x.
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Figure 8.13: Plot of P/n versus P resulting in a straight line.
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We can write the rate constants in the forms

k1 ¼
1

t0
exp � Q

RT

� �
(8:91)

and

k2 ¼
Ns0

(2pMRT)1=2
, (8:92)

where s0 is the area of a site of adsorption. Therefore,

b ¼ Ns0t0eQ=RT

(2pMRT)1=2
¼ b0eQ=RT ,

where

b0 ¼
Ns0t0

(2pMRT)1=2
: (8:93)

Temperature dependence of the adsorption isotherm enables one to obtain the

heat of adsorption.
Langmuir’s work initiated the theoretical work on adsorption phenomena of

gases on solids. His theory was sufficient to describe the behavior of many gases

at low pressures. The amount of adsorbed gases increases more or less linearly
with pressure at very low pressures. One predicts a saturation limit for mono-

layer adsorbed films at high pressures. The amount of adsorbed gas decreases
with increase in temperature at the same pressure. Adsorption is also greater

for those gases that are more readily condensable or have higher boiling points.
Quantitative agreement with Langmuir’s theory was lacking. The values of nm

and b did not reconcile with the physical significance given to them by Lang-
muir. The values of nm obtained for different gases on the same substrate differ

widely. Langmuir’s theory ignores the possibility that adsorption can involve
more than one monolayer. It also assumes a definite number of surface sites and
assumes that the adsorbed atoms do not interact with each other so that the

heat of adsorption is independent of coverage. Many of the proposed refine-
ments of Langmuir’s models introduce enough empirical parameters to render

them of no great significance.
The Langmuir model appears to provide a good description in systems in which

strong chemisorption occurs. When the adsorption is weak, as in physical adsorp-
tion, the Langmuir model fails to adequately represent the experimental data.

Some of the reasons advanced for this failure is the neglect of interaction energy
from among adatoms, surface mobility, surface heterogeneity and the presence of
multilayers. Langmuir’s model does not allow for adlayers having u > 1.
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Example 8.7

Obtain the equation of state for a two-dimensional gas of adsorbed atoms when

the temperature is sufficiently high to make the lateral motion of the adatoms easy

compared to thermal energy.

Consider the Gibbs adsorption equation at constant temperature and pres-
sure given by

dg ¼
X

i

Gidmi:

When we assume that the barrier to lateral motion of the adsorbed atoms is
small compared to kBT, then adatoms are free to move on the film surfaces as a

two-dimensional gas.
For equilibrium we have

dms
i ¼ dm

g
i ¼ RTd( ln Pi):

For a one-dimensional solid, we write

dg ¼ �GRTd( ln P):

Let GR ¼ nakB, where na is the number of adatoms per unit area. If we define
the two-dimensional pressure by P, then

DP ¼ �dg:

We obtain

dP ¼ nakBTd( ln P):

Integrating, we obtain

P ¼ kBT

ðP

0

nad( ln P) ¼ kBT

ðP

0

na
dP

P
:

Utilizing Henry’s law, which states na ¼ kP, so that dna¼dPk, we obtain

P ¼ kBT

ðna

0

na
k

na

dna

k
¼ kBT

ðna

0

dna ¼ nakBT:

Introducing the surface area per adatom, s � 1=na, we obtain

Ps ¼ kBT,
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which is the two-dimensional analogue of the ideal gas equation. Clearly, if we
include attraction between adatoms and the size of the adatoms, we can derive

an equation analogous to van der Waals equation, which implies that one can
observe condensation of the two-dimensional gas into liquid-like state in two

dimensions. One can also see a variety of phase transitions in the solid-state
analog of the two-dimensional adatoms.

The adsorption phenomena reveal a large number of phases that can exist on
the surface, and transitions occur between these phases. A number of phase
diagrams of surfaces have been measured and plotted using log(p) and 1/T as

axes. Other useful plots are isobars and isosteres.

8.6.2. Multilayer Adsorption Model

The possibility of several layers to be present in an adsorbed layer for relative

pressure x ¼ P=P0 (P0 is the saturation vapor pressure) greater than 0.1 appears
reasonable from experimental results on adsorption isotherms. Brunauer (1945)
classified experimentally determined adsorption isotherms into five distinct

types (Fig. 8.14). Type I corresponds to the Langmuir isotherm and is charac-
terized by the limiting adsorption, which is assumed to be attained on comple-

tion of the monolayer. This type of adsorption implies that there is a specific
interaction between adsorbate and adsorbent and is more characteristic of

chemisorption. Type II is commonly observed in physical adsorption, and may
be associated with the formation of a multilayer adsorption layer. Type III

appears to be representative of the case when the absolute value of the heat
of adsorption is equal to or smaller than the heat of condensation of the pure

adsorbate. Type IV and Type V correspond to the cases of Type II and Type III,
when the adsorption maximum is reached at a pressure lower than that of
saturated vapor pressure. This is more typical when adsorption occurs in porous

solids. Additional types of isotherms have been suggested for non-wetting
systems between adsorbent and adsorbate. Brunauer, Emmet and Teller ad-

vanced a multilayer theory (BET theory) of physical adsorption as an extension
of Langmuir’s adsorption theory. The basic assumption of BET theory is that

Langmuir’s theory applies to each adsorbed layer. The model assumes that
when adsorption equilibrium has been attained, the total surface area may be

visualized as consisting of patches, each of which is covered with one, two or
more monolayers of adsorbed material as shown in Fig. 8.15. Under equilibrium
conditions, the fraction of the surface having a given coverage is assumed

constant. However, for the first layer the heat of adsorption Q may have a
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Figure 8.14: The five types of adsorption isotherms.
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Surface

Θ0

Figure 8.15: Model utilized for the development of BET treatment of adsorption.

specific value characteristic of the system. The subsequent layers have a heat of

adsorption, Qv, which is equal to the heat of evaporation of the adsorbed
species in bulk form. The theory assumes that the evaporation and condensa-

tion occur from exposed surfaces.
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Let S0 be the uncovered surface, S1 be the area covered by a single layer, S2

by a double layer and so on (Fig. 8.15). For S0, we write

a1PS0 ¼ b1S1 exp � Q1

RT

� �
, (8:94)

so that the rate of condensation is equal to the rate of evaporation, and a1 and

b1 are constants. For equilibrium between the molecules in the (i� 1)th layer to
those in the ith layer, we can write

aiPSi�1 ¼ biSie
�Qi=RT ¼ biSie

Qv=RT , (8:95)

where one assumes Qi for all the layers from second layer onwards is Qv, which

is the rate of liquefaction or condensation. This allows us to write

b2

a2
¼ b3

a3
¼ � � � ¼ bi

ai
: (8:96)

We rewrite Eq. (8.94) in the form

S1 ¼ yS0, (8:97)

where

y ¼ a0

b1

� �
P exp

Q1

RT

� �
: (8:98)

In an analogous manner, we write

S2 ¼ xS1, (8:99)

where

x ¼ a2

b2
P exp

Qv

RT

� �
: (8:100)

For the general case,

Si ¼ xSi�1 ¼ xi�1S1 ¼ yxi�1S0 ¼ CxiS0, (8:101)

where

C � y

x
¼ a1b2

a2b1

� �
exp

Q1 �Qv

RT

� �
: (8:102)

The total surface area of the solid is

A ¼
X1
i¼0

Si, (8:103)
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and the total volume of the adsorbed gas is

VS ¼ VS
0

X1
i¼0

iSi, (8:104)

where VS
0 is the adsorbed volume per unit area of the surface when the

monolayer is completely filled. Hence,

VS

AVS
0

¼ VS

VS
0

¼

X1
i¼0

iSiX1
i¼0

Si

: (8:105)

We write

VS

VS
m

¼
CS0

X1
i¼1

ixi

S0 1þ C
X1

i¼1
xi

h i : (8:106)

Since X1
i¼1

xi ¼ x

1� x
, (8:107)

we obtain

X1
i¼1

ixi ¼ x
d

dx

X1
i¼1

xi ¼ x

(1� x)2
: (8:108)

Simplifying,

VS

VS
m

¼ Cx

(1� x)(1� xþ Cx)
: (8:109)

If one has a free surface, the amount of adsorption is infinite so that P ¼ P0

implies V3 ¼ infinity, and x must equal unity in this limit. Therefore,

VS ¼ VS
mCP

(P0 � P)[1þ (C � 1)P=P0]
: (8:110)

The above equation is the BET equation for physical adsorption of multilayers.
The BET equation can be recast in the linear form

x

VS(1� x)
¼ 1

VS
m

þ C � 1

VS
m

x: (8:111)

Therefore, a plot of x=VS(1� x) versus x should yield a straight line with slope
(C � 1)=(VS

mC) and intercept 1=(VS
mC). If one further assumes

a1b2

a2b1
� 1, (8:112)
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we obtain

C ¼ exp
Q1 �Qv

RT

� �
, (8:113)

where Q1 �Qv is the ‘‘heat of adsorption’’. The BET equation assists in

determining the heat of adsorption and the surface area of a solid. Using C as
a parameter, BET equation can satisfactorily explain the Type II and Type III

adsorption isotherms (Fig. 8.16).
We can determine the regions where multilayer adsorption should occur. We

have from Eq. (8.111), by evaluating VS and VS
m the expression

Cx ¼ (1� x)[1þ (C � 1)x]: (8:114)

Solving for C, we obtain

C ¼ (1� x)2

x2
¼ (1� P=P0)2

(P=P0)2
: (8:115)

Since

C ¼ exp
Q1 �Qv

RT

� �
: (8:116)
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Figure 8.16: BET isotherms.
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We obtain

ln C ¼ Q1 �Qv

RT
: (8:117)

Hence,

Q1 �Qv

RT
¼ ln C ¼ 2 ln 1� P

P0

� �
� 2 ln

P

P0

� �
¼ 2 ln

P0 � P

P

� �
: (8:118)

The above equation reveals plots as shown in Fig. 8.16 for a variety of situations.

Since adsorption is associated with physical and chemical phenomena occur-
ring at the surface, it is highly desirable to express the number of moles
adsorbed per unit area of the surface, or in terms of the fraction of the surface

area covered by the adsorbent. The determination of surface area requires
the measurement of a property that is relatable quantitatively to surface area

via a theoretical model. However, the surface area that one can determine
depends upon the minimum size of irregularities that one can resolve in any

method of measurement. Consequently, different methods of measuring the
surface area can yield differ results. The method used to measure surface area

can yield different values should be appropriate to the application for which
such information is useful, since the notion of an absolute value of surface
area is an elusive quantity. The theory of fractals has tackled mathematically

the problem of dealing with irregular surfaces. In this theory the number of
adsorbate molecules N(s) in an area needed to cover 1 g of the surface is

written

S ¼ N(s)s ¼ C0s1�D=2, (8:119)

where D is known a fractal dimension. For a perfectly planar surface, D ¼ 2 and
S ¼ C0, so that S is independent of the area of the adsorbate molecules. The

determination of fractal dimension D is covered in Meyer et al. (1986).

Example 8.8

Calculate the potential energy versus distance curve for an Inert gas atom

attracted to a planar surface according to Lennard Jones potential 4Ed[(r0=x)9

�(r0=x)6].

E(x) ¼ 4pEdnr3
0

1

45

� �
r0

x

� �9

� 1

6

r0

x

� �3
� �

,

n is the number density of atoms and r0 is a length parameter. The minimum

occurs at 1:16r0, x is the distance from the surface and Ed is the depth at the
minimum.
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8.7. Modulated Beam Growth Methods

Several methods of growth have been introduced, which depend upon the
pulsed mode of supplying the reactant species to the growing surface. These

techniques have shown the ability to grow epitaxial layers through surface-
controlled processes. Among the techniques are atomic layer epitaxy (ALE),

phase locked epitaxy (PLE) and migration-enhanced epitaxy (MEE). We shall
consider the principal features of each of these growth modes in turn.

Atomic layer epitaxy is a process for growing thin epitaxial films by surface-

controlled process. Atomic layer pitoxy approach makes use of the difference in
energy between chemisorption bonds with bonds typical of compounds to be

grown, and energies of pure constituents, which are much lower in energy due
to the physical or quasi-chemical nature of adsorption. Its success was first

demonstrated in the growth of electro luminescent ZnS films for display appli-
cations and has since been applied to many II–VI semiconducting compounds.

The atomic layer epitaxy utilizes sequential saturated surface reactions for the
growth of monolayers in each sequence. It is quite useful in growing super-
lattices with excellent control on interfaces and layers of materials desired. It

frequently enables epitaxial growth at low temperatures and over large areas.
Consider the formation of the compound AB. Let us suppose the first layer of

material to be deposited is A. Generally, when the first layer of atoms reaches
the substrate there is a strong chemical bonding to result in a monolayer of the

atoms of A. Subsequent layers of A are attached to the film by less strong
bonds. If the temperature of the substrate is high enough, it is possible to retain

the chemisorbed first layer and drive away the subsequent layers. The second
layer of B is now deposited, which chemisorbs to the first layer of A atoms to

form the compound AB. Therefore, the most important parameter available in
controlling the saturation mechanism is the temperature of the substrate and
the time that one allows to have the physisorbed atoms evaporate. There is a

temperature range over which the atomic layer epitaxy is possible. If the
temperature is too low then condensation of the material can occur. If

the temperature is too high then even the chemisorbed layer may evaporate.
The growth is thus controlled by the method of material deposition. The rate of

growth is essentially determined by the rate of repetition of the growth se-
quence rather than the flux of the reactants. Use of mechanical shutters,

reactors using pulsed flow of reactants, or by moving the substrate can bring
about the sequencing that is needed. In ALE, the film grows stepwise – a single
monolayer per pulse – if at least one complete monolayer coverage of a

constituent element, or of a chemical compound containing it, is formed before
the next pulse is allowed to react with surface. The principal feature of ALE is

the formation of a layer per cycle. The vapor source has to be turned off after
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each deposition pulse so that the surface approach equilibrium at the end of
each reaction step.

Self-limiting adsorption behavior has the potential to improve deposition
ordering, uniformity and area selectivity. Alloys, such as Ga0:5In0:5As prefer to

order themselves as alternating GaAs and InAs. The complete ordering is often
inhibited during epitaxy. The kinetic barrier is bypassed in atomic layer epitaxy

by artificially establishing the ordering. Variations of the incident flux are unim-
portant in controlling the thickness in atomic layer epitaxy, since thickness is
determined by the number of cycles of pulses. Large areas and patterned sub-

strates can easily be covered by deposit in atomic layer epitaxy. One may also
obtain selective area deposition in atomic layer epitaxy by masking the area

where deposition is not wanted. The precursor choice and temperature are the
critical elements in assuring atomic layer epitaxy. The temperature of deposition

is a window, which must be determined initially by film thickness versus depo-
sition per cycle, where a cycle is a pulse of A bearing vapor followed by B bearing

vapor (Fig. 8.17). The shape of the curve in Fig. 8.17 depends on the precursor
composition, flux of gases, dose of each vapor per cycle and pump-out time
between vapor pulses. In the case the element A is nonvolatile, one must use a

compound vapor and the mechanisms involved are dependent on the individual
species employed for deposition. One vapor cycle in atomic layer epitaxy re-

quires for each vapor a certain dose time to produce one monolayer. This should
be followed by a time to remove the vapor by purging the system with an

unreactive gas or by vacuum pumping before the next gas is introduced. Switch-
ing of gases is time consuming and can result in exposure to contaminants. These

problems are endemic to atomic layer epitaxy.
The idea of a pulsed mode of supplying the reactant species of the growing

film has been introduced as a new method in controlling the composition of
AlxGa1�x As compound. In the MEE technique, the interruption of As supply
to the growing surface during the Ga or Al supply period is essential to the

surface migration enhancement of the surface adatoms. Migration-enhanced
epitaxy is based on the rapid surface migration effect, which is characteristic of

Ga and Al atoms in an As-free atmosphere, over the GaAs surface. The
migration is enhanced in the absence of As with respect to As-rich surface

that the interruption of the arsenic supply is essential to the surface migration
enhancement of the surface adatoms. It is found that thousands of layers can be

grown by this technique whereas by the normal MBE technique it is difficult to
maintain surface flatness after about 20 layers. It is found that low defect density
and low temperature growth are possible in MEE technique.

In molecular layer epitaxy (MLE), one utilizes the chemical reaction of
adsorbents on the semiconductor surface, where gas molecules containing one

element of the compound semiconductor are introduced alternately in the

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch08 Final Proof page 662 17.11.2005 11:52pm

662 Gas–Solid Interactions



growth chamber. For example, to grow GaAs, one can utilize the source gases
AsH3 for As and TMGa for Ga. An excimer laser is utilized as the light source

for irradiation during MLE. The light can also be chopped in conjunction with
the gases introduced in other fashions. Depending on the nature of the kinetic

reactions one can achieve different types of films. It is found that surface
morphology, enhanced migration of atoms on the surface and electrical prop-
erties of semiconductors (Nishizawa et al., 1986) can be affected by these

methods.

Example 8.9

The density of molecules in a gas is

n ¼ p

kBT
,

Growth
per

cycle

Processing

A

B

Substrate temperature

Figure 8.17: Atomic layer epitaxy with alternative exposure to A and B atoms.
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where p is the partial pressure of the reactant. For a substrate surface of area A,
and the monolayer saturation density, as (molecules=m2), and using u to be a

material utilization factor, we can write

pV

kBTu
¼ Aas,

where V is the volume of the gas. The time required to feed the reactant is given by

t ¼ 2:23� 10�21 Aas

Fu
,

where F is the mass flow of the reactants.

8.8. Solubility of Gases in Solids

The interaction of gases with solids is an extensive branch of study spanning a
wide range of interests. We shall examine some of the elementary consider-

ations in terms of equilibrium thermodynamics. A few remarks on kinetics of
gas solid interactions will also be appropriate. Atomic models are not yet

available that permit one to predict with any degree of confidence the solution
behavior of gases in solids.

Consider a gas phase consisting of a diatomic molecule A2. Let us suppose
this gas phase is in equilibrium with dissolved gas atoms A in a solid metal M.

The reaction is symbolically

1
2 A2(g) ¼ A(in M), (8:120)

where A represents typically O, H or N and M is a metal. The equilibrium
constant KP for the above solution process is

KP ¼
aA(in M)

a
1=2
A2

¼ aA

P
1=2
A2

, (8:121)

where a denotes activity. The activity of A2 in the gas phase is equal to its

equilibrium partial pressure in the vapor phase. The standard Gibbs free energy
change for the solution reaction is

DG0 ¼ �RT ln KP ¼ �RT ln
aA

P
1=2
A2

 !
, (8:122)

so that

aA

P
1=2
A2

¼ exp �DG0

RT

� �
: (8:123)
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We define for any solution of a given composition the activity coefficient gi as
the ratio of the activity of the components i to its mole fraction xi. Therefore,

the activity coefficient gi is

gi �
ai

xi
: (8:124)

For an ideal solution the activity coefficient is unity. Solutions for which the
activity of a component is greater than its mole fraction show positive deviation

from ideal behavior. Solutions for which the activity of a component is less
than its mole fraction show negative deviation from ideal behavior. The

activity coefficient is greater than unity for positive deviation from Raoult’s
law behavior and less than unity for solutions that show negative behavior. The

ideal solution is not often present in solid solutions. A negative deviation is
typical in situations where the two components show attraction to each other
rather than to themselves. If the components show preference to attract each

other as opposed to the opposite type, positive deviation from ideal behavior is
present.

In all solutions under dilute conditions, it is a reasonable approximation to
represent the activity of the solute as a function of mole fraction by a straight

line, and this behavior is Henry’s law. The activity coefficient of a component in
a solution is now a constant at a given temperature and pressure and is

independent of composition. We can write for the component i the expression
for activity ai

ai ¼ kxi, (8:125)

where k is a constant. Since the activity coefficient g is

gi �
ai

xi
, (8:126)

we use a special designation g0
i to describe the activity coefficient when Henry’s

law is valid. We thus have

g0
i ¼ lim

xi!0
gi ¼ lim

xi!0

ai

xi
: (8:127)

If the concentrations of dissolved A atoms is sufficiently small, we can approxi-

mate its activity according to Henry’s law by

aA ¼ g 0
AxA, (8:128)

where g 0
A is the Henrian activity coefficient. Thus,

xA ¼
ffiffiffiffiffiffiffiffi
PA2

p 1

g 0
A

exp �DG0

RT

� �
¼

ffiffiffiffiffiffiffiffi
PA2

p 1

g 0
A

exp �DH0

RT
þ DS0

R

� �
, (8:129)
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where DS0 is the standard entropy of solution, and DH0 is the standard enthalpy
of solution, so that

DS0 ¼ �SS� S0; DH0 ¼ H� �H0: (8:130)

The dependence of solubility with pressure according to Eq. (8.129) is known as
Sievert’s law (Fig. 8.18).

At constant pressure, the solubility of a gas increases with increase in tem-
perature if DH0 > 0, whereas for DH0 < 0, the solubility decreases with in-

crease in temperature. At a given pressure the solubility of A in a metal
increases with increase in temperature, for the case where the relative heat of

solution is endothermic. If the relative heat of solution is exothermic, then the
solubility of A decreases with increase in temperature. Exothermic solutions
indicate a tendency toward ordered solution or compound formation. Endo-

thermic solutions have a tendency to separate into two phases.
In general, we observe

DG0 ¼ m0
A(in M) � 1

2m
0
A2
: (8:131)

One can choose the standard state of chemical potential m0
A(in M) of dissolved A

atoms in several ways. If 1/2 mole of A2 in the gas phase at one atmosphere is

the standard state, then

DG0 0 ¼ 0; a
0

A ¼ g
0

AxA ¼
ffiffiffiffiffiffiffiffiffi
PA2

:
p

(8:132)
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Figure 8.18: Solution of hydrogen in molten iron at 1592 8C obeying Sievert’s law.
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We have thus

g 0
A ¼

xAffiffiffiffiffiffiffiffi
PA2

p : (8:133)

If one selects the ideal dilute solution as the reference state

ln
gAxAffiffiffiffiffiffiffiffi

PA2

p
 !

¼ �DG0

RT
: (8:134)

We write

aA ¼ gAxA and gA ¼ 1 for xA ! 0: (8:135)

Thus,

gA ¼ exp �DG0

RT

� �
: (8:136)

Thermodynamic stability of compounds influences the solubility of gas atoms in
a solid. For example, formation of hydrides, nitrides and the oxides determine

the maximum solubility of H, N and O respectively in a metal. Consider the
formation of the compound

1
2 A2(g)þmM(s) ¼MmA(s): (8:137)

The standard Gibbs free energy for formation of this compound is

DG0
1 ¼ G0(MmA(s))�mG0(M(s))� 1

2 G0(O2(g)): (8:138)

For the solution reaction

1
2 A2(g) ¼ A(in M), (8:139)

we have

DG0
2 ¼ G0(A in M)� 1

2 G0(O2(g)): (8:140)

The reaction for compound formation from the saturated solution is obtained

from

A(in M)þmM(s) ¼MmA(s), (8:141)

for which

DG0
3 � DG0

1 � DG0
2: (8:142)
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We have therefore,

DG0
3 ¼ �RT ln K ¼ �RT ln

aMmA(s)

am
M(s)aA

" #
¼ �RT ln

1

aA

� �
: (8:143)

By equating the activity aA to the maximum solubility xA, max, we have

DG0
3 ¼ �RT ln

1

xA, max

� �
, (8:144)

or

ln xA, max ¼
DG0

3

RT
¼ DG0

1 � DG0
2

RT
: (8:145)

Since one can write

DG0
3 ¼ DH0 � TDS0, (8:146)

we have

ln xA, max ¼
DH0

RT
� DS0

R
: (8:147)

The solubility varies exponentially with temperature.
A number of gases decompose on the metal surface, enabling one kind of atom

to be absorbed and the other desorbed. Examples of such interaction are given by

H2O(g) ¼ H2(g)þO (in M),

NH3(g) ¼ 3
2 H2(g) ¼ N (in M),

CmHn(g) ¼ n
2 H2(g)þmC (in M):

(8:148)

The equilibrium condition for the above reactions may be written

K1 ¼
PH2

PH2O
aO; K2 ¼

P
3=2
H2

PNH3

aN ; K3 ¼
P

n=2
H2

PCmHn

aC: (8:149)

Knowing the Gibbs free energy change for each reaction, we can plot the activity
of the element in the dissolved state as a function of the ratio of partial pressures.

8.9. Diffusion

The absorption and desorption reactions depend upon the diffusion of atoms in

the solid. Molecules adsorbed on the surface can enter the bulk material
through diffusion and be absorbed. Similarly, molecules or atoms that are
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absorbed can diffuse to the surface. H2, O2, N2, CO2 are dissolved in stainless
steel in large amounts and can diffuse to the surface. The solution for Fick’s law

of diffusion for a number of solid geometries reveals that the time to reach a
homogeneous concentration in a solid is approximately

t ffi L2

D
, (8:150)

where L is a length that is appropriate to the geometrical form of the solid, and

D is the diffusion coefficient. When

d(�cc=ceq)

dt
� D

L2
, (8:151)

where Ceq is the equilibrium concentration and C0 is the mean concentration of
dissolved atoms at time t in gram-atoms/cm3, the rate determining step
cannot be diffusion but it must be transport in the gas phase or a process at

the metal surface. Equilibrium data determines the direction of the reaction
under the conditions chosen and the final gas content attainable after an

infinitely long time of degassing. The maximum concentration decrease of a
piece of material attainable in a degassing treatment is given approximately by

the relationship

DC � 1

2

Pt

d
, (8:152)

where DC is the change of concentration of dissolved species in atomic %, P is

the gas pressure, t degassing time and d is the thickness of the material.
Pressures less than 10�3 are necessary to obtain reasonable values of times for

degassing in thick specimens.
The solution for diffusion controlled degassing is available from Crank

(1957). Consider a semi-infinite solid, where the diffusion is along the x-direc-
tion only for the sake of simplicity. The Fick’s second law is

@C

@t
¼ D

@2C

@x2
: (8:153)

The boundary conditions are

C ¼ C0, x 	 0, t ¼ 0; C ¼ C0, x!1, t > 0; C ¼ 0 at x ¼ 0, t > 0:

(8:154)

The solution is

C(x) ¼ C0 erf
x

2
ffiffiffiffiffiffi
Dt
p

� �
: (8:155)
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The molar flux from the surface is

N ¼ D
@C

@x
¼ C0

ffiffiffiffiffi
D

pt

r
: (8:156)

If the gas evolved is the only species in the vacuum chamber then the volumetric

flux is

N
�CC
¼ C0RT

P

ffiffiffiffiffiffiffi
D

pt
:

r
(8:157)

Hence, the throughput is

Q

A
¼ C0RT

ffiffiffiffiffi
D

pt

r
¼ at�1=2, (8:158)

and decreases with the square root of time.
The outgassing rate from a solid wall containing gas at an initial concentra-

tion C0 depends on the solution of the diffusion equation. The solution of the
diffusion equation is for a uniform initial concentration C0 is

q ¼ C0
D

t

� �1=2

1þ 2
X1

0

(� 1)n exp � n2d 2

Dt

� �" #
: (8:159)

For short times,

q ¼ C0
D

t

� �1=2

: (8:160)

This desorption rate is much slower than first-order desorption. It is

slower because out diffusion from the bulk is the rate-limiting step. For long
times

q ¼ 2DC0

d
exp �p 2Dt

2d 2

� �
: (8:161)

The slow to rapid decay occurs at a time t:

t ¼ d 2

6D
: (8:162)

The diffusion coefficient is a function of temperature as:

D ¼ D0 exp � Ed

kBT

� �
, (8:163)
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where Ed is the activation energy for diffusion. Thus, baking assists in reduction
of the outgassing rate and the reduction of time required to remove the initial

concentration of gas dissolved in the solid.

Example 8.10

Atoms adsorbed on the surface can move into the bulk. Similarly, atoms in the

bulk can move to the surface. Write coupled equations by considering the

hydrogen in a metal film and obtain solution in some simple situations.

Gas, such as hydrogen migrates into the bulk of niobium and tantalum films.

The energy of the hydrogen atom at a surface site relative to the H2 in the gas
phase is ED.

There is an activation energy barrier EA for hydrogen to go into solution in
the metal.

The energy of hydrogen atoms in solution is given by EA.
The flux of H2 molecules to the solid substrate is denoted by f1.

The flux of atoms desorbing from the solid substrate is f2.
The flux of hydrogen atoms into the bulk film is f3.

The flux of atoms from the bulk to the surface is given by f4.

The flux of atoms from the bulk to the surface of the solid assuming the

diatomic molecule dissociates is given by

f1 ¼ 2k1(1� u)2,

where u is the fractional coverage factor as in Langmuir adsorption. Similarly,

the flux of atoms desorbing is given by

f2 ¼ �ku2:

If x is the atomic fraction of hydrogen atoms in the bulk, the flux of atoms into
the bulk is given by

f3 ¼ �nu(1� x),

where n is the jump frequency. Similarly, the flux of atoms to the surface is
given by

f4 ¼ b(1� u)x,

where b is the jump frequency. We write n and b as follows:

n ¼ n0 exp � EA

kBT

� �
and b ¼ b0 exp � EB

kBT

� �
:
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We have

�EA þ EB þ ED ¼ Es,

where Es is the heat of solution hydrogen in the film. The coupled rate equation

for surface and bulk diffusion for small x is given by

du

dt
¼ 2k1(1� u)2 � ku2 � nuþ b(1� u)x and N1

dx

dt
¼ nu� b(1� u)x,

where N1 is the number of layers of the solid film in planar geometry.

The total uptake per unit surface may be written

U ¼ N1xþ u:

We write

du

dt
¼ 2k1(1� u)2 � ku2:

Under equilibrium conditions, the above derivative is zero so that

u

1� u
¼ b

n
x ¼ 2k1

k

� �1=2

:

We obtain

x ¼ Cs
P

P0

� �1=2

exp
Es

kBT

� �
,

where Cs is a constant that incorporates the entropy term.
The solution of the coupled equations can be given for some special situ-

ations. If the rate-limiting step is the arrival of atoms from the gas phase, we
have u ¼ x, so that

(N1 þ 1)
dx

dt
¼ 2k1(1� x)2 � kx2:

The solution of the above equation is given by

x

1� x
¼ 2k1

k

� �1=2

tanh
(2k1k)1=2

N1 þ 1

 !
:

If the rate-limiting step is the surface to the bulk transfer, we have x ¼ 0 and
n ¼ 0, so that

N1
dx

dt
¼ b

1þ ( b=n)xm
(xm � x),
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xm is the equilibrium concentration.
Under steady state conditions we have

x ¼ n

b

u

1� u
:

For du=dt� N1(dx=dt), the solution for the coupled equation may be written in
the form

1
2 (1� b2) ln (1þ y)� 1

2 (1þ b)2 ln (1� y)� b2y ¼ at,

where y � x=xm and a ¼ 2k1=(N1xm). The parameters can be obtained by fitting

experimental data.

8.10. Permeation

The permeability of a gas is the diffusion flux, J, under certain defined or
standard conditions. Consider the diaphragm (Fig. 8.19) that separates gases

maintained at two different pressures. Given sufficient time, one expects to
reach a steady state. Under these conditions the gas enters the solid on the high-

pressure side at a certain rate, leaves the solid on the low-pressure side at the
same rate. Therefore, the concentration of the gas on each side of the solid

remains constant in time. The concentration gradient maintained in the solid is

DC

Dx
¼ C0 � C1

Dx
, (8:164)

where C0 and C1 are the concentration of the gas phase on each side of the solid

of thickness Dx.
The flux of the element diffusing through the solid under steady state condi-

tions is according to Fick’s first law

J ¼ �D
@C

@x
: (8:165)

K

P1  P0

∆x

Figure 8.19: Permeation of gases.
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Assuming the concentration gradient to be unity, the flux J is the permeability,
P, and is the same as the diffusion coefficient. However, no general agree-

ment exists for defining the standard conditions under which one can represent
permeability. An area of 1 cm2 and one mm thickness serves frequently as

the standard. Under these conditions, the permeability is 10D. If we assume
the gas phase in equilibrium with the solid, then one reaches the solubility

limit. If a diatomic gas is in equilibrium with a metal, we write according to
Sievert’s law

J ¼ �Ds

ffiffiffiffiffiffi
P0

p
�

ffiffiffiffiffiffi
P1

p

Dx
, (8:166)

where s is the solubility at unit pressure. The permeation constant now is Ds.
A number of gases permeate through solids. The permeation constants are

available in a number of important cases (Fig. 8.20). Hydrogen permeates
through a number of materials. Gas permeation in glasses and polymers is

1000/T (K)
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Figure 8.20: Permeation rate of helium through various glasses.
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proportional to pressure, so that diffusion occurs molecularly. Rare gases do not
permeate through metals. Organic polymers are permious to all gases including

rare gases. Permeation limits the final pressure that one can attain in a system.
Helium permeates through glass, oxygen through silver and hydrogen and

helium through neoprene and viton ‘‘O’’ rings.
The gas load due to permeation is

Qper ¼ KperA(DP)�1, (8:167)

where Kper is the permeation constant, A is the area and t is the thickness of

material and DP the pressure gradient across the thickness of the material.

Example 8.11

Apply the first law of Fick to obtain the diffusion coefficient for a gas perme-

ating in a cylinder of length l.

Consider a hollow cylinder of a solid held at an isothermal temperature.
A gas x is passed through the inside of the cylinder.

A different concentration of the same gas is maintained outside the cylinder.
If the concentration c of the gaseous species does not change with time, the

concentration at each point in the cylinder is constant or (@c=@t)r ¼ 0.

Therefore, the quantity of x passing through the cylinder per unit time (q/t) is

constant.
The flux is given by

J ¼ q

At
¼ q

2prlt
,

where l is the length of the cylinder through which the gas permeates. Since

according to Fick’s first law we have

J ¼ �D
@c

@x

� �
:

Hence, we have

q ¼ �D(2prlt)
dc

d( ln r)
:

One can measure q, l and t, and obtain D, if the concentration as a function of
distance is measured. The plot of dc/d(ln r) will be a straight line if D does not

depend upon concentration.
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8.11. Desorption

In the case of physical adsorption, the multilayer atoms simply sublime or
evaporate from the surface back into the gas phase during desorption. Mol-

ecules are in the same form when desorption occurs since no chemical bond
formation occurs during physical adsorption. Physisorbed molecules are quickly

removed at ambient temperatures.
Desorption after chemisorptions is a bit more involved and hinders the

system pump down. In the case of non-dissociable chemisorption, desorption

occurs with the rearrangement of electrons in a molecule, so that the charge of
the escaping molecule is neutral. If dissociative chemisorption is involved, the

escaping molecule during desorption could be completely different. This fea-
ture is exploited in applications involving the use of heterogeneous catalysts.

Desorption rates are very sensitive to the surface condition, coverage and
surface area. For example, water molecule is very polar and will be strongly

adsorbed on metal surfaces as well as oxide surfaces. The amount of water that
is adsorbed depends upon the surface area. Porosity in the sample increases the
amount of water adsorbed as they adsorb in the pores also. In ultrahigh vacuum

technology, it is common to have a vacuum bake of many hours at 300–400 8C.
It is frequently necessary to have the vacuum chamber open to the atmosphere.

Since the amount of water vapor in the ambient varies, it is important to make
sure that all the water is removed to assure reproducibility of the process. To

minimize the exposure to air as much as possible, one frequently adopts the
techniques of backfilling by inactive gas, such as nitrogen or argon to minimize

the adsorption from water vapor.

8.12. Stimulated Desorption

Electrons, photons and ions can desorb gases from the solid material. The
removal of atomic, molecular or ionic species from the surface of the material

bombarded by electrons is known as electron-stimulated desorption. The mech-
anism of the removal of atoms from the surface of a solid may be understood

with reference to the potential energy versus distance diagram (Fig. 8.21). The
first step is the excitation or ionization of an adsorbed atom or molecule by

electron impact. The potential energy of the excited molecule or ion with a solid
surface can be quite different than the ground state of the adsorbed atom or
molecule. The relaxation of the excited species can result in the species moving

away from the surface. The system potential energy is reduced and the excess
energy is imparted as the kinetic energy to the desorbing species. The desorbed

species will enter the gas phase in any of the variety of kinetic energies available
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in the process as shown in Fig. 8.21. If the adsorbed atom is excited or ionized by
the impinging electrons, the ion has a finite probability of being neutralized by

an Auger or resonant neutralization process, whereby an electron on the
surface can tunnel into the vacant levels in the excited or ionic state. If the

atom acquires enough kinetic energy in this process, it can leave the surface or it
can leave as a neutral species. These processes depend upon the distance

between the excited states and the surface. The cross section for electron
induced desorption of atoms into neutral atoms is much larger for adsorbed

atoms far away from the surface, so that physisorption atoms and molecules are
removed easily.

In insulating materials, the electron bombardment can produce preferential

emission of anions, thereby affecting the insulating properties. Thus, the surface
stoichiometry can be changed by electron bombardment. An interatomic Auger

process has been proposed to (Knotek and Fiebelman, 1979) explain these
phenomena.

The emission of ions and neutral species bombardment of the surface by
electrons is not random in all directions, but shows a preference for a particular

polar and azimuthal angle. It is generally found that the ions are emitted

Potential
energy

Potential
energy

Distance

M + A

M + A

M + A*

M + A+ + e−

Figure 8.21: Interaction between surface M and adsorbed atom A. Electronic

transitions are shown by vertical line.
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more or less along the direction of the bond between the atom and the surface.
The technique of electron stimulated desorption ion angular distribution has

been developed to provide information on the bonding geometry of the
adsorbed species. This technique has been utilized to demonstrate the differ-

ence in adsorption angles to the surface according to the heterogeneities on the
surface.

Photon bombardment can induce desorption of adsorbed species. The cross
section for photon-induced desorption is small so that high-intensity lasers have
provided the impetus for studying the phenomena. There are several mechan-

isms that have been proposed to explain photon induced desorption. Direct
heating of the surface by photon bombardment is one such mechanism. Reso-

nant absorption of photons causing vibration excitation of adsorbed species can
provide the thermal energy needed for desorption. The photon may excite the

adsorbed atom or molecule directly and result in desorption.

8.13. Degassing

Degassing rates are experimentally determined for a number of different ma-
terials (Fig. 8.22). Adsorbed and trapped gases, on all the system walls and

fixtures, will continue to degas for prolonged periods. These gases are released
to the system during the deposition process. If the deposition rate is comparable

to the arrival rate of the impurities, these impurities may be incorporated
in the film. Typical gases that are of concern are H2O, CO2, CO, O2 and N2.

High deposition rates and lowest impurity gas pressure are essential in obtain-
ing high-quality films. Close monitoring of gases with a quadrupole mass spec-

trometer is necessary to unambiguously identify contamination gases.
Outgassing refers to the natural evolution of adsorbed or absorbed species

contributing to the gas load. It can arise from sublimation of the surface (e.g.

low vapor pressure materials), contamination by oil and fingerprints, desorption
from the walls (e.g. physically adsorbed water, chemisorbed molecules, release

of gas from grain boundaries), diffusion of gas through the walls or O-rings.
Gas entering the system through the holes in the vacuum wall, for example,

seals, porous welds, brazes, porous metal, etc., are leakages. Polymers outgas
plasticizers, water and solvents.

Back flow from the pump is another source of gas load. An ideal pump
removes molecules and does not give any back to the chamber. Diffusion
pumps and mechanical pumps give back organic vapors and ion pumps tend

to re-emit rare gases. In most cases, the pump is not a perfect sink, and some
fraction of residual gas molecules, which goes into the pump are not trapped,

but return to the chamber.
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The one that requires the most attention is outgassing. Backflow is reasonably

constant and is a function of pump, and it primarily affects the value of the
ultimate pressure. In leakage results from a mistake and can be corrected if

caught early on (in the observable range). Outgassing is a natural phenomena
and is a time-consuming process. Desorption from the walls create a further

complication by creating an instability in the identity of the gas species.
All surfaces that are exposed to ambient air or handled in some way become

covered with contaminants. Common solvents, such as oil and water are invari-

ably present. Oil contamination generally comes from fingerprints. Oil can be
removed from degreasing solvents, such as acetone and trichloroethane. The

water is the result of exposure to atmosphere. The surface of the vacuum
chamber is invariably contaminated with moisture because of the strong polar-

ity of the water molecule at least to the level of a monolayer. The water has to
be desorbed from the surface in order to remove all traces of moisture.
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Figure 8.22: Specific outgassing rates as a function of time for various materials.
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In order to get rid of adsorbed water, the whole vacuum reactor has to be
baked in vacuum for about 10 h at a temperature in the range 150–200 8C (Luth,

1993; Berman, 1996; Yates, 1997). The chamber is usually baked when the
pressure in the chamber is 10�7 torr. Hydrogen, oxygen and other gases dis-

solved in the metal will remain and will require baking around 300–500 8C for
several hours. A necessary part of the vacuum system in order to be baked is

that different parts of the ultrahigh vacuum system are joined together by the
so-called conflat flanges. Sealing is achieved by copper gasket, which is typically
used only once to avoid leaks. The introduction of load lock chambers prevents

the exposure to atmosphere when changing samples and thereby avoids the
necessity to desorb water in repeated runs.

The vacuum system itself and the material to be processed provide the major
source of gas that requires outgassing. Measurements of outgassing rates

are performed on materials of interest, and the outgassing rate Q is fitted to a
two-parameter expression as:

Q ¼ aA

t a
, (8:168)

where a and a are empirical constants. A log–log plot of Q/A versus t should
yield a straight line. The values of a rages from 0.2 to 1.2, and is an indication of

the mechanism of outgassing. A surface controlled outgassing typically has a
value of a ¼ 1, whereas a diffusion controlled outgassing mechanism has a

value of a ¼ 0:5. The time dependence of the outgassing flow rate is different
for different materials, polymers giving the highest flow rate whereas metals
and glass give the lowest flow rate. For a given material, the preparation and

cleaning procedures used, exposure times to atmosphere, relative humidity
conditions influence the outgassing rate. Even small areas of polymers may

cause significant contributions to the total gas load even after long pump times
so that the use of these materials has to be avoided in ultrahigh vacuum

systems. Elastomer seals exposed to atmosphere continually absorb moisture
and diffuse them into the chamber, and thereby limit the ultimate pressure that

one can achieve in these systems. Metals outgas both high-vapor pressure
elements as well as dissolved gases. Zn, Cd, Pb, Sb, P, S, Se, Te when present

as elements in alloys would be selectively released into the vacuum chamber.
Gas evolution from metals typically is confined to CO, H2, CO2 and CH4,
which result from reaction with dissolved H, O and C in metals and alloys.

Quartz, the alkali-free borosilicate glasses, nonporous grades of silica alumina
ceramic, pyrolytic boron nitride serve as very good candidates for insulating

purposes in vacuum systems.
Dense materials outgas by diffusion to the surface and desorb from the

surface. If porous materials are present, they can outgas by surface migration
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through the pores and along the surface of pores. Organic polymers outgas
plasticizers, absorbed gases, water and solvents.

Problems

8.1. Helium is mixed with nitrogen. Calculate the mean free path of helium in
nitrogen. Compare this with the mean free path of helium in helium. Also,
compare this mean free path with nitrogen in nitrogen? Assume the

pressure is the same in both cases.
8.2. Show that the attractive potential between a neutral molecule with dipole

moment p1 and a surface varies as r�6 where r is the distance of the
molecule from the surface.

8.3. Estimate the number of molecules of water adsorbed in unit area in a
vacuum system that has a surface area of 1 m2. Estimate the time it would

take to degas the system from moisture if there is a pump that is present
and works at a speed of 100 L/s and maintains a pressure of 10�4 Pa.

8.4. How would you check whether a leak is (a) real leak or (b) virtual leak?

8.5. The van der Waals equation of state for a two-dimensional gas is given by

Pþ a2

s2

� �
(s � b2) ¼ kBT ,

where b2 ¼ 1=n0, and n0 is the number adsorption sites per unit area.
Defining u ¼ b2=s(s ¼ 1=na) show that

P ¼ kBT

b2

� �
u

1� u
� a2u2

kBTb2

� �
:

Given dP ¼ nakBT ln P, obtain an expression for P as a function of u

(Hill–De Boer equation), and plot the results showing the features of
condensation in a two-dimensional gas.
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Chapter 9

Nucleation and Growth of Films

9.1. Introduction

Thin films of metals and alloys find a number of applications, such as corrosion-

resistant coatings, deposits on textiles, decorative coatings, catalysts, thermal-
sensing elements, semiconductor contacts, interconnect devices in integrated

circuits, magnetoresistance sensors and magnetic storage media. Polycrystalline
semiconductors find use as conducting elements in circuits and devices, optical

interconnects and as active elements in several semiconductor devices. Piezo-
electric films in acoustic wave transducers, ferroelectric films for nonvolatile
memories and high dielectric constant films for integrated circuits use poly-

crystalline ceramics. Superconducting film devices employ highly oriented
polycrystalline films. All nanofabrication techniques employ a wide variety of

materials as polycrystalline films to produce micro-mechanical and magneto-
electromechanical systems and devices. The principles governing the structure,

development and evolution of polycrystalline thin films during processing are
the focus of this chapter. These have to be supplemented by material-specific

concerns in order to completely control the performance and reliability of
individual films. In order to obtain films with a prescribed structure and com-
position to exhibit desired properties, is required the control of a whole number

of parameters. High-temperature superconducting and piezoelectric films, com-
pounds with low-saturated vapor density, such as GaN, TiN, films containing

quantum wires and dots put a premium on understanding the variety of physical
phenomenon that take place during thin film growth. Technological advances in

device miniaturization depend largely on the degree to which one can control
the growth process, the epitaxial quality of the film and the morphology of the

surface. It is necessary to understand the microscopic processes occurring
during film growth and relate it to the eventual structure of the film.

Unlike many semiconductor films where the growth of single-crystalline
material without any defects is essential for the fabrication of devices, most
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metallic and ceramic films find applications for which polycrystalline or
amorphous films are sufficient. In comparison with semiconductors and insula-

tors, the electrical properties of metallic films are not that sensitively affected by
the presence of defects in the material because the Fermi energy level lies in the

middle of the conduction band. The electrons that participate in conduction are
itinerant or delocalized and are not strongly influenced by defects in the

structure. In addition, metals are mechanically weak compared to semiconduct-
ors and insulators so that the introduction of dislocations becomes relatively
easy, and growing a defect-free film of metals and alloys is very difficult.

Ceramic films are sensitively dependent on stoichiometry for their properties
so that control of point defects in these materials is of major concern.

Whenever a molecule is incident on the surface of a condensed phase, there
are a number of outcomes, which do not involve the molecule to stay on the

surface for any extended period. Every square meter of surface exposed to
atmospheric pressure will be collided with molecules at the rate of 1028

per second. Hence, the interaction between gas molecules and the surface is
extremely important in understanding the scientific and technological problems
that involve surfaces. These are classified generally under the category of

classical scattering, inelastic scattering and trapping (Fig. 9.1). The understand-
ing of collision processes requires careful experimentation as the timescale of

events is typically in the range of picoseconds and the distance scale is a few
nanometers or less and there are many degrees of freedom that play a role in

the scattering process. Whenever the period for which the molecules stay on the
surface is extended, we have to differentiate several types of phenomena, such

as thermal accommodation, sticking, adsorption, surface diffusion, surface
chemical reaction and nucleation and kinetics of growth. We treat each of

these areas in turn and the way they influence the microstructure of films. The
discussion of these areas depends on the thermodynamic treatment of the
surface energy of solids and the consequent understanding of the growth

forms of solids and the atomic structure of surfaces. Understanding of the
formation and growth of nuclei is extended by atomistic theory of nucleation

and by kinetic nucleation theory. The kinetics of growth is considerably influ-
enced by the nature of defects on the surface. Post-stages of nucleation and

growth may involve coalescence and Ostwald ripening phenomenon.
One of the major considerations in thin film deposition is an understanding of

the factors that contribute to the development of microstructure in thin films. The
details of the development of grain structure and its properties in thin films are of
crucial importance for the application of films. An important area where the role

of deposited films affects its usefulness is the ability to understand the origin of
stresses in films and to learn how to control these stresses. The development of

metastable structures offers new opportunities in the growth of thin films.
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Most of the theoretical description is still with single component phases only,

and that too with equilibrium phases. The need of the experimentalist is for
obtaining the composite multicomponent films with desired properties and

composition. The presence of surface presented by the substrate brings in
additional complications in the transformation of phase from vapor to solid.

The goal is far from reached at present.

9.2. Elastic Scattering

Whenever there is a single encounter between the atom or molecule and the
surface, and if there is no net loss of kinetic energy between them, the scattering

is elastic. The initial gas atom or molecule does not excite the internal modes of

qi qr

qi qr

qi qr

(a) Elastic scattering, q i = qr
Low temperature, weak interaction, surface potential energy smooth

(b) Direct inelastic scattering, q i ≠ q r
High temperature, weak interaction, surface potential energy undulating

(c) Trapping followed by desorption, q i ≠ q r
Low temperature, strong interaction

Figure 9.1: Types of interaction of gas molecule with a surface: (a) Elastic scattering,

(b) Inelastic scattering, (c) Trapping or desorption.
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anyof theatoms inthesurface.Everyatominteractswitheveryotheratomandthis
can be described by a potential energyversus distance diagram. However,when an

atom is incident on the surface it interacts with the combined potential energy of a
large number of surface atoms. The potential energy of interaction is therefore the

sum of all the pair-wise interaction energies between the incoming particle and
each of the atoms of the surface that are involved. The potential energy consists of

an attractive term because of the long-range interaction between atoms resulting
from Van der Waals, ionic, covalent or metallic interaction and a short-range
repulsive term from Pauli exclusion principle (due to the overlap of filled electron

orbitals of atoms in the surface with the electron orbital of the incoming particle).
In general, one expects to find a minimum in this potential energy versus distance

at r0, where r is the perpendicular distance between the particle and the surface
(Fig. 9.2). The dependence of attractive energy on distance, r, between the surface

and the incoming atom follows 1=rn relationship, where n may assume values
from 1 to 6 depending on the nature of attractive energy (e.g. covalent n ¼ 6; ionic,

n ¼ 1; Van der Waals, n ¼ 3). Furthermore, the potential energy versus
depth varies along a row of surface atoms and shows a maximum at E0

relative to zero in the vapor, which represents sites of minimum system energy

(Fig. 9.3) and represents the stable positions on the surface for an incident atom

Repulsive potential energy
from Pauli exclusion principle

Attractive potential energy
due to covalent, Coulomb,
Van der Waals or metallic

+

Potential
energy

0

Distance, r

−E0

Figure 9.2: The potential energy versus distance for an atom approaching a surface

along a path perpendicular to the surface.
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to be located. The energy barrier DE reveals the difference in the system energy
as a function of distance away from the stable position along the surface. Hence,
the most favorable sites are in between the atoms, and the least favorable sites

are above the atoms for the incident atom to interact on a plane surface. The real
situation can, of course, be much more complicated by the presence of defects on

the surface. The surface diffusion of atoms is thus possible if the atoms can
overcome the surface barrier activation energy DE. Therefore, the details of

scattering of the particle depends on the location of impact, or where the incident
atom strikes the surface atoms relative to their equilibrium stable positions. As

the distance along the normal to the surface increases between the incoming
atom and the surface, the variation in potential energy becomes less undulating
and more uniform (Fig. 9.4). Therefore, the type of scattering that is observed

E = 0

E0

Figure 9.3: The one-dimensional variation of potential energy with distance along a row

of surface atoms.

Low electron charge density

High electron charge density Ion core

Figure 9.4: Contours of potential energy normal to the surface.
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depends upon the mass and velocity of the incoming particle and the type of
corrugation in the potential that it sees. If the energy of the incoming particle is

low, it can only see a very uniform potential, whereas if it has higher energy it
can penetrate deeper towards the surface atoms and can see the undulations in

the potential energy.
The type of scattering of the incident atom by surface atoms depends upon

the variables that characterize the incoming particle that includes their mass,
velocity, direction of approach and the impact parameter. A force that is
parallel and perpendicular to the surface can represent the nature of the

surface. One measures the incident flux, solid angle relative to the surface of
the incident flux, and the distribution of the velocity of the incoming atoms, and

similar data have to be obtained for the outgoing atoms. In elastic scattering, no
energy exchange is involved so that the direction of the scattered beam is

relevant, whereas in inelastic scattering one has to measure the energy of the
incoming and outgoing atoms. The variety of experimental systems available to

conduct these investigations is outlined in detail in the book edited by Scoles
et al. (1992).

Three different phenomena are observed in elastic scattering where change

occurs only in the direction of motion of the incident atoms. They are referred
to as specular scattering, rainbow scattering and diffraction. The type of scatter-

ing depends on the mass, velocity of the incoming particle and the type of
surface potential configuration it encounters. The particle approaches the sur-

face with a certain amount of kinetic energy. As it comes near the surface, it is
accelerated by the attractive potential of the surface atoms and increases its

kinetic energy. However, on coming close to the surface, the particle feels the
repulsive potential energy and the kinetic energy of the particle decreases to

zero. At this position, known as the turning point, the particle is reflected back.
If the turning point is far away from the surface, where the potential is essen-
tially constant (the surface appear smooth or flat to the incident atom), the

scattering will be specular. The plot of scattering intensity versus angle shows a
sharp peak at ur ¼ ui where ui is the angle of incidence and ur is the angle of

reflection (Weinberg and Merrrill, 1972) as shown in Fig. 9.5. The scattering
from a constant potential can be compared to that of light scattering from a

mirror. When the scattering occurs from almost a featureless electron sea far
from the uppermost layer of surface atoms in an ideal close packed plane of

atoms, there is virtually no useful information gained about the atoms on the
surface. If the particle’s kinetic energy is such as to penetrate deeper towards
the surface, the particle will see the corrugated nature of the potential energy

due to surface atoms. In this case, scattering occurs at the local specular angle
corresponding to the incident direction of the particle relative to the corruga-
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tion of the potential as shown in Fig. 9.6, and this phenomenon is called rainbow
scattering. The rainbow scattering may be thought of as the classical mechanical
result arising from the two-dimensional periodicity of the gas–solid interaction

potential. The maximum possible scattering angle relative to the vertical occurs
for scattering from the impact parameter associated with the inflection point in

the surface corrugation. In simple models, one would expect to see two maxima
set symmetrically about the specular direction (Fig. 9.7) (McClure, 1970). The

steeper the potential configuration that the incoming particle sees, the larger
will be the maximum angle in rainbow scattering. One can then expect to

observe sharp maximum in intensity versus angle curves at the rainbow scatter-
ing angles (Goodman, 1971), which represent the maximum possible scattering

angles in this type of scattering (Fig. 9.8).
The diffraction phenomenon (Esterman and Stern, 1930) is associated with

the quantum nature of the incident particle, which also has a wave-like behav-

ior. The wavelength, l, of the incident particle of mass, m, is given by the
de Broglie relationship

l ¼ h

mv
¼ h2

2mE

� �1=2

: (9:1)

qi qr

Figure 9.5: Specular scattering from a flat potential energy configuration.

Figure 9.6: Rainbow scattering occurs at the local specular angle when the incident

atom encounters a rough surface potential energy.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 691 18.11.2005 12:43pm

Nucleation and Growth of Films 691



qmin qmax

qmin

qmax

X

Polar angle

Specular

(a)

(b)

Figure 9.7: (a) Intensity maxima as a function of scattering angle in rainbow scattering,

(b) The disposition of rainbow peaks with respect to the specular beam.

F1

Theory

Experiment

q1

3

2

1

0

0 30˚ 60˚ 90˚

Figure 9.8: Experimental observation of rainbow scattering for neon scattered

from LiF(0 0 1).
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where E is the kinetic energy of the particle. If this wavelength is comparable to
the periodic atomic distance of atoms on the surface of the crystal, diffraction

occurs. The direction of the diffracted beams can be ascertained by the Ewald
sphere construction. One draws a sphere of radius given by the magnitude of

the wave vector ~kki where,

���~kki

��� � ki ¼
2p

l
¼ 2p

2mE

h2

� �1=2

: (9:2)

The incident direction of the particle determines the direction of the wave

vector. The origin of the reciprocal lattice is taken to be at the position of the
termination of the wave vector ~kki. The reciprocal lattice of a two-dimensional

crystalline arrangement of atoms is a set of rods emanating through each
reciprocal lattice point. The intersection of the Ewald’s sphere with reciprocal
lattice will determine the directions of the diffracted beams as shown in Fig. 9.9.

The diffraction condition implies the conservation of energy, so that

ki
2 ¼ k2

d , (9:3)

where~kkd is the wave vector of the diffracted beam. Conservation of momentum

parallel to the surface requires

~KKi þ ~GG ¼ ~KKd , (9:4)

Kd

K i

30 20

10 0,0 10 20

Figure 9.9: Ewald’s sphere construction for predicting the direction of diffracted beams

for a wave incident along [1 0] direction on the face of (1 0) of a cubic crystal.
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where the wave vectors are represented in terms of components parallel and
perpendicular to the surface, i.e. ~kki ¼ ~KKi, ~kkiz

� �
and ~kkd ¼ ~KKd, ~kkdz

� �
, and ~GG is

the reciprocal lattice vector corresponding to the surface lattice. For a beam
inclined at an angel ui, we can write the above requirement in the convenient

form ���~kki

���( sin ui � sin ur) ¼
���~GG���(m, n), (9:5)

where m, n are the indices of the diffraction peak. Diffraction data can be
utilized to analyze the surface structure of the solid. The size of the two-

dimensional unit cell can be determined from the angular positions of the
diffracted beams, while the relative intensities of the diffraction peaks can be

analyzed to infer the atomic arrangements on the surface (Cardillo and Becker,
1979) (Fig. 9.10). The sharpness of the diffraction peak is governed by energy
spread of the incident beam as well as the instrument broadening, so that gas

8
He + Si(111)7×7

(A)l = 0.57 Å

(B)l = 1.0 Å

(I
/I

0)
 ×
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Figure 9.10: Diffractive scattering of helium from the Si(1 1 1) 7� 7 structure.
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from a supersonic nozzle source is preferred. For example, helium atom beam
generated by an adiabatic expansion (typically 100 atm of helium gas through a

fine aperture of about 10 mm into vacuum) can produce a monochromatic beam
with energy 10–70 meV with an energy spread of 2% (Fig. 9.11). Helium atoms

of low kinetic energy act as extremely sensitive probes of the outermost layers
of the surface, since these are physically unable to penetrate into the solid and

have wavelengths comparable to typical crystallographic dimensions. Helium
also has a smaller size than other closed shell atoms so that it allows diffraction
from surfaces by reflection from troughs and peaks in potential energy between

atoms. Practically, all the helium atoms will scatter elastically from a surface
because of their light mass these are not able to transfer enough energy to excite

one or more phonons. Helium atoms are uniquely nondestructive and have a
cross section that is an order of magnitude larger than those of electrons,

photons or neutrons. These beams can be used to determine the corrugation
of the electronic charge density of the sample surface (Fig. 9.12). If there are

deviations from an ideal surface, such as steps, defects or adsorbents, the
specular beam intensity is affected dramatically and this feature can be used
to characterize the degree of ideality of a clean surface after preparation.

Therefore one can identify surface defects like step density or adsorbate cov-
erage, surface roughness that give rise to characteristic diffuse scattering (Van-

selow and Howe, 1984; Farias and Rieder, 1998).

Example 9.1

Helium atoms having energy of 20 meV are directed towards cubic crystal

with a lattice constant 0.25 nm at an angle of 458 to the surface normal along the

[10] azimuth of a (100) surface of the crystal. Find the position of the (10)
diffracted beam.

He nozzle beam

100 bar

Nozzle Skimmer

Figure 9.11: A typical source for helium atom beam.
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The wavelength of helium atoms is given by

l ¼ h2

2mE

� �1=2

¼ (6:626� 10�34)2

2� 4:003� 1:67264� 10�34 � 10�3 � 20� 1:602� 10�19

" #1=2

¼ 1:015� 10�10 m

2p

l
( sin 45� � sin ur) ¼

2p

0:25� 10�9
:

The diffracted beam direction is thus 17.58 from the normal to the plane.

Example 9.2

Show that helium atoms scattered from steps show oscillations due to con-

structive and destructive interference and this can be utilized to elicit the mech-

anism of growth of film.

Chopper

Sample

Skimmer
0.5 mm

Nozzle
10

He

UHV chamber
1–12 mm

1–12 mm0.5–6 mm
0.5–4 mm

750 mm

100˚
0.5 – 10 mm

0.05 – 3 mm

3 – 8 mm

He

3 mm

Ionization
region

Quadrupole

Channeltron

1733 mm

Figure 9.12: A typical helium diffraction scattering apparatus.
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Consider a helium atom beam incident on a stepped interface at an angle u

with respect to the surface terraces and with a momentum ki.

Two parallel beams from the top surface and the bottom surface separated by
a step height d show interference effects.

Destructive interference occurs for a phase difference Df given by
Df ¼ ki2d cos u, when Df ¼ 2pn, where n is an integer. Similarly, constructive

interference occurs for a phase difference Df ¼ (2n� 1)p. Hence, as one scans
through the scattering angle u, one observes oscillations which can be analyzed
to give step height.

In addition, the oscillations are persistent when the crystal grows by the
mechanism of layer-by-layer. However, if the mechanism of growth is by

deposition of 3D nuclei randomly on the surface, there will be no oscillations
due to interference, except a continual decrease in intensity of the scattered

beam. An oscillation, followed by a continuous decrease in intensity, is due to
the growth of a monolayer followed by an island growth. Therefore, growth

mechanism can be easily characterized by helium atom scattering technique.

9.3. Thermal Accommodation Coefficient

Atoms arrive at the substrate with an energy distribution that is appropriate to

the method used to generate the vapor and the medium through which they are
transported towards the substrate. For example, in evaporation, the energy

distribution is appropriate to the temperature of the source of origin of the
atoms. In sputtering, the arrival energy of atoms is considerably greater than

the thermal energy and depends upon the cathode potential. In poor vacuum, the
atoms may loose considerable energy through elastic collisions. In activated

reactive evaporation, the atoms may gain energy when they pass through the
plasma environment. The ion beams can give ions considerable amount of energy
based upon the potential they pass through. Typical energies of incident particles

among the various physical processes used in deposition are schematically illus-
trated in Fig. 9.13.

The atom on arriving at the substrate may re-evaporate immediately. We
shall consider the process in which there is still a single collision with the surface

atoms but one that involves finite exchange of energy with the surface. The
incident particle may exchange energy with the substrate until it reaches equi-

librium at the substrate temperature, Ts (Fig. 9.14). Assuming that a higher
temperature, Ti, can characterize the incident atom, we define the thermal

accommodation coefficient, a, by

a � Ti � Te

Ti � Ts
, (9:6)
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Representative energies
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cathode e’s

-Ions in discharge plasma
-Ch. exch. ions in beam

-Neutralizer e’s
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-Target secondary e’s
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-Ch. exch. ions
 leaving beam
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ionization
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accel. grid

-Beam 
ions

Figure 9.13: Typical energies of atoms from a variety of physical deposition sources.

TeTi

Ts

Figure 9.14: A schematic picture of the exchange of energy in inelastic scattering of a

gas atom with surface atoms.
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where Te is the characteristic temperature of the atom re-evaporating or
reflected from the substrate. a is thus a measure of the extent to which the

arriving atom reaches thermal equilibrium with the substrate and is unity when
Te ¼ Ts. If the atom re-evaporates with Ti ¼ Te, there is no energy exchange

between the atoms, and the thermal accommodation coefficient is zero, and the
collision is elastic. Intermediate cases will yield values greater than zero and less

than one and they represent inelastic collisions (Fig. 9.15).
The incident atom must lose enough thermal energy to stay on the surface.

The incident atom loses its energy by the creation or annihilation of surface

phonons in the solid substrate. Phonons are elementary excitations in the solid
in which the vibratory motion of all the atoms are correlated. These excitations

are elastic waves, which are characterized by a vibration frequency v due to the
interaction of atoms in the crystal, and these frequencies are a function of the

wavelength l. In the quantum mechanical picture, these phonons have energy
�hv and a wave vector~qq. Therefore, in inelastic collision, there is either creation

or annihilation of surface phonons in the solid and in the process it is bound to
the substrate atoms but with high vibration energy. It can continue to lose its
excess energy by translation motion on the substrate or by further excitation of

phonons. The law of conservation of energy for phonon creation or annihilation
is given by

k2
f ¼ k2

i �
2mg

�h

XN

n¼1

+vn, (9:7)

where~kkf is the final gas atom wave vector,~kki is the incident wave vector of the

gas atoms, mg is the mass of the gas atom, vn is the frequency of the nth phonon.
By measuring the discrete loss or gain in energy of the projectile helium atoms

one can determine the phonon energies. Unlike low-energy electron diffraction
(LEED), helium atom scattering operates with much lower energy of the

Er,TrTi, Ei

Es, Ts

Figure 9.15: Scattering from a periodic array of surface atoms.
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helium atoms that enables one to investigate weak adsorption sites. Helium
beam also does not penetrate the crystal unlike electrons in LEED that may

penetrate about 5–6 atomic layers. The momentum can be determined by
measuring the angles between the incident beam, the scattered beam and the

surface normal. The conservation of the tangential component of the wave
vector may be written in the form

~KKf ¼ ~KKi þ ~GG�
XN

n¼1

+~QQn, (9:8)

where the plus sign on ~QQn denotes phonon creation and the negative sign
denotes phonon destruction, and the upper case letters stand for the corre-

sponding wave vectors tangential to the surface. Multiphonon processes, result-
ing from heavier atoms colliding with surface atoms, result in a broad

distribution of scattered intensity as a function of the angle between the de-
tector and the surface. The angular distribution is usually measured in the plane

defined by the beam and the normal to the surface. When molecules strike the
surface atoms, one must also consider the energy lost in the collision from

internal degrees of freedom (e.g. vibrational energy, rotational energy) and
converted into translation energy. In addition, if the scattering is considered

from a periodic array of surface atoms, one must also satisfy (Fig. 9.16)

~KKf � ~KKi ¼ 2p~GG(m, n): (9:9)

Adatoms, which have not yet fully, thermally accommodated to the substrate,

execute random diffusive motion on the surface. During the course of this
motion, they can form pairs. With other adatoms, they may join and form an

k i

k i

qn

Qn

kf

kf

mg

q i qf

Figure 9.16: The quantum mechanical picture for the inelastic scattering of gas atoms

from the surface showing an N-phonon inelastic scattering.
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atomic cluster or nuclei. It is unlikely for this atom to return to the vapor phase.
Low-energy surface excitations, such as surface phonons and low-energy ad-

sorbent vibrations can be studied utilizing helium atomic beams. Inelastic
scattering measurements using time of flight spectroscopy can be carried out

to measure the surface phonon spectrum (the phonon dispersion curve is the
plot of E(q) versus q, where q is the wave vector). The atoms in a helium atom

beam of sub-thermal energy, exchange energy and momentum in collisions with
the surface resulting in the excitation or the annihilation of surface phonons.
The phonon energies can be measured by measuring the discrete energy loss or

gain of the projectile helium atom. Using a chopped atom beam and detecting
the scattered projectiles according to their arrival times at the detector, one

obtains the necessary information for phonon spectra utilizing time of flight
spectroscopy. The associated phonon momentum is determined by the angles

between the incoming beam, the scattered beam and the surface. Thus, one can
measure all the points of the surface phonon dispersion curve. Surface phonons

in turn give information about the forces between surface atoms. These modes
are important in understanding the reconstruction of surfaces. One can also
obtain the strength of adsorbate–substrate interaction by studying the low-

energy adsorbate vibrations. Detailed information about the growth mechan-
isms, film thickness and film surface morphology can also be obtained by

monitoring the intensity of the specularly reflected helium beam intensity as a
function of the time of deposit.

9.4. Sticking Coefficient

A molecule approaching the substrate is attracted to the surface. This attraction
stems from the Van der Waals type of interaction. Molecules with no perman-
ent dipole moment are attracted to the surface because of the presence of the

fluctuating dipole moments present in each atom. The attraction is stronger if
the molecule has permanent dipole moment. The incident molecule is thus

trapped on the substrate by a process known as physical adsorption. Adsorption
is typically thought of as the first stage of film condensation. Sticking refers to

the process where a gas molecule collides with a surface and ends up in an
adsorbed state with a binding energy typically greater than 0.3 eV.

The ratio of the number of atoms adhering to the substrate to the number of
atoms arriving on the surface is known as the sticking coefficient or condensation

coefficient, d. One can estimate this coefficient by measuring the amount of

material that arrives at the substrate during the period of deposition. The
sticking coefficient is generally less than unity and is generally a function of

the surface coverage, temperature and the surface structure of the adsorbent. If
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the temperature of the substrate is high and the adsorption energy is low, the
sticking coefficient can be a very small fraction. The importance of the value of

the sticking coefficient can be understood when one desires to obtain clean thin
films as in MBE technique. The concentration of impurity incorporated in a

growing film depends upon the sticking coefficient at the growth temperature
and may be estimated from difi=rg where fi is the flux of gas molecules of

species i, rg is the growth rate of epitaxial film. If additional gases are present in
the residual vacuum system, the contribution to impurity from each of the
components of gas has to be added to determine the total contamination level

in the film. The residual gas pressure in MBE system is typically 10�8 to 10�9 Pa.
During growth, due to the heat load stemming from the source and the sub-

strate this pressure will increase. Furthermore with rotating mechanisms in the
system, carbon, methane, carbon monoxide and carbon dioxide are usually

generated which adds to the possibility of carbon contamination in the system.
At a given growth rate, we can determine the time for the growth of monolayer

to be, say t(m). It is expected that the time to grow one monolayer t(m) should
at least be 10�5t(c), where t(c) is the time to grow one monolayer of the
contaminant. The background pressures at which this can be achieved can be

very low and the fact that we can grow clean films in MBE has much to do with
the low sticking coefficient of impurities from residual gases than that attainable

by high vacuum conditions. Sticking coefficients are important in obtaining
information about the coarsening of dust particles in a reactor. For example,

movement of particles due to thermal fluctuations can form aggregates when
they collide with each other depending upon the sticking coefficient.

The physisorbed atoms are mobile on the surface. These can either desorb
after a while by gaining enough energy in the tail of the thermal energy

distribution, or may undergo a further interaction consisting the formation of
chemical bonds with these surface atoms, i.e. chemisorption. Whenever both
the physisorbed and chemisorbed states exist, the former is called the precursor

state. During the chemisorption, electron sharing, transfer or rearrangement of
electrons between the incident atoms and atoms of the substrate occurs. In the

extreme case, an integral number of electrons in the adsorbed molecule leave
and stay on the nearest substrate atom reminiscent of an ionic bonding. More

commonly, the electrons responsible for bonding will be moving between the
substrate atom and the adsorbed atom, analogous to covalent bonding. The

energy of the binding due to chemisorption is greater than in physical adsorp-
tion.

The energetic situation in systems in which adsorption takes place may be

understood with reference to the potential energy versus distance diagrams as
the adsorbing atom is brought close to the surface of the substrate. The simplest

situation (ignoring the angular orientation of the molecule, not allowing any
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changes in the internal bond lengths and angles, not considering the positioning
of the molecule parallel to the surface, ignoring the influence of presence of any

existing adsorbed species) is represented by physical adsorption for which the
potential energy versus distance curve is shown in Fig. 9.17. The potential

energy arises solely from Van der Waals interaction between the atoms and
the substrate (e.g. Ar on metals). We find the depth of the potential well is

relatively shallow in this case and the adatom stays away from the substrate at a
fairly large distance (>0:3 nm) compared to the interatomic distances of atoms
in solids. An incoming molecule with kinetic energy Ek has to loose at least this

amount of energy in order to stay on the surface. It looses this energy by
exciting phonons in the substrate, and the molecules then come to equilibrium

in a state of oscillation in the potential well of depth equal to the binding or
adsorption energy Ea. The temperature of the substrate determines the kinetic

energy associated with these oscillations. There is no barrier for the atom to
approach the surface and enter the minimum in potential energy so that the

process is extremely rapid.
In the case of chemisorption, complications arise depending on whether the

incoming molecules have to break up before adsorption. Consider the potential

energy versus distance curve shown in Fig. 9.18. The potential energy distance
curve due to physisorption and chemisorption are shown separately. The

Potential 
energy

Distance
Ea

Ek

Figure 9.17: Potential energy versus distance for a molecule showing

physical adsorption.
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potential energy versus distance curve for chemisorption shows a much deeper
minimum at a shorter distance from the surface. The chemisorption forces

begin to dominate over those arising from physisorption where the two poten-
tial energy distance curves cross. The molecule will adsorb on the substrate in
this case and is called non-dissociative adsorption. In the example shown, there

is no activation energy to be overcome (the crossing point is below the hori-
zontal line). However, the reverse process of desorption is very difficult and has

an activation energy of Edes, which is the same as the energy of adsorption in
this case DEads. Direct chemisorption without involving precursor state is called

Eley–Rideal mechanism of adsorption. In this mechanism, the chemical product
is created directly on collision between a gas particle and a molecule with an

adsorbed species. Once formed the compound desorbs immediately, and if
needed by obtaining the activation energy from the energy of the incoming

gas molecule. If the reaction occurs via the physisorbed precursor state, the
mechanism is called Langmuir–Hinshelwood mechanism. In this mechanism,
the actual product formation occurs due to a reaction of two or more adsorbed

species followed by the desorption of the product. The adsorbed species are in
thermal equilibrium with the surface so that reaction is initiated by thermal

energy provided by the surface.

A + B

AB

Distance

Potential energy

∆Eads

Edes

Figure 9.18: Potential energy versus distance from the surface showing

non-dissociative adsorption.
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In case the molecule has to break up before being adsorbed, the potential
energy versus distance curve would appear as shown in Fig. 9.19 for a homo-

nuclear gas. A substantial amount of energy, Dx�x, is required to cause the
dissociation of the molecule X2. The molecule will initially approach the surface

by the physisorption curve and if it has sufficient energy will pass over to the
chemisorption well of the potential energy or desorb back into the gas phase.

The energy of desorption is given by DE0a if there is no dissociation of the
molecule. If there is dissociation of the molecule prior to adsorption, then the
desorption energy DE0a is given by

DE0a ¼ DE0m �
DEd

2
, (9:10)

where DEd is the dissociation energy of the homonuclear molecule.
In a situation when the molecule is heterogeneous, one should use a potential

well for the combination of the atoms in the molecules. A single potential well
for the carbon and oxygen combination is shown in Fig. 9.20. The dissociation

energy of CO must be included as before. However, other possible processes
may include O2, C2 or CO2 species as well, so that there is potential for compli-

cations in the adsorption mechanism. The atom or molecule may react during its
interaction with the surface. These types of reactions consist of two fundamental
reaction steps, the dissociation of an existing molecular bond and the creation

of a new molecular bond to the surface.

E (∆E0)a

(∆E0)m

∆ED

X + X

Distance

Potential energy

2
a

Figure 9.19: Potential energy versus distance curve for molecule showing

dissociative adsorption.
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The characteristics of the dissociative adsorption depend upon the position of
the crossing point of the potential energy curves for molecular physisorption

and dissociative chemisorption. If there is a barrier to dissociative chemisorp-
tion, the kinetics of the process is considerably altered. If the cross over

between the potential energy versus distance curve occurs above the zero of
the potential energy curve, then there is an energy, Ea, barrier. The activation
energy of Ea þ Ep has to be overcome to go from physisorption to chemisorp-

tion as shown in Fig. 9.21. Note that once the adatoms are in the deeper
potential well, the binding energy of adsorption, Eb, is much smaller than the

dissociation energy, Ed. The kinetics of the adsorption process can therefore be
quite involved in the case of chemisorption. In addition to adsorption, other

areas of complication occur when the adsorbed atoms want to react with other
species on the surface and form a chemical compound.

Chemisorption’s kinetics is therefore quite complicated. We will only illustrate
this with a simple example. Consider a molecule, which has partially filled
molecular orbital M. Consider this molecule approach a transition metal, which

has partially filled d band, which for our purposes can be taken as equivalent to a
single d orbital. When the molecule comes near the surface, an overlap between

orbital of the molecule and the substrate atom occurs, so that the electron
transfers back and forth between the metal d orbital and the molecular orbital

M. The new state is thus composed of a wave function, which is a linear combin-
ation of the wave function of each of the atoms when they acquire an electron or

release an electron. As this interaction occurs a new molecular orbital (Md)

(∆E )c+o

(∆E )co         

∆Ep

(∆ED)CO

E
C + O

Ca + Oa

a

Figure 9.20: Potential versus distance curve for adsorption of a

heterogeneous molecule.
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develops which splits into two levels in the usual covalent bonding picture, where

one orbital is called the bonding orbital and the other a nonbonding orbital. The
lower energy bonding orbital corresponds to the chemisorbed molecule. The

details of the orbital of each participating atoms and molecule permit sophisti-
cated theoretical approaches that enable calculation of the chemisorption bind-

ing energies. The calculations of this sort reveal that chemisorption equilibrium
separations are short, typically 0.1–0.3 nm and the binding energies are a couple
of eV. Since there is rearrangement of electron shells of the adsorbate atom and

the substrate atom, the shape of the adsorbate is thus changed due to its new
chemical bond to the substrate. We appreciate that the environment of an

adsorbed species differs greatly from that of an isolated molecule and this leads
to new electron configuration. At finite coverage, adsorbates may interact dir-

ectly with each other through the overlap of their wave functions. Alternatively,
they may also interact indirectly by perturbing the electronic structure of the

substrate or by local strains induced by the adsorbate. The understanding of such
local interactions eventually will lead us to appreciate the factors governing the

phase diagram of the adsorbate/substrate combination.
The spectroscopic data, together with kinetic description on a more phenom-

enological level, is needed to understand the kinetics of adsorption. The num-

ber of adsorbing particles per unit time and surface area is obtained by

u ¼ d
dN

dt
¼ d

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p : (9:11)

Potential
energy

Distance

2

0

∆Ed

Ep

Ea

EdEb

E L

X + X

Figure 9.21: Potential energy versus distance curve for molecule, which has physical

adsorption as a precursor to chemisorption with an activation energy.
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The number of adsorbed particles per unit area called the coverage u is given by

u ¼
ð

udt ¼
ð

d
dN

dt
dt: (9:12)

Hence, one can determine the sticking coefficient d from the measurement of

the coverage as a function of dosage. Hence

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p u

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p 1

p

du

dt
: (9:13)

A typical coverage versus exposure curve is given in Fig. 9.22(a) and the
corresponding sticking coefficient versus coverage is given by differentiating
this curve and is shown in Fig. 9.22(b). The product p dt is called dosage or

exposure. It is easy to understand qualitatively the nature of the sticking
coefficient which is initially high because of the free valence electron orbital

Coverage, q

Coverage, q

Sticking
coefficient, δ

Dosage, pt

(a)

(b)

Figure 9.22: (a) Adsorption coverage versus exposure, (b) Sticking coefficient

versus coverage.
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(dangling bonds) of the surface and decreases further as these bonding sites are
occupied with further coverage. The sticking coefficient is affected by several

factors. The activation energy barrier has to be overcome in many cases before
chemisorption can occur. This means that only atoms and molecules that can

have impact energy that exceed the activation energy can be adsorbed and can
stick to the surface. Since the chemisorbed atom have to be properly oriented to

have their atomic or molecular orbital overlap with the substrate atom, the
orientation of the molecule, their mobility on the surface and the site of impact
on the surface are also important in determining the sticking coefficient. Since

some of the kinetic energy of the adsorbed atoms have to be transferred, and
this can only occur if the phonons in the substrate atom are excited so that these

phenomena are also involved in the adsorption kinetics. With more sites occu-
pied by the adsorption molecule, one must have available adsorption sites to

which the adsorbed molecule can move by diffusion. Thus, the sticking coeffi-
cient when analyzed can give the details of the microscopic adsorption pro-

cesses.

Example 9.3

From the knowledge of ionization energy, electron affinity and work function

of metal, illustrate the different processes that can occur between the adsorbed

atom and the substrate atom. Assume the electron energy levels of the adatoms

and the metal are not disturbed by each other.

The ionization energy of the adatom is, I.

The work function of the metal is f.
The electron affinity is X.

For Cs on W, I ¼ 3:87 eV and f ¼ 4:5 eV:I < f. Hence, an electron is trans-
ferred from the adatom to the metal and the adatom becomes ionized.

Fluorine atom on Cs. I ¼ 3:6 eV, X ¼ 1:8 eV:X < I. Electron will be trans-
ferred from the substrate atom to the adatom forming CsF.

Hydrogen on metals. I ¼ 13:6 eV, Metals have f ¼ 4� 6 eV. One may expect
hydrogen to form neutral bonds with most metals.

Example 9.4

Determine an expression for the sticking coefficient for a molecule involving

dissociative adsorption of a molecule on a surface.

The adsorbate becomes trapped in a physisorbed state, which acts as precur-
sor state to chemisorption state.
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The rate at which the physisorbed molecule desorbs from the surface is given
by

Vd ¼ n0d exp � Ed

kBT

� �
,

where Vd is the rate of adsorption, n0d is the vibration frequency of a molecule
in the physisorbed state, and Ed is the activation energy for desorption. The rate

of chemisorption is given similarly by

Va ¼ n0a exp � Ea

kBT

� �
:

If we assume the total number of particles to be constant, we obtain

a JI(1� u) ¼ VaVdNsitesuprecursor,

where a is the probability that the molecule will be trapped in the precursor
state, Nsites gives the total number of adsorption sites per unit area on the

surface, u is the coverage of molecules in the precursor states in terms of
monolayers of adsorbate. The rate of chemisorption or the rate of conversion

of molecules in physisorbed states converted to chemisorbed states is given by

Nsites
du

dt
¼ VaNsitesuprecusor:

Therefore,

Nsites
du

dt
¼ a

Va

Va(1� u)þ Vd
(1� u)2JI,

assuming that precursor state occupies one surface site, and two empty sites

are necessary for dissociative chemisorption so that the probability of an
impinging molecule finding two neighboring sites that are empty is (1� u)2.
We write

du

dt
¼ d

JI

Nsites
¼ du

dM

JI

Nsites
,

where M is the total exposure in monolayers. If we write the sticking coefficient
as a function of coverage in the form, we have

d(u) ¼ d0(1� u)n:

Therefore,

du

dM
¼ d0(1� u)n:
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We have therefore the expression for the sticking coefficient in the form

d0 ¼
a

1þ Vd=Va
¼ a 1þ n0d

n0a

� �
exp �Ed � Ea

kBT

� �� �
:

Example 9.5

Write a schematic of the reaction steps that may be involved in any typical

surface reaction.

We may write the reaction steps for any surface chemical reaction in terms of

the following steps.

. Adsorption of the reactants from the gas phase into a molecular precursor

state (or physical adsorption).
. Chemisorption of the reactants.
. Surface migration of the reactants to the reaction site.
. The reaction itself.
. Surface diffusion of products away from the reaction site.
. The products change from chemisorbed state to physisorbed state.
. Desorption of the products into the gas phase.

Even though all these steps may not be involved in a given reaction mechanism,

the slowest step in the above scheme will control the overall reaction rate.

9.5. Motion of Adsorbed Atoms on Surfaces

The kinetic processes that occur on the surface of the substrate depend upon the
rate of mass transport of atoms on the substrate surface. The mass transport

occurs by surface diffusion of atoms. We shall briefly consider the atomic
mechanisms and the energies involved in this process. The diffusing atoms on

the surface are called adatoms and there is meaning for this diffusion only when
the adatoms are on a terrace.

Atoms impinging on the surface of a substrate may desorb from the surface

immediately or after undergoing some surface diffusion. The average time that
an adatom stays on the surface, ts, depends upon its adsorption free energy as:

ts ¼
1

ns?
exp

DGdes

kBT

� �
, (9:14)

where ns? is the adatom vibration frequency (typically 1013 s�1) normal to the
surface. The process of adsorption is always an exothermic process. The heat of
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adsorption is always denoted by positive sign due to historical reasons unlike
the enthalpy in thermodynamics, which is negative for an exothermic process.

During the time ts, the adatom moves from one site to another by diffusion.
The frequency with which the atoms diffuse on the surface is ndiff, where nsk
is the vibrational frequency tangential to the surface (we frequently take
nsk ¼ ns? ¼ ns) and write

ndiff ¼ nsk exp �DGs

kBT

� �
, (9:15)

where DGs is the activation energy for surface diffusion. The surface diffusion
coefficient is given by

Ds ¼ a2ndiff ¼ a2nsk exp �DGs

kBT

� �
, (9:16)

where a is the distance traveled between neighboring surface sites (Fig. 9.23).
We write utilizing Eq. (9.14), so that after simplification we have

Ds ¼ a2nsk exp
DGdes � DGs

kBT

� �
: (9:17)

Unlike bulk diffusion, there are plenty of surface sites available for atoms to
jump, so that we need not worry about the formation energy of defects on the

surface. The large value of the surface diffusion coefficient relative to the bulk
diffusion coefficient permits the formation of structures with sharp interfaces,

because good films can form with plenty of surface mobility, yet with insufficient
diffusion to allow mixing of layers. The mean distance the adatoms cover during

their lifetime on the surface is ls and is given by l2
s ¼ 2Dsts. Therefore, we have

ls ¼
affiffiffi
2
p exp

DGdes � DGs

2kBT

� �
: (9:18)

Adatom

Monolayer

Substrate

Step

Figure 9.23: Diffusion of atoms on a terrace.
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The difference in (DGdes � DGs) determines whether desorption or diffusion
occurs. For solids for which DGdes > DGs, desorption is much less likely than

diffusion. Note that desorption involves breaking bonds while surface diffusion
consists of motion only with no net change in the number of paired bonds.

Consider the behavior of an atom on a surface that consists of steps. Let L0 be
the mean spacing between steps. If atoms arrive at a step in times less than ts,

desorption is not likely to occur, since the step is a high binding energy site.
Therefore, arrival of atoms at the step occurs before desorption, if

ffiffiffiffiffiffiffiffiffiffiffiffi
4Dsts

p
>

L0

2
, (9:19)

where L0=2 represents the largest distance to some step. The diffusion time tD

for an atom to reach the step is

tD ¼
L2

0

16Ds
: (9:20)

If we define a quantity Sc, as

Sc �
ts

tD
, (9:21)

where the characteristic diffusion time is

tD �
L2

0

Ds
¼ 16tD, (9:22)

and we observe that the atom will have sufficient time to diffuse to the step and
be bound there. Hence for Sc < 1, desorption occurs. We can write

Sc ¼
l2

s

L2
0

exp
DGdes � DGa

kBT

� �
: (9:23)

The magnitude of Sc is much larger than one at low temperatures for

DGdes > DGa. At higher temperatures, the value of Sc can be considerably
smaller than one, and desorption occurs relatively easily.

The actual growth of films requires considerations of adatom interactions

with one another, chemical reactions with the substrate, variation of surface
energy and the consequent changes in morphology, strain energy and so on.

DGdes is not a single value and depends on the heterogeneities in the substrate,
as exemplified by cleavage steps or ledges, kinks, etc., which exhibit a higher

bonding energy of adatoms compared to the flat surface. The single atom
diffusing on the surface may be lost by one of several processes: re-evaporation,

re-solution, nucleation of a two or three-dimensional clusters, dissolution into
the substrate or capture at a defect site.
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Example 9.6

A (1 1 1) silicon single crystal is in equilibrium with its own vapor pressure at a

temperature of 1200 K and a pressure of 10�6 Pa. Given the energy of desorption

as 230 000 J/mol, calculate the fraction of atoms adsorbed on the surface of

silicon.

If the crystal is surrounded by its own vapor with a pressure P, then
P=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p

particles impinge on the surface per unit area in unit time. If

the desorption flux is ns=ts, where ns is the density of particles adsorbed on the
surface, we have

ns ¼
P

ns?
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p exp

DGa

kBT

� �
:

Utilizing m ¼ 28� 1:6606� 10�27kg, DGa ¼ 230 000=N0 J=atom; ns? ¼ 1013 Hz,
kB ¼ 1:38� 10�23 J=K, P ¼ 10�6 Pa, we obtain ns ¼ 1:5� 1013 particles/nm.

The lattice constant of silicon a ¼ 0:543 02 nm.
The (1 1 1) surface in the unit cell is an equilateral triangle whose sides have

length l ¼
ffiffiffi
2
p

a and height h ¼
ffiffiffi
3
p

=2l. Hence the area of (1 1 1) plane in the unit
cell is A ¼ 1=2lh.

There are 3� 1=6 corner atoms plus 3� 1=2 face-centered atoms giving a
total of two atoms in this plane.

Hence, the density of atoms of silicon in (1 1 1) plane is 2=A ¼ 7:8319 atoms
of Si=nm2.

Fraction of the sites occupied by the adsorbed atoms ¼ 1:9� 10�6.

The lifetime of silicon atoms on the surface is given by

ts ¼
1

ns?
exp

DGdes

kBT

� �
ts ¼ 0:001 s:

9.6. Surface Energy of Solids

A surface of a solid can be created in a number of ways. Stretching the surface
elastically from its initial state can create a new surface. One can also transfer a
certain number of atoms from one phase to another forming either a bump or a

depression in the surface. Finally, one can cut each of the initially homogenous
phases along the future interface and gluing the parts of the different phases

together along the resulting surfaces. The work required in each case is different
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because of the changes that occur in the density and mutual arrangement of
atoms in the surface layer. We introduce the concept of surface stress and

specific surface energy to distinguish between the various processes of creating
the surface and analyze the relationship between the two by a hypothetical

(gedanken) experiment.
Consider unit cube of the solid material (Fig. 9.24a) and stretch it along the x-

direction maintaining the dimension in the y-direction the same and letting the
dimension in the z-direction unrestrained. The work required, W0, in this case is

W0 ¼
X

f dx ¼ fb dx, (9:24)

where fb is the force required to strain the bulk material of the cube. If we take

the same cube, split it along the xy plane, and then stretch the two halves as
before along the x-direction keeping the dimension along y constant and along z

unrestrained, the work done will be given by

W1 ¼
X

f dx ¼ fb dxþ 2fxx dx, (9:25)

where fxx is the stress in the x-direction. Hence, we have

fxx ¼
W1 �W0

2 dx
¼W1 �W0

2«xx
, (9:26)

x

x x x + dx

x + dx x + dx
y

(a)

(b)

Figure 9.24: Surface stress versus surface energy.
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where «xx is the strain along the x-direction. In an analogous manner, we can
stretch the cube in the y-direction as well as shear the cube in the xy plane. We

obtain in each case

fyy ¼
W 0

1 �W 0
0

2«yy
, and fxy ¼ fyx ¼

W 00
1 �W 00

0

2«xy
: (9:27)

The state of the surface is thus expressed by the stress components fxx, fyy, fxy

and fyx. Unlike the surface energy, which is a scalar, surface stress is a tensor of
second rank. The surface stress is due to the fact that the atoms in the surface

have fewer bonds than the atoms in the bulk. If the surface atoms were not
constrained to remain coherent with interior atoms, they would have an equi-
librium distance that is different than the bulk atoms. We can therefore con-

sider that the atoms in the interior as exerting a stress on the atoms on the
surface. The surface stress can be considered to act tangentially along the

surface.
The relationship between surface stress and surface energy may be obtained

by a similar-thought experiment. We consider the work done in two different
paths. The first time we stretch the unit cube along the x-direction and split the

cube in the xy plane. The work done in this process is

WI ¼W0 þ 2(g þ dg)(1þ «xx) ffiW0 þ 2g þ 2Dg þ 2g«xx, (9:28)

where we have neglected the second order terms in «xx. Alternatively, we can

split the cube along the xy plane, and then stretch the two halves along the
x-direction, as shown in Fig. 9.24(b). The work done is given by

WII ¼ 2g þWI: (9:29)

Note that g is the work done in creating new surfaces whereas the other terms

are concerned with work done in creating new surfaces by stretching. Since both
the above processes produce equivalent results, we must have

WI ¼WII: (9:30)

Therefore, we obtain

W0 þ 2g þ 2Dg þ 2g«xx ¼WI þ 2g: (9:31)

Simplifying, we obtain

WI �W0

2«xx
¼ g þ Dg

«xx
� g þ dg

d«xx
: (9:32)

Hence,

fxx ¼ g þ dg

d«xx
: (9:33)
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In a similar manner we can obtain

fyy ¼ g þ dg

d«yy
and fxy ¼

dg

d«xy
: (9:34)

Thus, the components of the surface stress tensor are defined in terms of the

surface free energy and its variation with strain components. The relation
between surface stress and surface energy is determined by whether or not

the nature of the surface is changed by the process of extending the surface. In a
pure component solid, the surface stress and surface energy are different. Note

that the units of surface energy and surface stress are the same, i.e. energy per
unit area (J=m2) or force per unit length (N/m). Since liquids cannot support
shear stresses and the atoms diffuse fast to accommodate any changes in the

surface area, the distinction between surface stress and surface energy is unim-
portant for liquids.

Surface energy of solids is not available readily due to the experimental
difficulties. It is frequently possible to estimate the surface energy of solids

from those of liquid at the melting temperature by the approximate formula

gSV ffi 1:2gLV þ 0:45(TM � T), (9:35)

where TM is the melting point of the liquid. The magnitude of surface energy
depends upon the number of broken bonds associated with the surface atoms

and on the strength of the broken bonds. Therefore, good correlations are
expected between surface energy and heat of sublimation (Hondros, 1978),

modulus of elasticity (Murr, 1975), Debye temperatures (Tewary and Fuller,
1990). These correlations may be used to estimate the surface energy of solids.

Example 9.7

Estimate the surface energy of silver from its heat of sublimation for (1 1 1),

(1 1 0), and (1 0 0) planes of the single crystal of silver using a nearest neighbor

broken bond model.

We assume a nearest neighbor hard sphere model to calculate the number of
broken bonds in creating a surface.

In the FCC silver, (1 1 1) surface has six atoms as nearest neighbors in the

(1 1 1) plane and three above and three below. The coordination number of an
atom is 12, so that if the enthalpy of sublimation is DHs (J/mol), then the energy

per bond «b is DHs=12N0 where N0 is Avogadro’s number. Therefore the excess
energy, Es (J/atom), of the surface atoms over the atoms in the bulk is

Es ¼
3«b

2
¼ 3DHs

12N0
:
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If the number of atoms in the (1 1 1) surface is N111, then the surface energy of
(1 1 1) plane is g111 and is given by

g111 ¼ N111Es ¼ N111
DHs

4N0
J=m2:

Similarly, we have for the (1 1 0) and (1 0 0) planes the result

g110 ¼ N110
DHs

3N0
and g100 ¼ N100

DHs

2N0
:

For a FCC crystal, we have

N111 ¼
3� (1=6)þ 3� (1=2)

(1=2)� base� height
¼ 2

(1=2)
ffiffiffi
2
p

a
	 
 ffiffiffi

3
p

=2
	 
 ffiffiffi

2
p

a
� � ,

where a is the lattice constant. For the (1 1 0) and (1 0 0) planes we have

N110 ¼
4� (1=4)

a�
ffiffiffi
2
p

a
and N100 ¼

4� (1=4)

a2
:

For silver, a ¼ 0:40863 nm, DHs ¼ 300 kJ=mol. Hence

g111 ¼ 620, g110 ¼ 770 and g100 ¼ 705 mJ=m2:

9.7. Vapor Pressure Above a Cluster

The Gibbs free energy, G, of a small cluster of a condensed phase in equilibrium
with its vapor may be written in the form

G ¼ G(P, T , ncond, nv, A), (9:36)

where A is the area of the boundary between the condensed phase and the

vapor, nv and ncond are the number of atoms or molecules in the vapor and in
the condensed phase, respectively. At constant temperature and pressure,

changes in the Gibbs free energy may be accomplished by changes in the
number of atoms in the vapor phase, condensed phase and the accompanying

changes in the area between them. The equilibrium condition between two
phases when the boundary between them is not flat, as in the beginning of a

phase transformation, requires modification. At equilibrium we have

dG ¼ 0 ¼ @G

@nv

� �
ncond, A

dnv þ
@G

@ncond

� �
nv, A

dncond þ
@G

@A

� �
nv, ncond

dA,

¼ mv dnv þ mcond dncond þ g dA

(9:37)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 718 18.11.2005 12:43pm

718 Nucleation and Growth of Films



Assuming mcond in the cluster is the same as in the bulk phase, we note that for a
closed system

nv þ ncond ¼ constant: (9:38)

Hence,

d nv ¼ �dncond: (9:39)

Therefore,

mv � mcond ¼ g
dA

dncond

� �
: (9:40)

Assuming the condensed phase particles are in the form of a sphere,

ncond ¼
4pr3

3vcond
, (9:41)

we obtain

dA

dncond

� �
¼ d(4pr2)

d( 4
3 pr3)

¼ 2vcond

r
: (9:42)

Therefore, for a spherical particle of the condensed phase (Fig. 9.25), we have

mv � mcond ¼
2gvcond

r
, (9:43)

which is known as the Gibbs–Thomson equation. According to Laplace’s equa-

tion, we have the vapor pressure of a curved surface given by

Pcond � Pv ¼
2g

r
: (9:44)

Figure 9.25: Spherical particle of condensed phase in equilibrium with the vapor phase.
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Hence,

(Pcond � Pv)Vcond ¼ n(mv � mcond), (9:45)

where

n ¼ Vcond

vcond
: (9:46)

It is evident from Eq. (9.45) that when a cluster is formed from an unstable
vapor phase, work is gained. Alternatively, when n atoms or molecules are

transferred from the vapor phase with a higher chemical potential to the
condensed phase with a lower chemical potential, work is gained.

One can write the expression for the vapor pressure of the condensed phase
as:

mv � mcond ¼ kBT ln
P

P0

� �
, (9:47)

where P0 (denoted by P1) is the equilibrium vapor pressure of the infinitely
large condensed phase at the given temperature. Therefore, one can write Eq.
(9.46) in the form

Pr ¼ P1 exp
2gvcond

rkBT

� �
: (9:48)

The equilibrium vapor pressure above a small cluster of the condensed phase is

higher than that of the infinitely large condensed phase with a flat surface. In a
convex surface of a condensed phase, it is evident that an atom on a curved
convex surface is more weakly bound to the remaining atoms than in the case of

an atom on a flat surface. Assuming a spherical shape for the condensed phase,
we write

n ¼ 4pr3

3vcond
¼ Vcond

vcond
: (9:49)

Therefore,

r ¼ 3nvcond

4p

� �1=3

: (9:50)

We can recast the pressure over a spherical cluster of a condensed phase in
terms of the number of atoms in the cluster as follows:

Pr ¼ P1 exp
2gv

2=3
condb

n1=3kBT

 !
, (9:51)

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 720 18.11.2005 12:43pm

720 Nucleation and Growth of Films



where

b ¼ 4p

3

� �1=3

: (9:52)

Since each cluster has a fixed number of atoms, we can write

Pn

P1
¼ exp

2gv
2=3
condb

n1=3kBT

 !
: (9:53)

One observes that the left-hand side of equation is a continuous quantity whereas

the right-hand side is a discrete function of the number of atoms in a cluster.
A fixed value of the vapor pressure corresponds to a fixed number of atoms in the

cluster. We observe that the pressure P2 corresponds to a cluster of two atoms
only, whereas P3 corresponds to a cluster of three atoms. Given P3 < P2 > P1,

the two-atom cluster will be unstable whereas the three-atom cluster will be
stable. Thus, a cluster with a fixed size is stable in an interval of supersaturation
when the number of atoms in the cluster is small. As the cluster size increases, a

sharp decrease occurs in the width of the pressure range over which a cluster of a
given size is stable, so that one can approximate the pressure dependence on the

number of clusters by a smooth curve. In other words, as the number of atoms in
the cluster size increases, it is much more proper to refer to a critical cluster size

that is in equilibrium with a given pressure. Hence, only for a small cluster one
encounters the problem of having a cluster of given size to be in equilibrium with

pressure over a range of pressures at a given temperature and atom arrival rate.
Notice that for clusters of different size there is a driving force for the atoms in a

cluster of small size to leave its place and attach itself to a cluster of larger size.
This process is called ripening of a cluster. The driving force for ripening is the
concentration difference of the material associated with the difference in the

vapor pressure over different size clusters.

Example 9.8

Derive Eq. (9.49).

Supersaturation is the difference in chemical potential Dm of the infinitely
large mother phase and the new phase at the particular value of pressure and
temperature. We write

Dm ¼ mv(P)� mc(P):

We write the above equation in the form

Dm ¼ [mv(P)� mv(P0)]� [mc(P)� mc(P0)]:
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If the deviations from equilibrium are small, we can write approximately the
above equation in the form

Dm ffi
ðP
P0

@mv

@P
dP�

ðP
P0

@mc

@P
dP ¼

ðP
P0

(Vv � Vc) dP ffi
ðP
P0

VvdP ¼
ðP
P0

kBTdP ¼ kBT ln
P

P0

� �
:

A schematic diagram of the variation of the chemical potential with pressure is

shown in Fig. 9.26 where the equilibrium pressure is P0. The slope of the
chemical potential with pressure is given by volume so that the chemical
potential of the gas phase is above that of the solid phase for pressures above P0.

9.8. Mechanisms of Thin Film Formation

Early studies of thin film growth had to rely on optical and X-ray diffraction
techniques, which severely limited the range of deposits that one can study. The

discovery of electron diffraction in 1927 widened the scope of surface studies.
Extensive experimental and theoretical studies of deposits at different stages of

growth, have established that there are three distinguishable modes of nucle-
ation and growth, which can occur. The three basic modes are: (i) Volmer–
Weber model, (ii) Frank–Van der Merwe model and (iii) Stranski–Krastanov

Chemical
potential

Gas

Solid

PressureP0

∆m

Figure 9.26: Chemical potential versus pressure for condensed phase and vapor phase.
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model. A schematic illustration of each of these modes of growth is illustrated
in Fig. 9.27.

In the Volmer–Weber model, equilibrium exists in a three-dimensional crystal
of the film in contact with the substrate, while the rest of the substrate is devoid of

any condensed phase. Nucleation of film occurs in the form of discrete three-
dimensional nuclei on the surface of the substrate (e.g. lead on graphite). Both

the number of nuclei and the size of a given nucleus increase. Eventually, the
nuclei grow in size until they intergrow with each other to form a continuous film.

In the Frank and Van der Merwe model, nucleation occurs in the form of

monolayer island of the deposit. Eventually the monolayers grow together to
form a complete continuous monolayer of the deposit. The process repeats itself

so that deposit grows in a layer-by-layer manner (e.g. rare gases on graphite). In
this growth, the interaction between substrate and layer atoms is stronger than

that between neighboring layer atoms. Layer-by-layer growth is hindered by
elastic constraints at the solid–solid interface.

Stransky and Krastanov model combines the features of layer-by-layer
growth and discrete three-dimensional nucleation (e.g. Pb on Ge (1 1 1) ). In
this model, nucleation and growth occurs as in the layer-by-layer mode so that

finite number of monolayers are produced. Subsequent formation of film occurs
by formation of discrete nuclei. The lattice mismatch between the substrate and

Island

(a)

(b)

(c)

Layer

Stranski–Krastanov

Figure 9.27: Modes of growth of film: (a) Volmer–Weber island growth (b) Frank–van

der Merwe layer growth and (c) Stranski-Krastanov layer plus island growth.
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the deposit cannot be accommodated when the layer thickness increases so that
the three-dimensional growth follows the layer-by-layer growth. Alternatively,

symmetry or orientation of the over layers with respect to the substrate might
be responsible for the production of this growth mode.

Consider the condition of equilibrium when the gas phase is in contact with
the deposit. The change in the Gibbs free energy when the particle is trans-

ferred from the vapor to the deposit is

DG ¼ nDm ¼ nkBT ln
p

p0

� �
, (9:54)

where p0 is the equilibrium vapor pressure. The ratio j ¼ p=p0 is called the

degree of supersaturation. Considering the surface energy when a deposit forms
on a substrate as shown in Fig. 9.28, we can state the conditions for the

formation of the growth modes as follows:

layer growth gs � gF þ gS=F þ CkBT ln
p

p0

� �
,

island growth gs � gF þ gS=F þ CkBT ln
p

p0

� �
:

(9:55)

One observes that the growth mode can be changed with varying the supersat-

uration conditions. The layer-by-layer growth mode is favored by increased
supersaturation. Freund and Suresh (2003) present a detailed thermodynamic

analysis of the three modes of growth. The actual mode of growth depends on

∆G2
∆G2

∆G2

∆G
2,

 ∆
G

3 

∆G3

∆σ > 0

∆σ < 0

∆mas ∆mcr ∆m

∆σ = 0

0

Figure 9.28: Equilibrium conditions of surface energy of nucleus on a substrate.
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the materials involved, temperature of the substrate and the degree of super-
saturation of the vapor.

Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS) techniques commonly study the modes of film growth in situ. In a typical

experiment, one observes the intensity of a characteristic Auger electron from
the substrate as a function of layer thickness t. The intensity of the Auger

electron is attenuated as it passes through the over layer, which is typically of
a different material than the substrate. Let us assume the mean free path of the
substrate Auger electron in the material of the over layer is l. The Auger

intensity for coverage can be written as

Is

Is0
¼ (1� x)þ xe�l=l, 0 � x � 1 (9:56)

for coverage up to one monolayer, where x is the fraction of surface covered by

the over layer and l is the thickness of the monolayer and Is0 is the intensity
from the clean and bare substrate surface. For the transition from nth to

(nþ 1)th layer we can write

Is

Is0
¼ (1� x)e�nl=l þ xe�(nþ1)l=l, 0 � x � 1, n ¼ 0, 1, . . . (9:57)

where (1� x) is the fraction of the surface covered with n layers and x is the
fraction covered with (nþ 1) layers. The plot reveals a series of line segments

with breaks corresponding to an integral number of monolayers as shown in
Fig. 9.29. A similar analysis for the single layer plus islanding reveals that the

Auger signal from the substrate is always finite and does not tend to zero with
coverage. For the island growth, the intensity versus coverage shows a very high

substrate signal because large areas of substrate remain free of the deposit.
Only a slow decrease of the substrate signal is observed with increased cover-

age. Obviously the same type of arguments can be advanced to consider the
intensity of Auger electrons from the over layer. The differences in the intensity
versus coverage curves are utilized to reveal the different modes of growth.

Example 9.9

Consider the single uniform growth layer followed by islanding of two atomic

layer height. If the island coverage is 50%, write the expression for the Auger

intensity of electrons from the substrate.

For one monolayer coverage we can write as earlier the Eq. (9.56) as:

Is

Is0
¼ (1� x)þ xe�l=l, 0 � x � 1:
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If the second stage is one of islanding, the actual attenuation of Auger electron

intensity depends upon the fraction of covered surface. If two monolayer high
islands cover 50% of the surface, we can write

Is

Is0
¼ (1� x) e�l=l þ xe�3l=l, 0 � x � 0:5:

Regardless of the amount of coverage, one notes that there is a constant

magnitude of 0:5 e�l=l in the intensity expression. Hence, Is=Is0 reaches a
constant value and does not vanish to zero as in the case of layer-by-layer

growth (Fig. 9.30). The saturation of the Auger signal with increasing coverage
is characteristic of islanding.

Incident

Over layer

Auger

A = 2 monlayers

Islands (50% coverage)

Substrate

Substrate

Substrate

Average coverage (monolayers) k

Uniform over layer

One layer plus Island

Substrate

Is/Is0

Figure 9.29: Characteristic Auger signal variation with deposition rate for the three

modes of growth.
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9.9. Growth Forms of Crystalline Solids

In general, crystals display various shapes depending upon the kinetics of their
growth. However, it is useful to become familiar with the various growth forms

that are representative of the equilibrium situation. The classical thermo-
dynamic arguments were provided by Gibbs and are therefore, purely phenom-
enological. The energy for the formation of a small crystal from ambient vapor

phase consists of two parts. A certain amount of energy is gained when trans-
ferring atoms from the vapor phase with a higher chemical potential mv to the

crystalline phase with a lower chemical potential, mc. This energy depends
upon the number of atoms transferred from the vapor phase and the volume

of the crystal formed ( (Pc � Pv)Vc ¼ n(mv � mc)). The energy to create the
surface of the crystal depends obviously on the shape of the crystal. It costs

energy to generate an additional surface while keeping the crystal volume and
the number of constituents constant. The condition of minimum free energy for

Layer by layer growth

Layer plus island growth

Deposit

Deposit

Deposit

Island growth

Substrate

Substrate

Substrate

Coverage Θ (ML)

Coverage Θ (ML)

Coverage Θ (ML)

Figure 9.30: Auger intensity as a function of time for island growth.
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the formation of a crystal at constant volume from the vapor reduces to the
condition of minimum of surface free energy. Depending on the orientation of

the crystal, more or less bonds have to be broken to create a piece of surface.
In the case of a crystal, different crystallographic faces have different specific

energies, so that the determination of the equilibrium shape involves the
minimization of Helmholtz free energy, A, at constant temperature, T, and

volume, V. The equilibrium condition is therefore,

dA ¼ 0 and dV ¼ 0: (9:58)

Considering arbitrary changes in the Helmholtz free energy, we obtain the
equilibrium condition as

dA ¼ 0 ¼ �PV dVV � PC dVC þ
X

n

gn dSn, (9:59)

where PV is the vapor pressure, PC is the inner pressure of the crystal, and VV

and VC are the volumes of the vapor phase and crystal phase respectively, and

we consider the crystal to be a polyhedron with different crystal faces of area Sn

to which the specific energy gn may be assigned. We have

V ¼ VC þ VV ¼ constant, (9:60)

so that

dVV ¼ �dVC: (9:61)

Hence,

�(PC � PV) dVC þ
X

n

gn dSn ¼ 0: (9:62)

The crystal may be considered to be composed of pyramids constructed on each
of the crystal face with a common apex at an arbitrary point within the crystal.

Hence, for the volume of the crystal (Fig. 9.31), we can write

VC ¼ 1
3

X
n

hnSn, (9:63)

where hn represents the height of the pyramid. We observe

dVC ¼ 1
3

X
n

(hn dSn þ Sn dhn): (9:64)

The change of volume, to the accuracy of infinitesimals of second order, is equal
to the shift of the surface Sn by a distance dhn, so that

dVC ¼
X

n

Sn dhn: (9:65)
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Hence,

dVC ¼ 1
3

X
n

hn dSn þ 1
3 dVC

dVC ¼ 1
2

X
n

hn dSn:
(9:66)

Hence, the equilibrium condition becomesX
n

[gn � 1
2 (PC � PV)hn] dSn ¼ 0: (9:67)

Since, the changes in dSn are arbitrary and independent of each other, we must

have

gn � 1
2 (PC � PV)hn ¼ 0, (9:68)

or,

PC � PV ¼
2gn

hn
: (9:69)

The left-hand side of the above equation does not depend on the crystallo-

graphic orientation. Thus, the equilibrium shape must satisfy

gn

hn
¼ constant: (9:70)

P6

h6
h1

h2

h3

h4

h5

P1

P2

P3

P4

P5

Figure 9.31: Volume of a crystal bounded by plane faces.
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We thus find the equilibrium shape has the feature that the distance of the
crystal face from a point within the crystal is proportional to the corresponding

specific surface energies of the face. This is known as Wulff rule and the
corresponding theorem on which it is based is called the Gibbs–Curie–Wulff

theorem. We have the relationship

(PC � PV)vC ¼ (PC � PV)
VC

nC

Dm � mC � mV ¼
2gnvC

hn
,

(9:71)

where VC is the molar volume of the crystal. We note that the supersaturation
has the same value all over the crystal surface, and the size of the crystal is
determined by the supersaturation.

The equilibrium shape may be constructed as follows. We select an arbitrary
point and draw vectors normal to all the possible crystal faces. The distances

proportional to the specific surface free energy are marked on these normal
vectors. Planes normal to the vectors through the marked points are then

drawn. The closed polyhedron enclosed by the planes represents the equilib-
rium form (Fig. 9.32). All other planes outside the polyhedron or going through

Figure 9.32: Equilibrium form of crystal by Wulff construction.
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the vertices of the polyhedron are ignored in drawing the equilibrium shape. It
is clear that the equilibrium form will have the crystal faces that have the lowest

surface energy.
In the usual situation, the crystal forms from the vapor and condenses on a

substrate. We must now consider the fact that one of the crystal faces with specific
surface free energy gm now rests on a substrate with specific surface free energy

gs. As the crystal deposits on the substrate, an interfacial boundary is formed
whose energy is neither gm nor gs. In order to determine this energy, one can
perform an imaginary experiment (Fig. 9.33). Let the substrate be called A and

the crystal be called B. Assume the two have the same dimensions. By cleaving
them reversibly and isothermally, we produce two surfaces of A, each with an

area SA and two surfaces of B each with an area SB. By construction, SA ¼ SB.
Let us assume that the energy expended in this process is UAA and UBB. We can

now put A in contact with B, to generate an area SAB that is the same as SA or SB.
However, because of the different environment of atoms, we shall assume that

the energy gained is �2UAB. The excess energy of the boundary to conserve the
energy in this process may be labeled 2Ui and we can write

2Ui ¼ UAA þUBB � 2UAB: (9:72)

If A and B are identical, UAA ¼ UBB ¼ UAB, so that Ui ¼ 0. If we write from

the definition of surface specific free energy

ghkl ¼
Uhkl

2Shkl
, (9:73)

B

B

B

B

B

AA

A A A

Figure 9.33: Equilibrium shape of a crystal on a foreign substrate.
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we obtain

gi ¼ gA þ gB � b (9:74)

where

gi �
Ui

SAB
and b � UAB

SAB
: (9:75)

gi is known as the excess boundary energy per unit area to disjoin two different
crystals and b accounts for the bonding between the two crystals and is known

as specific adhesion energy. For the present, we ignore the fact that this energy
depends on the lattice misfit between the crystal and the substrate.

The equilibrium condition is now altered and takes the form

dA ¼ �PV dVV � PC dVC þ
X
n6¼m

gn dSn þ (gi � gm) dSm ¼ 0: (9:76)

Following the same procedure as before, we obtain the equilibrium condition

gn

hn
¼ gm � b

hm
¼ constant, (9:77)

where hm is the distance from the Wulff point to the contact plane (Fig. 9.34).
Note that if b ¼ 0, or the substrate has no influence on crystallization; hn will

be the same as if the substrate were absent, and this situation is termed complete

non-wetting. On the other hand, if b ¼ gA þ gB, we have complete wetting, and

the crystal is a two-dimensional island. For all other situations, we have incom-

plete wetting, and the height of the crystal is smaller than its lateral size.
A material with a low surface energy will tend to wet material with a high

surface energy. On the other hand, if the deposited material has a high surface
energy it tends to form clusters on the low surface energy substrate.

h1

hm

h2

0

Figure 9.34: Equilibrium condition of film on a substrate.
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We wish to consider the nature of the dependence of surface energy of the
solid surface on orientation using a construction known as the gamma plot. In

this plot the surface tension of a crystal face of orientation S is described in
terms of a vector, which is a unit vector drawn normal to the surface S, and the

magnitude of this vector is given by g(s). A polar plot (Fig. 9.35) is then the
construction in which the radius vector is

~RR ¼ g(s)ŝs: (9:78)

The surface generated by the tip of ~RR is the g plot and is in general a closed
surface of some arbitrary shape. We wish to examine some of the features of

this surface.
Actual crystal faces are planar only when they are characterized by small (h k

l) indices. A crystal that is slightly misoriented from a small index plane is
termed vicinal. A vicinal plane may be represented by a structure that consists

of terraces and steps. A terrace comprises of flat areas made up of close packed
faces. The end faces of the broken off flats parallel to this face are called steps.

(001)

(111)

(110)

Equilibrium shape

(b)

(a)

g plot

g111

g001

gA

C

B
A

0

Figure 9.35: Gamma plot.
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Let us, for simplicity, assume that the terraces are equidistant and the steps are
one monatomic in height. The specific surface energy of the terraces is taken as

g0, and the energy of the steps is x ¼ bg0 where b is the step height. x is the
specific free energy of the step and represents the work required to build a step

of unit length at constant volume and temperature. Assuming there is no
interaction between steps, we write for the specific surface free energy of a

vicinal surface (Fig. 9.36), the expression

g(u) ¼ x

b
sin uþ g0 cos u, (9:79)

where u is the angle of deviation of the crystal plane from the small index plane.

If we consider the vicinal surface that is symmetric to the above, we can write

g(� u) ¼ � x

b
cos u� g0 sin u: (9:80)

We observe

dg(u)

du
¼ x

b
cos u� g0 sin u: (9:81)

Hence, taking the limits coming from u > 0 and u < 0 gives

dg(u)

du

����
u�0

¼ x

b
and

dg(u)

du

����
u�0

¼ � x

b
: (9:82)

q

−q

(a)

(b)

Figure 9.36: Vicinal surfaces tilted by (a) angle u and by (b) angle �u from

a singular plane.
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Therefore, the variation of g with u is continuous except at u ¼ 0, +p=2, +p,
etc., where there is a singularity and the derivative shows a jump of 2x=b. The

plot of g(u) versus u can be done in both cartesian and polar coordinates as
shown in Fig. 9.37. The polar diagram reveals contours consisting of circular

segments and possessing singularities corresponding to u ¼ 0, +p=2, +p, etc.
The plot in three dimensions is much more difficult to draw. In addition, if we

take into account the interaction between second and third nearest neighbors in
calculating the surface energy, we will find that the polar diagram becomes
much more involved, revealing additional minima corresponding to other lower

index plane faces (Chernov, 1984). We can therefore note that singular surfaces
are characterized by a local minimum in the surface energy, g, and a discon-

tinuity in the angular derivative @g=@u. The vicinal planes have a small devi-
ation from the alignment of close packed faces and have rational indices for the

planes. We observe that if one cleaves a crystal along a low index-plane, then
ideally the surface consists of nothing but rows and edges of the planes normal

to the low index planes. Such planes are called singular surfaces. Singular

g

g001

g001

−p
q

q

p−p/2 p/20
(a)

(b)

Figure 9.37: Polar diagrams of the specific surface energy (a) dependence on orthogonal

coordinates and (b) dependent on polar coordinates.
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surfaces are characterized by a local minimum in the surface energy and a
discontinuity in the angular derivative dg=du, where u is the angle in the polar

diagram, and is typical of all the directions described by rational Miller indices.
The minima are sharpest and deepest in directions normal to the close packed

plane of atoms. However, a vicinal surface is tilted slightly from the singular
surface and has steps and terraces. Vicinal planes have therefore a small

deviation from the alignment of close packed planes. The number of steps
implies that the surface energy is greater since more neighbors are lost from
the vicinity of a step. This is why a plot of g as a function of direction shows a

minimum, or cusp, in the direction of the normal to the plane, and would
increase through the angle u from this.

Herring (1951) has derived the formula for the generalized Gibbs–Curie–
Wulff theorem for the case of a three-dimensional crystal taking into account

the variation of surface tension with orientation. The expression for the chem-
ical potential difference is given by

m� m0 ¼ Vcond g þ @
2g

@u2
1

 !
K1 þ g þ @

2g

@u2
2

 !
K2

" #
, (9:83)

where K1 and K2 are the principal radii of curvature, and u1 and u2 represent the
angles between each of the two principal curvatures and a reference orienta-
tion. One of the practical consequences of this formula is that if a surface is

formed that has a curvature that varies with distance, then the chemical poten-
tial varies with distance over the surface, there will be a driving force for the

surface migration of atoms.

The quantity gi* � g þ @
2g

@u2
i

is usually called surface stiffness. At singular

points, this quantity is infinite. However, the left-hand side of the Eq. (9.107)
is finite. Hence, the only way for this to occur is if the curvatures are zero or the
crystal face is flat. In the immediate vicinity of the singular points, the stiffness

acquires positive values, so that the radii R1 and R2 are finite or the crystal
surface is rounded. At the edges and apexes of the crystal, the stiffness is zero

and gn*=Rn have finite values. Negative values of stiffness have no physical
meaning, which implies that there are no concave surfaces in the equilibrium

shape. Therefore, when the surface stiffness is infinite, the corresponding crystal
face is flat or atomically smooth. When the surface stiffness has positive values,

the crystal surface is rounded. In the vicinity of the singular surfaces, the crystal
faces consists of terraces divided by steps.

The concept of surface stiffness is also valuable in examining the stability of
surfaces. Cabrera and Coleman (1963) have shown that when surface stiffness
of the original vicinal face, which consists of terraces and steps, is positive, it will
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be stable. Otherwise, it will break down into terraces divided by steps, preserv-
ing the overall slope of the original face with respect to the singular surface.

Consider a crystal face of an arbitrary orientation say p. If the new crystal faces
with different orientations, say p1 and p2, have smaller specific surface energies

than the original face with orientation p, and a decrease of the surface energy
overcompensates the increase of the surface area, the crystal will break down

into facets (Fig. 9.38). In the reverse case, the crystal face will be stable.
Faceting has been observed experimentally. Any impurity adsorbed on the
surface influences the surface energy depending upon the nature of the impurity

and the amount adsorbed. The faceting that is observed is characterized experi-
mentally by the type of facets observed, the width of terraces and the height of

steps (Somorjai and Van Hove, 1989).
The value of thermodynamic analysis of equilibrium shapes of crystals is

hampered by the limited experimental data on surface energy of solids, and
their sensitivity to relaxation, reconstruction of surfaces and the strong influence

of environmental factors (e.g. impurities, residual gases in the chamber, defects
on the surface, etc.). Several other atomistic approaches have been advanced
with limited success (molecular kinetic theory, Stranski and Kaischew, 1931;

periodic bond chain method, Hartman and Perdock, 1955; statistical mechanical
approach, Rottman and Wortis, 1984).

One generally deals with crystals that have been formed under some growth
conditions. The crystal shape is governed by giving the crystal habit. The growth

shape of the crystal is specified by giving the faceting or the indices of the planes
that bound the shape of the crystal, and the size of each of these faces (known as

the crystal habit). It is clear that the crystal with same faceting can have
different habits. The equilibrium shape of the crystal is of assistance in evalu-

ating the growth shapes of crystals. The crystal shapes are sensitively affected
by a number of factors: supersaturation, impurities and environment. Supersat-
uration controls the relative growth rates of various faces, promoting the fastest

growing face at large supersaturation and thereby allowing the slowest growing

P

Energy of plane 
of a given
orientation

Distance

P1

P1

P2

q

Figure 9.38: Stability of a vicinal surface against faceting.
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face to determine the crystal habit. Even trace amounts of impurities are known
to have marked influence on growth rates of crystals by the manner in which they

are adsorbed on different faces. The manners in which atoms flow before depo-
sition of the crystal are also influential in determining the shape of the crystal.

Considerable experimental work is devoted to understanding the equilibrium
and growth forms of crystals, especially those that involve very small crystals.

Example 9.10

Consider a rectangular parallelepiped of sides x, y and z with surface free

energies gx, gy and gz, respectively. Determine the equilibrium shape of the

crystal.

The total energy due to surface is given by

F ¼
X

i

giAi ¼ gx 2yzþ gy 2xzþ gz 2xy:

The volume V of the parallelepiped is

V ¼ xyz:

The minimum energy under constant volume requires that we try to find the

conditions for which dF ¼ 0 and dV ¼ 0. We note

dF ¼ 2gx(y dzþ z dy)þ 2gy(x dzþ z dx)þ 2gz(x dyþ y dx),

and

dV ¼ xy dzþ zy dxþ xz dy ¼ 0:

Utilizing the Lagrange multiplier l, we write

2gx(y dzþ z dy)þ 2gy(x dzþ z dx)þ 2gz(x dyþ y dx)þ l(xy dzþ zy dxþ xz dy) ¼ 0:

Collecting terms, we write

(2gxyþ 2gyxþ lxy) dzþ (2gxzþ 2gzxþ lxz) dyþ (2gzyþ 2gyyþ lyz) dx ¼ 0:

Each of the coefficients of dx, dy and dz must be separately equal to zero.
Hence, we obtain for the coefficient of dz, the result

2gxyþ 2gyxþ lxy ¼ 0:

Hence,

l ¼ � 2gx

x
¼ �

2gy

y
:
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Equating the coefficients of dy and dz to zero separately and simplifying we
obtain

gx

x=2
¼

gg

y=2
¼ gz

z=2
¼ � l

2
¼ Fmin

3V
:

Therefore, the distance from each face to the center of the equilibrium crystal is
inversely proportional to its surface energy.

9.10. Atomic Structure of Surfaces

One of the most characteristic features of any material is the presence of a
boundary within it or bounding it, which represents which is the region separ-
ating two physically and/or chemically distinguishable regions. The boundary is

recognized in that one or more properties characterizing each region changes
over a distance narrow compared to the spatial extent of the system considered.

The boundary separating the solid from its vapor is essentially a few atoms
wide, whereas the boundary between a p-type and n-type semiconductor in a

p–n junction is typically a few hundred atoms wide. The thickness of the bound-
ary is essentially infinite between liquid and gas at the critical point. The bound-

aries play a dominant role when there is a large value for the ratio of boundary
area to volume or when the phenomenon occurs predominantly at the boundary,
by virtue of the different energy state in which the boundary atoms are situated.

There are many reasons for expecting that a solid surface will have different
properties from the bulk material. Technological processes that depend upon the

solid surfaces could be improved if we understand the role of solid surfaces as
related to its structure. It is therefore quite important to become familiar with the

knowledge of the type and locations of atoms at the boundary.
Consider a perfect three-dimensional monatomic crystal. We may imagine

the formation of a surface of orientation (h k l) by removing all the atoms whose
centers lie on one side of a mathematical plane of this orientation located within

the crystal. If no relaxation or atomic rearrangement occurs, we say that the
resulting surface (Fig. 9.39) is an ideal surface. A useful collection of models of
surfaces formed in this way for simple crystals appears in the book by Nicholas

(1965). In the ideal surface, the atoms in the surface have the same position
relative to other atoms, in the surface and in the bulk of the crystal that they had

before the formation of the surface. The loss of periodicity in one dimension,
due to the existence of surface, results in a redistribution of electrons so that the

electronic states at a surface differ from those of the bulk. The absence of atoms
on one side makes available chemical bonds, which dangle out, into space.

Clearly, we expect the surface arrangement of atoms to be different than the
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atoms in the bulk, but for the present, we will see how even with perfect ideal

surfaces we can expect to find how the surface of a material affects the growth
of films. With the availability of ultrahigh vacuum conditions, the industrial

needs to focus on the understanding of events on the surfaces, one needs to
verify clearly the binding and electronic structure of surfaces.

A very useful description of the ideal and other surfaces is by the use of the

so-called terrace-ledge-kink model (TLK). The model considers surfaces to fall
into one of three categories: singular, vicinal and rough. In this model, the low

index planes, such as (1 0 0), (1 1 0) and (1 1 1) are essentially atomically smooth
and resemble the ideal surface. These surfaces are termed singular. If the

surface is oriented slightly from these singular surfaces, they can be described
by flat surfaces called terraces close to the singular orientation, separated by

ledges or steps of monatomic height, spaced so as to account for the surface
orientation relative to the orientation of the singular planes, as shown in
Fig. 9.40. The terraces are the perfect part of the surface and the ledges are

the steps formed at the borders of the terraces. The terraces and ledges are
similar except the latter has a very small width. A kink is formed at the end of

ledges. A straight step along the direction of the densest row of atoms can have
equal number of positive and negative kinks as shown in Fig. 9.41. The positive

Figure 9.39: Ideal surface.
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kink refers to when the new row of atoms begins and a negative kink refers to

when the new row of atoms ends. The total number of kinks increases when the
step deviates from a straight direction. On vicinal surfaces that are oriented in

two directions relative to the singular orientation, the ledges are not straight
and contain regularly spaced jogs or kinks, one atom deep, in order to accom-

modate the disorientation in the second direction as shown in Fig. 9.42. A single
atom on a terrace is known as an adatom. A vacancy is a single atom missing

from the terrace. Surface defects and bulk dislocations extending to the surface
are excluded from consideration in the simple TLK model. Scratches on the
surface are additional defects that affect nucleation of phases. The direct

observation of these features in the scanning tunneling electron microscope
supports the TLK model (Fig. 9.43). In principle, there could be surfaces that

may be considered as rough, where the surface would be disordered on the
atomic scale to make the description in the TLK model untenable.

q

Figure 9.40: Vicinal surface.

a

c

b

Figure 9.41: Positive and negative kinks on a step.
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Figure 9.42: Vicinal surface oriented in two directions from singular surface.

Figure 9.43: Scanning tunneling microscope picture of 7 � 7 surface of silicon.
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The evidence for the existence of terraces and ledges and kinks has been
accumulated by the techniques of field ion microscopy (FIM) and from low-

energy electron diffraction. In the FIM, a sample is present in the form of a wire
whose tip has been prepared to have a radius of the order of 10 nm (Mueller,

1951). The sample is placed in a chamber where the tip is subjected to a high
positive potential, and helium at a pressure of about 10�4 Pa is leaked into the

system. The electric field strength near the tip of the wire (	 5� 108 V=cm)
ionizes the helium atoms as the atoms slow down and looses an electron by
quantum mechanical tunneling. The positive helium ions accelerate away from

the tip of the sample radially and fall on a phosphorescence screen at a distance
Rscreen away from the tip (Fig. 9.44). The ionization of the imaging atom is most

likely to occur where the local field strength is high. Therefore, a protruding
atom is more likely to cause ionization of the imaging gas than a flat plane of

atoms. Cooling the specimen can reduce the component of the velocity of the
imaging ion tangential to the tip surface. The magnification M is given by

M ¼ Rscreen

Rtip
: (9:84)

101

102

011

111

Figure 9.44: Terraces shown in field ion microscope.
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Tips of radius 150 nm can be obtained by etching and then formed in situ in the
microscope. At these high magnifications atoms positions are reflected in the

observed picture in the phosphorescent screen (Fig. 9.45). The images clearly
show the presence of ledges and terraces as assumed in the TLK model. Individual

atomic events, such as diffusion and cluster formation have been studied by this
technique (Bassett, 1983, Kellogg, 1994, Ehrlich, 1997, Tsong and Chen, 1997).

The periodic two-dimensional arrangement of atoms on the surface can be
determined by LEED (Clarke, 1985). The LEED techniques utilize electrons of
energy 20–200 eV, which can penetrate a sample for a distance of the order of

1–5 nm before being scattered. The elastic collisions that occur between the
electron and the atoms on the surface produce diffraction patterns because the

wavelength of the electrons used is in the range 0.27–0.09 nm, which tell us
something about the symmetry and geometrical arrangement of atoms near the

surface. The electron beam is focused on the specimen, which is at the center of a
hemispherical grid. The electrons are accelerated through a grid and pass through

a second grid, which is set at a potential that removes all the secondary electrons.
The scattered electrons eventually hit a phosphor screen and the image is cap-
tured in a video camera. Since there are about 1019 atoms per m2 on the surface

compared to the 1029 atoms in the bulk per m3, the appropriate geometry to use is
in the reflection mode so that particles that do not penetrate too deeply into the

bulk must be used. The inelastic mean free path of the electrons as a function of
energy is shown in Fig. 9.46. The beam of electrons with a primary energy

between 50 and 300 eV can only penetrate a few monolayers of the surface of
materials. The incident wave vector of the electrons of a given energy is given by

~kk0 ¼
ŝs0

l
¼ ŝs0

2meV

h2

� �1=2

, (9:85)

Phosphor
coated
screen

Tip

Ions

Pump out

Figure 9.45: Field ion microscope.
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where ŝs0 is the unit vector in the direction of the electron beam, and l is the
wavelength of the electrons, and V the voltage through which the electrons are
accelerated. The electrons interact with atoms, and the diffracted electrons

have a wave vector ~kk. In particular, for low-energy electrons, the ‘‘strong’’
interaction with matter is with the valence electrons in the solid. The condition

of diffraction is given by the conservation of momentum requirement and is
given by

~kk�~kk0 ¼~gg, (9:86)

where~gg is the reciprocal lattice vector, which is perpendicular, to the plane of
diffraction. The diffraction occurs due to elastic scattering, so that the wave-

length of the diffracted beam is unchanged from its original value. The above
condition of diffraction can be represented geometrically by the Ewald’s sphere

of diffraction as shown in Fig. 9.47 (Wormald, 1973). We draw the initial
position of the wave vector ~kk0 relative to the crystallographic orientation of

the surface. The point at which the wave vector~kk0 ends is chosen as the origin of
the two-dimensional reciprocal lattice. The reciprocal lattice in two dimensions
essentially consists of rods that are arranged in the form of a lattice in reciprocal

space. The condition of diffraction is satisfied where the diffraction vector and
the reciprocal lattice rod intersect the surface of the Ewald’s sphere. The

position of the diffraction spots and their intensities may be measured in a
system, such as the one shown in Fig. 9.48. The position of diffraction spots in
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Figure 9.46: Inelastic mean free path of electrons.
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LEED can be utilized to find out the lattice structure of the atoms in the

surface. Thus, the size, symmetry and rotational alignment of the surface unit
cell can be established relative to the substrate unit cell. The intensity of the
diffraction spots (the so-called intensity versus voltage curves) has been ana-

lyzed to reveal the position of atoms in the surface lattice, even though the
analysis is beset with difficulties stemming from multiple scattering of low-

energy electrons. Perhaps the most important contribution of LEED studies is
the revelation of reconstructed structures on the surface of materials and the

factors that influence their formation. The design of LEED systems permits
not just small samples to be viewed, but also large samples. The latter gives

the opportunity to cool, heat and strain or otherwise control the conditions of
the sample. The quantitative analysis of intensity of diffraction spots is possible
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k
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Figure 9.47: Ewald’s sphere construction for LEED.
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Figure 9.48: LEED apparatus.
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when the beams can be scanned over a fine detector using electrostatic deflec-
tions and focusing so that spot profiles can be ascertained (Henzler, 1977).

It has been determined by LEED studies that in many cases, the atoms in the
surface do not occupy the positions that would be expected from a simple

continuation of the bulk lattice structure. The reasons are associated with
the differing environments of the atoms located at the surface. On the surface,

due to the absence of neighbors on one side, the interatomic forces in the upper-
most lattice planes are considerably changed. The equilibrium conditions for
surface atoms are modified with respect to the bulk. Therefore, one expects the

atomic positions on the surface to be altered with respect to the positions of
atoms in the bulk. Small shifts in the positions of atoms can be made either

normal to or parallel to the surface of the crystal with relatively little expend-
iture of energy by surface atoms that are constricted only on three sides.

Because the bonding configuration of the surface atom is quite different from
that of the bulk atoms, a substantial increase in bonding energy may be

obtained by a slight shift in position from the ideal surface atom site. Thus,
the movement of the surface atoms can result in a net lowering of energy. When
the clean surface reveals a motion normal to the ideal surface then one speaks

of relaxation of atoms at the surface. This relaxation is generally towards the
direction of the bulk representing the fact that the surface atoms are bound

stronger by the substrate atoms. The surface atoms thus seek new equilibrium
positions and thereby change the distance between the first and second layer of

atoms (Fig. 9.49). The experimental work with LEED has established that for
most metal surfaces there is a contraction between the first and second layers,

with the more open surfaces contracting the greatest. The periodicity parallel to

d1−2

Bulk solid

Figure 9.49: Relaxed surfaces.
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the surface within the topmost layer is the same as the bulk. Thus in a relaxed
structure, the bond angles change but not the number of nearest neighbors.

Rare gas solids relax by expanding the surface layers outward by a few percent
in the first three layers with close-packed surface expanding the least. However,

for atomic motions parallel to the surface the term reconstruction is used. The
motion frequently results in periodic arrangement of atoms on the surface that

are related to but not identical to the bulk structure of atoms (Fig. 9.50). The
reconstruction arises from the fact that atoms in the surface with a bonding
potential may seek other atoms within the surface with potential to form bonds.

More than one such reconstruction is possible, where each reconstructed con-
figuration represents a local minimum in free energy. The specific reconstructed

structure that one observes depends upon temperature, lattice strain and other
factors. The relaxation and reconstruction of surfaces in metals is due to

competing electronic and vibration effects. Reconstructed surfaces of metals
are often found at low temperatures due to angular bond instabilities whereas at

high temperatures anharmonic lattice dynamics control surface structures. Ex-
perimentally we observe that the surface structure and lattice parameter of a
metal can be a function of supersaturation of its own vapor. Besides, the adatom

and surface reconstruction can change the surface stress. We find metals have
strongly delocalized electrons that are essentially nondirected, whereas in semi-

conductors significant directional bonding is present. One therefore expects
considerable effect on the atomic configuration of the surface of a semicon-

ductor. The atoms that are shifted parallel to the surface usually change the
periodicity parallel to the surface, so that the dimensions of the two-

dimensional mesh in the surface is different than those of a projected bulk
unit cell. Reconstructed atoms can be due to the displacement of atoms as well

as missing atoms from the surface as shown in Fig. 9.51. It is rarely that the
atoms are relocated implying that there is no connection between the arrange-
ment of atoms on the surface and those in the bulk. Therefore, in an ideal

a´ = 2a

Figure 9.50: Reconstructed structure of surfaces.
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surface, the three-dimensional periodicity is lost in one dimension. This will
result in the change of electronic states near and at the surface, and so surface

electronic properties differ from bulk. Since atoms are not present on one side
of the boundary, surface atoms may make available ‘‘dangling bonds’’, which

will be available for chemical reactions. Relaxation could create electric dipole
moment at the surface. Semiconductor technology has grown to a level where
devices are fabricated at nanometer dimensions on clean surfaces. The surface

processes that occur in the monolayer region actually influence the reliability
and performance of the devices. Hence, knowledge of reconstructed surfaces

has become increasingly important. Reconstructed structure can result in dif-
ferent atomic vibrations, chemical, magnetic optical, electronic and mechanical

behavior.
Even though real crystalline surfaces always contain point defects and/or line

defects, the model of a perfectly periodic two-dimensional surface is convenient
and adequate for many purposes. The description of reconstructed structures of

the surface atoms is done with reference to the structure of the idealized surface

2a

2a

a

a

(a)

(b)

Reconstruction

Missing row
reconstruction

Figure 9.51: Reconstruction of surfaces from (a) displacement of atoms,

(b) missing atoms.
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structure. The ideal surface can be described by a two-dimensional lattice
structure given by

~TTn ¼ n1~tt1 þ n2~tt2, (9:87)

where~tt1 and~tt2 are the two-dimensional translation vectors describing the ideal

surface lattice and n1 and n2 are integers. With reference to the above structure,
the observed lattice structure of the reconstructed two-dimensional lattice is
given by

~TT 0n ¼ n01~tt
0
1 þ n02~tt 2

0 , (9:88)

where

~tt 1
0 ¼ p~tt1 and ~tt 2

0 ¼ q~tt2 where p, q ¼ 0, 1, 2, . . . (9:89)

The reconstructed surface structure is generally denoted by the symbol M(h k l)

pxq-A, where M refers to the chemical species making the substrate, (h k l) is the
substrate orientation, p and q are the integers relating surface to bulk periodic
structure and A refers to any chemically adsorbed species on the surface. An

example is given in Fig. 9.50. Many semiconductor surfaces reveal these types of
structures as in Si(0 0 1)2� 1. We should note that the knowledge of the surface

repeat unit cell does not automatically fix the position of atoms in these cells,
which has to be obtained by detailed analysis of intensity data. The symmetry of

the surface unit cell permits several possible orientations for the unit cell leading
to domain structure on the surface. For example, one can have in Si(0 0 1)1� 2

or 2� 1 structure, which gives rise to domains at right angles to one another. In
more complicated cases, there may be a rotation that is involved with reference

to the ideal surface structure in which case the symbol would be

M(h k l )
~tt 1
0

~tt1
x
~tt 2
0

~tt2

Ra�A, (9:90)

where a is the rotation between the surface and substrate nets. A simple
example is given in Fig. 9.52. On a trigonal or hexagonal substrate it is usual

to find
ffiffiffi
3
p

X
ffiffiffi
3
p

R30� structures.

Example 9.11

List the 10-point group symmetries of the two-dimensional lattice. What are the

unit cells in two dimensions? Write expressions for the substrate and surface

structures on the surface as well as their corresponding reciprocal lattices.

The point group operations that are compatible with two-dimensional trans-
lational periodicity are onefold, twofold, threefold, fourfold and sixfold rotation
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axes perpendicular to the surface, and the mirror planes that are also perpen-
dicular to the surface. One has 10 different point group symmetries, which are

denoted as:

1, 2, 1m, 2mm, 3, 3m, 4, 4mm, 6, 6mm:

The number n ¼ 1, 2, 3, 4, 6 denotes rotation by 2p=n. m refers to the reflec-

tion in a mirror plane. The third symbol m merely denotes that the combination
of the first two-symmetry operation produces the mirror plane. There are five

different 2D unit cells (Fig. 9.53), all of which are primitive except the rect-
angular cell, which has a center of symmetry.

The lattice vector of the two-dimensional substrate can be described by

~TTn ¼ n1~tt1 þ n2~tt2:

The surface net of the topmost layer can be described in general by

~SS1 ¼ m11~tt1 þm12~tt2

~SS2 ¼ m21~tt1 þm22~tt2:

The area of the substrate mesh is A, that of the surface is B, and the two are
related by

B ¼ ~SS1 �~SS2

��� ��� ¼ A
m11 m12

m21 m22

����
���� � A det M:

The relationship between the substrate and the surface is characterized by the
determinant M. When det M is an integer, the surface lattice is said to be simply

M {111}(  3 ×  3 )30°

t2*

t1*
b1*

b2*

(00)

Figure 9.52: Reconstructed cells.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 751 18.11.2005 12:43pm

Nucleation and Growth of Films 751



related and is called a super-lattice. When det M is a rational number the
superstructure is said to be a coincident lattice. When the adsorbed structure

or the surface mesh is out of registry with the substrate net, and det M is an
irrational number. The superstructure is said to be an incoherent lattice or

incommensurate structure and is generally found when the adsorbate–substrate
interaction is less important than the interaction between the adsorbed particles

themselves.
The reciprocal lattices ~bb1 and ~bb2 of the two-dimensional structure are given

by

~bb1 ¼
~tt2 � n̂n

~tt1 �~tt2
�� �� and ~bb2 ¼

n̂n�~tt1

~tt1 �~tt2

�� �� ,
where n̂n is a unit vector perpendicular to the surface. A general lattice vector of
the reciprocal lattice is given by

~HH(hk) ¼ h~bb1 þ k~bb2,

bs

bs

bs

bs

bs

as

as

as
g

g

g = 90°
Square |as| = |bs|

|as|  |bs|g = 90°

Rectangular

g = 90°|as| = |bs|

as
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g

g

g

Centered rectangular

Oblique IasI IbsI
Hexagonal g  = 90°

Figure 9.53: Five Bravais unit cells in two dimensions.
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where h, k are integers. The superstructure has the reciprocal lattice given by

~BB1 ¼ m*
11
~bb1 þ ~mm*

12
~bb2 and ~BB2 ¼ m*

21
~bb1 þm*

22
~bb2:

We note that

mii ¼
m*

ii

detM*
and mij ¼

�m*
ji

detM*
,

or in simple matrix notation, where (M�1)T is the transpose of the inverse of the

matrix M, so that

M* ¼ (M�1)T:

The quantitative understanding of the relaxation of atoms and the position of
atoms in the reconstructed lattice requires the analysis of the intensity of the

LEED patterns. The cross section for elastic scattering at single atom is high so
that it is possible for electrons to be scattered several times and still emerge

from the surface with measurable intensity. The multiple scattering of low-
energy electrons means that theories must incorporate many scattering events

with due regards to their amplitudes and phases, which is very difficult. In this
so-called dynamical theory, it becomes necessary to match the all-possible

electron waves outside and inside the solid in the correct way, which is ex-
tremely complex. A number of simple structures have nevertheless been solved
by analyzing the intensity of LEED patterns and are presented by van Hove

and Tong (1979) (Watson et al., 1996). The intensity profiles reveal also splitting
and broadening. These are analyzed to reveal the defects on the surface of the

material (Lagally, 1982; Henzler, 1982). In particular irregularly spaced steps
produced blurred, streaky or rows of spots, whereas kinked surfaces produce

additional spots or rows in different directions to steps. It is evident that the
specimen has to be crystalline to obtain anything other than diffuse background.

The difficulties of interpretation of intensity of LEED patterns are somewhat
simplified by using X-rays from a synchrotron when these rays are directed at
grazing angle incidence. Several structures of surface have been solved by this

technique, which demands the preparation of a very flat surface (Howes et al.,
1993; Renaud, 1998).

The major advances in our understanding of the position of atoms on the
surface have resulted from the newly available techniques of scanning tunneling

microscope (STM) (Fig. 9.54) and atomic force microscope (AFM). In the
scanning tunneling microscope, a sharp fine metal tip is positioned within a

nanometer of the surface to be studied, and a voltage is applied between the
tip and the sample. If the tip is fine, a tunneling current will flow between the tip

and the sample. The tunneling current is the result of the overlapping wave
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functions between the tip atom and the surface atom. Electrons can tunnel
through the vacuum barrier separating the tip and the sample in the presence of

a small bias voltage. The tunneling current IT to a first approximation can be

given by IT / ðU=dÞ exp �Kd
ffiffiffiffi
f

p� �
where U is the applied voltage between the

two conductors, f is the average work function and K is a constant for the

vacuum gap, which is about 1:025 A�1 eV�1=2. This current is extremely sensi-

tive to the distance between the tip and the surface, so that one can measure the
distance between the tip and the specimen by measuring the magnitude of the

current. In the simplest mode of operation, the vertical motion is used to keep the
tunneling current constant. The tip and the sample are moved relative to each

other and a scan in the horizontal direction produces the required image. Note
however, STM produces an image that depends on the nature of the surface and
the magnitude and sign of the tunneling current, which is a function of electron

density and thus does not image nuclear positions directly. Several other tech-
niques can be utilized to measure the tunneling current as a function of distance

on the sample and create a topographic image, which can reveal atom positions
on the surface. Lateral resolution that allows movement of the tiny metal tip to

within 1 and 2 A is accomplished by suitably designed piezoelectric drives. The
suppression of the mechanical vibration of the whole equipment together with

production of the finest metal tip is an important advance in implementation of
the STM in actual practice. Proper design minimizes thermal drift. By recording

the IT and its derivative, one can separate the contribution to IT due to work
function changes. The Si(1 1 1)7� 7 reconstruction revealed by STM (Fig. 9.55)

(a)

(b)

(c)

(d)

Crystalline/
crystalline

Amorphous/
crystalline

With
interdiffusion

Reactive
with new
compound

Non-
abrupt

Abrupt

Figure 9.54: Atomic structures unraveled in scanning tunneling microscope.
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is one of the outstanding successes of this technique (Takayanagi et al., 1985).
When clean surfaces are covered with a near monolayer of chemisorbed mol-
ecules, the structure of the surface undergoes profound alterations. FIM, LEED

and STM studies have revealed a large variety of these structures.
There are several variations of STM, of which the atomic force microscopy is

by far the most important. The AFM monitors the Van der Waals force between
the tip and the surface and may do this either in the contact mode when it is

responding to the repulsive force or in the noncontact mode when it responds to
the attractive force. The advantage of AFM is that it can be used for conductors

as well as insulators. A sensitive cantilever arm whose deflection is monitored by
a low powered He–Ne laser reflected onto a position sensitive diode array
detector has been the key to the success of AFM. A typical arm is made from

lithographically etched silicon with Si3N4 used as the tip material. The charac-
teristic resonant frequency of such a tip permeates many AC and phase-sensitive

measurements (Chen, 1993; Wiesendanger, 1994; Stroscio and Kaiser, 1993).

Example 9.12

Given a barrier height of 4 eV, if the current is kept constant to within 2%, what

would be the sensitivity of the current in STM to the tip and the sample?

Top layer

Second layer

Third layer

Figure 9.55: Si(1 1 1) 7� 7 construction as revealed by STM.
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At low voltages and temperatures the tunneling current can be written as:

I / exp (�2Kd ),

where d is the distance between the tip and the sample. Hence

DI

I
¼ �2KDd:

The characteristic inverse decay length K is given by

K ¼
ffiffiffiffiffiffiffiffiffiffiffi
2mF
p

�h
¼ 0:51F1=2:

With the current at 2% and F ¼ 4 eV, we obtain

Dd ¼ � DI

2KI
¼ 0:02

2� 0:51� 41=2
¼ 0:01 Å:

The paths along which various changes in a material occur depend on the

properties of the surface that is governed by its structure. The structure of a
crystal surface is also characterized by the existence of defects, besides ledges and

kinks, which may be considered to be the macroscopic features of surface
structure. When the atoms in a crystal structure are identical, then only one

type of interface can occur for a given (h k l) plane. Thus, the actual location of
the (h k l) plane is irrelevant in this case. However, when the structure contains
more than one kind of atom, a dividing plane of a given orientation can produce

different surfaces when differently located in space. The surface layers of com-
pound semiconductors can therefore be characterized by their composition. For

example, the (1 0 0) surface of GaAs contains either all Ga atoms (the A face) or
all As atoms (the B face) (Fig. 9.56). Other surfaces contain a mixture of these

atoms. Some of the defects, such as point defects are present even in thermo-
dynamic equilibrium situation and others are present because they are kinetically

stable and these defects may be termed microscopic structure of surface.
There are a number of thermodynamically stable defects, which are shown in

Fig. 9.57. These are variously called ledge atom, ledge vacancy, surface vacancy,
adatom, ledge adatom, kink atom and surface atom. They are present in
equilibrium at any temperature above 0 K for thermodynamic considerations

because their formation requires energy but they have favorable entropy term
stemming from the arbitrariness they provide in locating them on the surface.

Let us suppose the creation of a point defect (e.g. a surface vacancy, surface
adatom, ledge atom, ledge vacancy) requires a certain free energy for forma-

tion, DGf. The equilibrium concentration is then given by

nd

N
¼ exp �DGf

kBT

� �
, (9:91)
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where N refers to the number of surface atoms or the number of ledge sites per

unit area of crystal surface. Atomistic calculations are needed to evaluate these
free energies, as they are very difficult to determine experimentally. In com-

pound materials, the point defects not only may be assisted with each individual
atom, but may also carry charges. In addition, the position of a given atom may
be occupied by the atom of a different type, giving rise to antisite defects.

Non-reconstructed Relaxed

Top view 5.654 Å

Side view

27°

Figure 9.56: Relaxed and unrelaxed surfaces of GaAs.

Ledge atom
Adatom

Ledge vacanct
Surface vacancy Kink atom

Ledge adatom

Surface atom

Figure 9.57: Point defects in surfaces.
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The kinetically stable defects in the surface are essentially dislocations.
Dislocations are present in the bulk crystal. However, by their geometrical

property they must either close on themselves or emerge on the surface of the
crystal. Those that emerge on the surface can be either an edge dislocation or a

screw dislocation as shown in Fig. 9.58. The edge dislocation has different
bonding configuration than the normal surface atoms. Whenever there is a

surface reaction or adsorption, the region behaves differently than other regions
on the surface. The screw dislocation creates a step on the surface when it
emerges on the surface. The step is tied to the location where the dislocation

emerges on the surface, and cannot be eliminated by the addition of atoms to
the step. It has thus the property of being continuously regenerated as the

crystal grows.
It is necessary to inquire the statistics of defects on singular and vicinal

surfaces in equilibrium with their vapor when there is no growth. We expect
this to depend upon temperature and the orientation of the surface. Burton et al.

(1951) present the details of the statistics of adatoms, kinks and steps. If one
considers an adatom on a singular surface and evaluates the free energy of the
adatoms as a function of the coverage of adatoms, one gets the result that there

is a transition from a flat surface to a rough surface at a critical temperature.
This transition is called roughness transition. A similar analysis can be carried

out for kinks in isolated steps. We find once again above a certain critical
temperature, steps will form spontaneously on a singular surface. The rough-

ening temperature is roughly Dhsub=4 where Dhsub is the sublimation enthalpy.
One can define roughening transition temperature as the temperature at which

the line tension of steps vanishes. The roughening transition depends on the

(a)

(b)

Figure 9.58: (a) Screw dislocation and (b) Edge dislocation.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 758 18.11.2005 12:43pm

758 Nucleation and Growth of Films



surface orientation. If the orientation of the surface is given, the roughening
transition temperature does not depend upon the step orientation. It has been

theoretically shown that the step Gibbs free energy follows the relationship

Gst � exp � C

(Tr � T)1=2

" #
: (9:92)

In terms of the surface stiffness, the roughening temperature is given by

kBTr ¼
2

p
g*(Tr)d 2

hkl, (9:93)

where dhkl is the interplanar distance parallel to the surface and g*(Tr) is the

surface stiffness. Thus for a closely packed face, the roughening temperature is
higher. Experimental verification has been forthcoming from the work on 4He

crystals as shown in Fig. 9.59. This system is particularly suited for investigation
because helium can be highly purified, it has very large heat conductivity so that

heat and mass transport are fast so that the equilibrium shape is reached in a
short time (Gallet, 1987). High symmetry surfaces are rough only above the
melting point of the material. However, vicinal surfaces are rough below the

melting point.

0

0

1

1

2

Roughness

2

kBT/eb

Figure 9.59: Roughness transition in 4He.
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Example 9.13

Calculate the temperature at which the (1 0 0) surface becomes rough when

adatoms are on a singular surface for a cubic crystal with atoms at the corners.

Consider an adatom on a singular surface (1 0 0) of cubic crystal, which has

atoms only at the corners of the cube.
An adatom has four dangling bonds and one dangling vertical bond. How-

ever, it has one bond with the atom underneath it. Hence, if w is the energy

associated with each bond, the adatom requires energy 4w. As we place the
adatoms randomly on the flat surface, it is possible for adatoms come next to

each other. Since there are four such sites when one adatom can be next to
another, and the chance of finding such adatoms next to one another depends

upon the adatom coverage u, we write for the total energy per surface site is the
adatom coverage times the energy per adatom

uadatom ¼ 4w� 4wu ¼ 4wu(1� u):

The entropy of mixing per surface site is given by

� sad

kB
¼ u ln uþ (1� u) ln (1� u):

Therefore the free energy, Aad, per site normalized to bond strength is

given by

Aad

w
¼ uad � Tsad

w
¼ 4u(1� u)þ kBT

w
u ln uþ (1� u) ln (1� u)½ 
:

At low energies, the bond-energy term dominates; and at high temperatures,

the entropy term dominates and the surface appears microscopically rough. The
temperature of transition to the rough surface occurs in this model at
Trough ¼ 2w=kB, which is obtained by taking the second derivative of free

energy and equating it to zero. The critical temperature is called the roughening
temperature. If this temperature is below the melting point of the material the

surface transforms to a rough surface and the transition is called roughness
transition.

Example 9.14

Define roughness transition temperature in terms of a height–height correlation

function.

Consider an infinite surface, which has an average orientation, which is

perpendicular to the z-axis. Rather than using the concept of steps, which
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does not have much meaning above the transition temperature, it is useful to
have an alternative definition of roughness. If (x, y, z) is any point on the

surface, we take the height z to be a one valued function of x and y. This
means overhangs are not permitted. Let ~RR(x, y) be any point on the surface.

One can define the height correlation function, also called the roughness
function, by

G(~RR) � [z(~rr )� z(~rr þ ~RR)]2
D E

:

Assuming no effect of gravity, the roughness transition temperature is defined

by the requirement

lim
R!1

G(R) ¼ finite for T < Tr,

¼ 1 for T > Tr:

9.11. Three-dimensional Nucleation

The formation of a thin film is accomplished in three stages. The first stage is
nucleation during which small nuclei are formed and are statistically distributed

over the substrate surface. The nuclei thereafter grow in size so that large
islands of deposit form. Eventually the islands coalesce and form a more or

less continuous film. In the general case, we have to treat the condensation from
a supersaturated vapor onto a solid, which is usually of a different material than

the vapor. The phenomenon is referred to as heterogeneous nucleation.
The first step in transforming a supersaturated parent phase to a stable

daughter phase is the formation by fluctuation of aggregates of the daughter
phase on the substrate. In any thermodynamic system, local deviations occur

from the normal state or one says fluctuations occur. The fluctuations are
generally classified as homophase fluctuations or heterophase fluctuations. In
the homophase fluctuations, the aggregates of small molecules appear to be no

different than the parent phase of the system. In heterophase fluctuations,
fluctuations occur that are recognizable as belonging to another phase. When

the vapor phase is stable, the density of heterophase fluctuations is small and
they have a tendency to decay. As the conditions of temperature and pressure

that favor the condensation of a vapor to a solid are reached, the heterophase
fluctuations grow in density. These fluctuations are called clusters.

Gibbs observed that the formation of a new phase requires the appearance of
small clusters in the system by heterophase fluctuations. These clusters were
considered as the precursors to the formation of the daughter phase from the

parent phase. When the clusters are small, the surface to volume ratio of the
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particles in these clusters is large, but is otherwise considered the same as the
daughter phase. Gibbs chose to describe the thermodynamic properties of these

clusters by attributing to these clusters macroscopic thermodynamic quantities,
such as surface free energy, Gibbs free energy and so on. Since thermodynamics

can only describe average macroscopic properties of a system, the assumption
of attributing macroscopic thermodynamic quantities to clusters is called capil-

lary approximation or classical theory of nucleation.
The steps involved in transforming a supersaturated and/or supercooled

parent phase to the stable daughter phase are the formation of the fluctuations

of clusters on the substrate. In the steady state theories of nucleation, the
formation and growth of clusters from a supersaturated vapor of single mol-

ecules occur by a series of bimolecular reactions in which the clusters grow by
the addition of one atom at a time. The Gibbs free energy of the cluster

increases initially with size until a critical size is reached. Above the critical
size, growth occurs with a decrease in the Gibbs free energy. The rate of

nucleation is then obtained as the product of the concentration of critical nuclei
and the frequency with which they grow by the addition of one molecule. The
spontaneous formation of nuclei in the bulk of a supersaturated vapor is known

as homogeneous nucleation.
We shall consider the case of a vapor phase condensing to a solid phase. The

thermodynamic potential of the initial state of the system at constant tempera-
ture, T, and pressure, P, is

G1 ¼ nVmV: (9:94)

A solid cluster with bulk chemical potential mS is formed from the n1 moles of
the vapor phase and the thermodynamics of the vapor–solid system is given by

G2 ¼ (nV � n1)mV þ n1mS þ a1r2gV�C þ a2r2gS�C � a2r2gS�V, (9:95)

gV---C is the positive free energy associated with the formation of a new surface
between the condensate and the vapor phase; gS---C which may be either positive
or negative, is the surface free energy between the substrate and the conden-

sate; and gS---V accounts for the disappearance of the free substrate area be-
tween the vapor and the substrate (Fig. 9.60). The total Gibbs free energy

changes when n1 molecules of the vapor phase appear as n1 molecules of the
solid phase is G2 �G1 ¼ DG, and is

DG ¼ a3r3DGV þ a1r2gV�C þ a2r2gS�C � a2r2gS�V, (9:96)

where

�n1(mV � mS) � � 1

V
DGV (9:97)
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and

DGV ¼ �
kBT

V
ln

P

Pe

� �
, (9:98)

and V is the molecular volume and Pe is the equilibrium pressure and P is the

supersaturated pressure and g is the appropriate surface energy, which is
assumed independent of the curvature of the cluster. The area exposed to

vapor is a1r2 and the area of the contact between the aggregate and the
substrate is a2r2. The Gibbs free energy of formation of an aggregate depends

on the size of the nucleus and reaches a maximum value DGc for a critical size
rc. We can obtain this critical size by evaluating

@
DG

@r
¼ 3a3r2DGV þ 2a1rgV�C þ 2a2r2gS�C � 2a2rgS�V (9:99)

assuming that the shape of the nucleus does not change with its size. The critical
nucleus size is therefore given by the requirement

@
DG

@r

����
r¼rc

¼ 0, (9:100)

so that

rc ¼ �
2a1gV�C þ a2gS�C � a2gS�V

3a3DGV
: (9:101)

We note that any infinitesimal deviation of the size of the nucleus from the
critical size leads to a decrease in the Gibbs free energy. In this sense, rc is a

critical nucleus of the new phase. The Gibbs free energy corresponding to

Vapor

Desorption

Substrate

Deposition

gS–C

gS–V

gV–C
q

Figure 9.60: Three-dimensional nucleation on a substrate.
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the critical nucleus can be obtained by inserting Eq. (9.101) into Eq. (9.96)
and is

DGc ¼
4(a1gV�C þ a2gS�C � a2gS�V)3

27a3
3DG2

V

¼ 1

3
4pr2

c gS�V: (9:102)

DGc gives the height of the energy barrier that has to be overcome for conden-

sation to take place. Gibbs noted that the critical Gibbs free energy to form a
nucleus is precisely equal to one-third of the surface energy of the new phase.

Note that DGc is inversely proportional to the square of the supersaturation
DGv (Fig. 9.61). Since DGv tends to zero near the equilibrium condition for the

two phases, it is clear that DGc increases steeply near the equilibrium condition.
Hence, in order for the phase transformation to occur one should deviate

considerably from the equilibrium condition. When DGv is positive, the parent
phase is stable and heterophase fluctuations are nonexistent.

The formation of a nucleus occurs typically on some foreign surface, such as a

substrate. Homogeneous nucleation is rarely encountered in practice. We will
assume the shape of the nucleus is a sphere and the surface is structure less or

we are ignoring the elastic strains that are necessary to fit the nucleus to the
substrate. For a spherical cap with the contact angle u, we have (Fig. 9.62)

gS�V ¼ gV�C þ gS�C cos u: (9:103)

0

N
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Figure 9.61: Nucleation rate versus supersaturation.
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We note

a1 ¼ 2p(1� cos u); a2 ¼ p sin2 u and a3 ¼ p
2� 3 cos uþ cos3 u

3
: (9:104)

We can obtain the critical Gibbs free energy for nucleation and is given by

DGc ¼
16pg3

V�C

3DG2
V

� �
2� 3 cos uþ cos3 u

4

� �
, (9:105)

where the effect of the substrate is taken into account by the function f (u)
where

f (u) ¼ 2� 3 cos uþ cos3 u

4
, (9:106)

which is plotted in Fig. 9.63. Note that when the film wets the substrate, u ¼ 0 and
DGc ¼ 0, so that there is no barrier to nucleation. When u ¼ 1808, there is no

wetting and DGc is the same as for homogeneous nucleation. This means for a
given value of DGV, the equilibrium over any area of the substrate depends only

on the curvature of this area, and not on the shape of the remaining surface
whether it is a sphere or when it is truncated. Generally, there are various defects

in the substrate. Defects are typically divided into point and linear ones. The line
defects include steps, surface dislocations and scratches. The incompleteness of

the planes of a crystal may themselves be thought to be a defect. A completely
exhaustive theory of heterogeneous nucleation is not yet in sight.

The heterogeneous nucleation theory does not make any assumptions about
the atomic nature of the film or the substrate. Its attractive features stem from a

gf

g igs

gs = surface free energy/area of the substrate

gf = surface free energy/area of the film

g i = surface free energy/area of the interface

q

q = contact angle

Figure 9.62: Nucleation, which subtends a contact angle with the substrate.
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qualitative description it provides of the role of substrate temperature, depo-

sition rate and critical nucleus size. In addition, one can incorporate additional
energy term, which tend to increase the barrier to nucleation since most of the

energy contributions are positive when they occur in the film and they reduce
the effect of DGV, which is negative.

Example 9.15

Calculate the critical radius size as a function of supersaturation coefficient for

the homogeneous nucleation of copper assuming a spherical nucleus shape at

300 K.

The free energy for the formation of a spherical nucleus of radius r is given by

DG ¼ 4pr2g þ 4
3 pr3DGV,

where g is the condensate/vapor surface energy, and

DGV ¼ �
kBT

V
ln

p

pe

� �
,
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The wetting function as a function of contact angle

Figure 9.63: f (u) versus u.
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where the molecular volume of the phase is V, p is the equivalent pressure at
which condensation occurs and pe is the equilibrium pressure. The critical value

of the radius is obtained from

d
DG

dr

� �
¼ 0,

and is given by

rc ¼ �
2g

DGV
¼ 2gV

kBT ln (p=pe)
:

Assuming, g ¼ 1300 mJ=m2, density of copper ¼ 8:92 g=cm3, and molecular

weight ¼ 63:55 g=mol, we calculate rc as a function of p=pe, and the results
are presented in Fig. 9.64.

9.12. Two-dimensional Nucleation

We consider the formation of a cluster with an equilibrium shape of a square.

Let the edge length of the cluster be l, when it forms on a surface of a structure

Number of atoms

S
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P4

Figure 9.64: Critical radius as a function of supersaturation.
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less substrate. The change in the Gibbs free energy on the formation of a two-
dimensional cluster is given by (Fig. 9.65)

DG ¼ � l2

sc
Dmþ l2(gV�C þ gC�S � gV�S)þ 4lx, (9:107)

where x is the specific edge energy, and n ¼ l2=sc is the number of atoms in the
cluster. The Gibbs free energy depends on the edge length l and shows a

maximum at l ¼ lc, where

lc ¼
2xsc

Dm� sc(gV�C þ gC�S � gV�S)
: (9:108)

The Gibbs free energy to form a critical nucleus is given by

DGc ¼
4x2sc

Dm� sc(gV�C þ gC�S � gV�S)
: (9:109)

If we substitute for lc, we can write

DGc ¼ 2lcx ¼ 1
2

X
n

xnln, (9:110)

where xn is the specific energy of the nth edge length and ln its length. For a

square cluster we note xn ¼ x and ln ¼ l and there are four edges. The similarity
of Eq. (9.110) with Eq. (9.102) is evident. Differing equilibrium shapes and

inclusion of strain energy can be handled in a straightforward way by adding the
appropriate terms in Eq. (9.107).

Example 9.16

Consider the formation of a circular disk of height h and radius r on a terrace

of a crystal, assume epitaxial conditions and determine the critical nucleus size.

L

Figure 9.65: Nucleation of a two-dimensional cluster.
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The Gibbs free energy associated with the formation of a disk is given by

DG ¼ 2prE� VDP,

where E is the ledge energy, V is the volume of the disk (pr2h) and DP is the

pressure difference between the small disk and the equilibrium vapor pressure,
where

DP ¼ kBT

V0
ln

P

Pe

� �
,

with P the actual vapor pressure and P0 is the equilibrium vapor pressure and
V0 is the atomic volume. The critical cluster size is therefore

rc ¼
E

hDP
:

The free energy of formation of the critical cluster is given by

DGc ¼ �
pE2

hDP
:

9.13. Rate of Nucleation

The nucleation of a new phase is an isothermally activated process. It starts with
heterophase fluctuations and when the clusters reach a critical size, the nuclei

are formed and are ready to grow. The nucleation event is a random process
and the number of nuclei that form in a fixed interval of time is a random

quantity and subject to the laws of statistics. The kinetic theory of nucleation
determines the average rate of nucleation or the number of nuclei formed in

unit time per unit volume.
Becker and Doring (1935) considered the nucleation process as a series of

consecutive bimolecular reactions. For example, the cluster of size n, An can

grow to a cluster of size Anþ1 according to the reaction

An þA1 , Anþ1, (9:111)

where the rate constants of the forward and reverse reaction are vþn and v�n ,

respectively. Under steady state conditions the net flux of clusters is given by

J0 ¼
Z1P

N�1
n¼1 [(1=vþn )(v�2 v�3 � � �v�n )=(vþ1 vþ2 � � �vþn�1)]

, (9:112)

where Z1 is the concentration of clusters of size one. The rate constant of the
growth reactions, vþn�1, depends on the number of collisions of atoms from the
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vapor phase on the surface of area Sn�1 of the cluster of size n� 1 to form a
cluster of size n. Hence

vþn�1 ¼
Pn

(2pmkBT)2
Sn�1: (9:113)

Similarly, the rate for the cluster of size to shrink to the size of cluster n� 1, the

rate of the reverse reaction is given by

v�n ¼
Pn

(2pmkBT)2
Sn�1: (9:114)

One can obtain the equilibrium concentration of clusters of a given size n by

Nn ¼ N1 exp �DG(n)

kBT

� �
: (9:115)

The steady state nucleation rate can be determined to be

J ¼ GAcvnc, (9:116)

where each of the terms is discussed below. The area of the critical nucleus for a
hemispherical cap is given by

Ac ¼ 2prca0 sin u: (9:117)

The parameter G is called the Zeldovitch factor and is given by

G ¼ DGc

3pkBTn2
c

� �1=2

: (9:118)

The Zeldovitch factor accounts for the loss of critical nuclei both by promotion
to supercritical size and decomposition by loss of molecules and is usually of the
order of 10�2. The equilibrium number of critical nucleus size per unit area of

the substrate is given by

nc ¼ ns exp �DGc

kBT

� �
, (9:119)

where ns represents the total nucleation site density. The number of these sites

occupied by adatoms whose surface density is na is the product of the vapor
impingement rate and the adatom lifetime. Hence

na ¼ ts
P

(2pmkBT)1=2
: (9:120)
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The impingement rate requires that adatoms diffuse on the substrate with a
frequency v exp (�DGa=kBT), so that the impingement rate v is given by

v ¼ ts
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p v exp �DGa

kBT

� �
: (9:121)

The steady state nucleation rate is thus given by

J ¼ DGc

3pkBTnc

� �1=2

(2prca0 sin u)
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p ns exp

DGdes � DGa � DGc

kBT

� �
,

(9:122)

since

ts ¼
1

v
exp

DGdes

kBT

� �
: (9:123)

The rate of nucleation is an extremely sensitive function of the exponential

term. The higher the nucleation rate, the finer the grain size of the film, and
coarse grain results from low nucleation rate. At extremely high nucleation

rates amorphous film can form.
The rate of nucleation depends on the process variables: substrate tempera-

ture and deposition rate. We have

DGV ¼ �
kBT

V
ln

_RR
_RRe

 !
, (9:124)

where _RR is the deposition rate and _RRe is the equilibrium evaporation rate from
the film nucleus at the substrate temperature. It is possible to show at constant

deposition rate

@rc

@T

� �
_RR

> 0 and
@DGc

@T

� �
_RR

> 0, (9:125)

and at constant substrate temperature

@rc

@ _RR

� �
T

< 0 and
@DGc

@ _RR

� �
T

< 0: (9:126)

The above inequalities summarize a number of experimental observations of

thin films.
From (@rc=@T) _RR > 0, one observes that the critical nucleus size increases at

higher temperatures of the substrate. Another implication is the existence of a

discontinuous island structure persists up to a higher average coverage than at
low substrate temperature.
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From (@DGc=@T) _RR > 0, we can conclude that a barrier to nucleation may
exist at high substrate temperature, whereas its magnitude is lower at low

substrate temperature. Since J depends exponentially on DGc, the number of
supercritical nuclei decreases rapidly with temperature. Once again, the devel-

opment of a continuous film at higher substrate temperatures requires longer
times.

From (@DGc=@ _RR)T < 0, we find that low substrate temperatures and high
deposition rates promote formation of polycrystalline deposits.

From (@rc=@ _RR)T < 0, we observe that increasing the deposition rate produces

smaller islands. Since DGc also decreases with rc, nuclei form at very high rate,
so that continuous film forms at an average thickness that is very low.

Example 9.17

If nucleation and growth are controlled by the diffusion of atoms to the critical

nucleus, examine the effect of temperature on transformation of a homogeneous

phase.

According to nucleation theory, the rate of nucleation per unit volume,

I, depends upon the number of critical nuclei per unit volume multiplied by
the rate of growth of critical nuclei, b�.

I ¼ N exp (�DGc=kBT)xb�:

b� is given by the number of atoms on the surface of the nucleus, NgS�, where S�

is the surface area of the critical nucleus and Ng is the number of atoms per unit
volume of the initial phase g in which nucleation is occurring, multiplied by, np,

which is the rate at which atoms are added to the critical nucleus. Hence

b� ¼ S�N2=3
g np,

where n is the frequency of vibration of atoms and p is the probability that the
atoms are moving in the right direction to join the critical nucleus.

According to Diffusion theory,

pn ¼ (D0=a2
g) exp (�Q=kBT),

where D is the diffusion coefficient and ag is the lattice parameter of g and Q is
the activation energy for diffusion. Hence

I ¼ NS�N2=3
g

D0

a2
g

exp �DGc

kBT

� �
exp � Q

kBT

� �
:

Neglecting the gradual dependence of S� on temperature, we can write
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I ¼ A exp �DGc

kBT

� �
exp � Q

kBT

� �
:

We find at high temperatures close to the transformation temperature, the
driving force for nucleation is large, so DGc is very large and nucleation is difficult

although diffusion rate is very high. Hence exp � DGc

kBT

� �
controls the rate of

nucleation. At low temperatures the driving force for nucleation is large

so that nucleation is easy. However the diffusion rate for atoms is slow and
the nucleation is controlled by exp � Q

kBT

� �
. Therefore the transformation from

a high temperature homogeneous phase to another phase by nucleation shows a
C-curve behavior, well known experimentally.

9.14. Atomistic Theory of Nucleation

The nucleation theory is reasonably successful in giving qualitative features in

thin film deposition. If one calculates the critical nucleus at high supersatura-
tions, the number of atoms in the critical nucleus appears to be of the order of 1

or 2. Clearly macroscopic quantities, such as surface energy and Gibbs free
energy or the state of are meaningless for such small critical sizes. Furthermore,

there is no easy way to account for the orientation effect, so that epitaxial
growth is difficult to predict. To overcome some of these problems the atomistic
theory of nucleation was developed with the help of the methods of statistical

mechanics.
The atomistic model of heterogeneous nucleation (Frenkel, 1924) involves

groups of atoms, such as dimers to represent the critical nucleus size. Walton
(1962), Hirth (1963) and Halpern (1967) provided the treatment of nucleation

when adatoms are bound to a substrate and move by discrete diffusion steps.
The theory is statistical in nature and describes the nucleation process when the

critical nucleus consists of a very small number of atoms, typically less than 10.
The binding energy of the individual atoms and the substrate is taken into
account, and the clusters of atoms are treated as molecules.

A cluster of fixed size is stable in an interval of supersaturation, which is
larger as the cluster size gets smaller. The classical nucleation theory prescribes

a critical size for the nucleus, and this is valid only when the size of the
aggregate is large. Hence, in the atomistic theory of nucleation, the single

nucleus size should be operative over a range of temperatures and atom arrival
rate. Furthermore, when the size of the nucleus is small, its shape does not

remain constant as adopted by the classical theory. Analytical expressions for
the critical nucleus are not available and one should use trial and error proce-

dure to estimate the binding energy of each configuration.
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The first step is to calculate the concentration of clusters in equilibrium. It is
assumed that an atom either forms a cluster or it does not. If the atom forms a

cluster, its potential energy is decreased by a constant value equal to the binding
energy of the cluster. From statistical mechanics, we can write for the density of

clusters

Ni*

N0
¼ N1

N0

� �i*

exp
Ei*

kBT

� �
, (9:127)

where Ni* is the number of clusters of size i* per cm2 and * denotes the critical

size, N1 is the number of monomers/cm2, N0 is the number of substrate sites per
cm2 and Ei* is the net gain in potential energy in forming a cluster of critical size
i*. Ei* also represents the difference in the potential energy of the adsorbed

i-mer minus that of the i adsorbed atoms. The expression for concentration
derived by Walton ignores the possibility that i-mers can be present in multiple

configurations (Michaels, 1971), and that they do not translate or rotate (Hirth,
1963). It is also assumed that N1  N0 and N1 � Ni.

The critical nucleus is defined as one, which has a probability of growing less
than one-half, but increases the probability to more than one-half with the

addition of one atom. The rate of nucleation is given by

J ¼ Zvi*Ni*, (9:128)

where Z is the Zeldovitch factor, which accounts for the nonequilibrium situ-

ation where some stable clusters revert to small nuclei by the loss of an atom.
The rate at which single atoms join the nucleus of size Ni* is given by vi*. Ni*

gives the concentration of clusters of critical size. The quantity vi* is further

given by

vi* ¼ si*N1v, (9:129)

where si* is the capture width of the critical nucleus for single atom such that

the resulting configuration will be a stable cluster. The velocity v of the atom is
given by

v ¼ an exp � E2

kBT

� �
, (9:130)

where a is the separation distance between adsorption sites, n is the attempt

frequency and ED is the activation energy for surface diffusion. Hence

vi* ¼ si*N1an exp � ED

kBT

� �
: (9:131)

The nucleation rate is therefore
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J ¼ ZN0
N1

N0

� �i*

exp
Ei*

kBT

� �
si*N1v

¼ Zasi*N0
R

nN0

� �i*

R exp
(i*þ 1)Ea þ Ei* � ED

kBT

� �
:

(9:132)

The similarity in the nucleation rate in the atomistic theory and the classical
nucleation theory is evident. The uncertainties in the value of macroscopic

thermodynamic quantities of the nucleus is replaced in the atomistic theory
by uncertainties in i* and Ei*. The activation energy for nucleation depends on

the size of the critical nucleus.
The atomistic theory had its success in explaining the epitaxy as arising from

nucleation phenomena. If a surface has threefold symmetry, it has 1þ i* ¼ 3,

and an equilateral triangle configuration is expected. This would imply epitaxial
growth on (1 1 1) in FCC or (0 0 0 1) in HCP substrates. If the substrate has

(0 0 1) orientation in FCC, one requires the cluster to have fourfold symmetry
so that i* ¼ 4 for epitaxial growth. If i*þ 1 ¼ 2, no epitaxial orientation

is predicted. By setting i* ¼ 1, Walton derived the temperature below which
polycrystalline form occurs and above which epitaxy occurs, by setting

Ji*(i* ¼ 1) to Ji*(i* ¼ 2) for (1 1 1) epitaxy and Ji*(i* ¼ 1) equal to Ji*(i* ¼ 3)
for (1 0 0) epitaxy, and his result is

T111 ¼ �
Ea þ E2

kB ln
R

nN0

� � ; T001 ¼ �
Ea þ E3=2

kB ln
R

nN0

� � : (9:133)

Hence, if one plots ln R against 1/T, straight line should separate single-crystal

region from polycrystalline region. Experimental verification of this phenom-
enon is secured in several cases.

The atomistic nucleation theory has been extended to take into account the
defects on the substrate. If there are ND defects on the substrate per unit area,

assuming ND  N0, we write for the number of i clusters per unit area

N
0
i

ND
¼ Ni

N0

� �
exp

QD

kBT

� �
, (9:134)

where QD is the extra binding energy of a cluster of size i to the defect site. Hence,

J0i* ¼
ND

N0

� �
exp

QD

kBT

� �
Ji*, (9:135)

so that a higher nucleation rate is predicted on defect sites.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch09 Final Proof page 775 18.11.2005 12:44pm

Nucleation and Growth of Films 775



Example 9.18

Derive Equation 9.127.

In the atomistic model, the potential energy of an atom, which forms a part of
the cluster, is decreased by an amount equal to the binding energy. One has to

calculate the partition function of an adsorbate of discrete clusters. It s then
essential to find the partition function of the most probable distribution of
clusters of differing size and orientation. A cluster of size i may be able to

also exist in several different states. We write

P ¼ A
X

k

Qk ¼ A
X

k

exp (Uk=kBT),

where we write for the partition function Qk, the expression

Qk ¼ C(nijk)
Y
i, j

exp � nijkUij

kBT

� �
:

Nij is the equilibrium density of clusters of size 1 in stage j. Different j’s may
correspond to differently shaped clusters with different orientations relative to
the substrate, and nijk is the cluster distribution k. Uij is the energy of the

clusters of size i in state j. Cnijk is the number of ways of distributing the clusters
of the distribution k over the substrate. We have

C(nijk) ¼ N0!

N0 �
P
i, j

nijk

 !
!
Q
i, j

(nijk)!

:

Here we assume that each cluster is associated with a single site and no other

cluster is associated with same site. The most probable distribution Nj corres-
ponds to largest Qk. Since X

ijk

nijk ¼ N,

where N is the total number of atoms, we obtain using the Lagrange Multiplier
l,

� Uij

kBT
� ln Nij þ ln (N0 �

X
ij

Nij)� i ln l ¼ 0:

Since
P
ij

Nij ¼ N, we obtain the result

Nij ¼ li(N0 �N) exp � Uij

kBT

� �
:
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We have therefore

Nij

N0 �N
¼ N1

N0 �N

� �i

exp
iU1 �Uij

kBT

� �
:

Let Eij ¼ iU1 �Uij, and N0 � N, we have

Nij

N0
¼ N1

N0

� �i

exp
Ei

kBT

� �
:

9.15. Kinetic Nucleation Theory

The concept of nucleation loses its meaning when the critical size of nucleus
contains only one atom. Atomistic models must take into account the stochastic

nature of each microscopic process that may occur during nucleation and
growth of thin films in dynamic simulation modeling. In this model, one calcu-

lates the forces on all atoms, and then moves the atoms according to the
equations of motion. One must have the correct potentials of interaction

between atoms. Meaningful results can accrue only when the simulation in-
volves realistic system size on realistic time scales. The computations necessary
to make this task fruitful are extremely prohibitive even with the best com-

puters available today. Hence, kinetic theories describe the stochastic growth
and decay of aggregates in the hope of generating size distribution as well as

gross nucleation rates. The kinetic equations are set up to express the time rate
of changes of cluster densities in terms of various processes that can take place

on the substrate surface.
Zinsmeister (1966) proposed a kinetic model for the formation of thin

films, by extending the treatment of Frenkel (1924), which was limited to
single atoms and pairs, to clusters of all sizes. The process of condensation is

visualized as follows. Atoms, which arrive on the surface, remain there for a
length of time and have certain mobility on the surface. They collide with
other atoms forming pairs, and with additional collisions can form aggregates

continually having a higher number of atoms. As aggregates are forming,
they can also be subjected to decay processes losing atoms from the aggre-

gate.
Assuming only single atoms are mobile on the surface, one can write the

kinetic rate equations governing nucleation and growth behavior as follows:

dn1

dt
¼ R� n1

ta
� 2U1 �

X1
j¼2

Uj, (9:136)
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where dn1=dt is the change with time of the number of single atoms on a
surface, R is the number of single atoms arriving at the substrate in one second

per unit area,�n1=ta is the number of single atoms disappearing in 1 s due to re-
evaporation, �2U1 represents the number of single atoms disappearing in one

second because of the formation of a pair, and�
P1

j¼2
Uj is the number of single

atoms disappearing in one second as a result of the capture of single atoms by

j atom clusters. The adatom lifetime before desorption is typically exponentially
dependent on temperature and is given by

t�1
a ¼ na exp

Ea

kBT

� �
, (9:137)

where nA is the frequency factor and Ea is the energy of desorption. The time
rate of change of all the sized clusters increases as single atoms are added to a

(j� 1) cluster and decreases as a j-sized cluster captures an atom. Hence

dnj

dt
¼ Uj�1 �Uj, j � 2: (9:138)

The term U refers to net rates which allow for capture and reemission of single
atoms and for direct impingement from the vapor, so that capture need not be
diffusion controlled.

Zinsmeister (1968) divided the clusters into sizes 1 < j < i and j > 1 where i is
the cluster of critical size. For j > i, the clusters are stable and do not decay. For

j < 1, the clusters are subcritical and can decay. Thus, we consider all clusters
as stable if another atom arrives before the cluster decays, and the reverse is

true for clusters below the critical size. We assume that these subcritical
clusters are in equilibrium with the adatom population. Let nx be the sum of

the density of clusters of size greater than i, we can simplify the kinetic rate
equations as:

dn1

dt
¼ R� n1

ta
� d

dt
(nxvx),

dnj

dt
¼ 0 2 � j � i,

dnx

dt
¼ Ui �Uc �Um ,

(9:139)

where Uc represents the rate of growth of stable clusters by coalescence and Um

is the rate of growth of stable clusters by mobility. In either case, the growth of

these clusters will reduce the number of stable clusters.
The term Ui is the nucleation rate and is given by
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Ui ¼ siD1n1ni, (9:140)

where D1 is the single atom surface diffusion coefficient and si is the capture
number, which describes the diffusional flow of single atoms to critical size clusters.

The results of this theory involve comparing measurements of ni as a function
of R and temperatures T. Critical nuclei sizes and adatom surface diffusion and
desorption activation energies can be determined. When the coverages are low,

the dominant mechanism is the capture by nuclei of any adatoms within a
diffusion distance where ts is the mean time between surface diffusion jumps.

Transmission electron microscopy results carried out as a function of R and T

provide an estimate of hxi and Ds.

An alternative to analytic approaches is to use kinetic Monte Carlo simulation
models that expressly take into account the spatial information and stochastic

nature of thin film growth. In these models, one first specifies the processes that
are considered, and associate each process with a rate. One has to then identify

all the places where the process can occur. For each process, one assigns a
probability that corresponds to the rate. After every event the simulation
clock is updated appropriately. Such models have obtained qualitative trends

in growth and more involved simulations are geared to obtain specific type of
information, such as how the RHEED signals decay during growth. Another

feature obtained from these models is the island size distribution.

Example 9.19

A cube of edge containing 1000 atoms is to be studied by molecular dynamic

method. What should be the requirement on computer to study the problem of

nucleation?

The system contains 109 atoms for a possible molecular dynamic modeling.

The jump frequency of atom is about one per second at a temperature that is
roughly half of the melting point.

Let us suppose that one needs to obtain fluctuations a chance to form an
embryo, so that one is considering at least about 108 jumps before one can

isolate the formation of an embryo.
The time used in molecular dynamics must be smaller than the time of

vibration of atoms (10�13 s), say 10�14 s.
Therefore, the number of steps that the computer should execute will be at

least 1022.

If the number of atoms on a surface is 106, the total number of information
that needs to be stored is about 1028. This amount of storage is not within the

capability of computers.
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9.16. Crystal Growth

Crystal growth occurs at the substrate/ambient vapor phase interface because the
chemical potential of the atom in its position is higher than the chemical potential

of the same atom when it is attached to the crystal. In order to appreciate the
mechanism of crystal growth and its rate, it is essential to begin with a clear

appreciation of the nature of the structure of the surface of a substrate.
It is convenient to consider the surface of a substrate in three groups: flat,

stepped and kinked surfaces based on whether they are parallel to two dense

rows of atoms, one most dense row of atoms or are not parallel to any of the
dense rows of atoms at all respectively. These are illustrated in Fig. 9.66. It is

evident that when we consider a flat surface with dense rows of atoms, the
number of atoms that are saturated and parallel to the crystal face is greatest

and such a surface will have low specific surface energy. Surfaces in general are
not actually flat and are characterized by the presence of steps. The minimum

unit of surface roughness is an atomic step whose height is determined by the
lattice constant and the surface orientation. Each step is not straight and is
characterized by the presence of kinks. The flat faces undergo roughening

transition above a certain high temperature when it will have enough kinks
for crystal growth to take place. However, below the roughening temperature, it

requires the nucleation of two-dimensional nuclei or the presence of screw
dislocation to make sure there are enough steps at which the atoms can attach

themselves and grow in size.

V(11)SV

V(10)SV

Figure 9.66: Crystal growth in various directions.
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9.16.1. Normal Mechanism of Crystal Growth

A crystal with an atomically rough surface can be due to either the fact that the
temperature is above the roughening temperature or the orientation of the face of

the crystal is such as to present a rough surface. The roughness also depends upon
the kind of medium with which the face is in contact. The lower Gibbs free energy

state of the system occurs when the atom attaches itself to a kink site on the
substrate whereas the higher Gibbs free energy state corresponds to the atom in
the ambient phase. The two states of energy differ from one another by the

sublimation energy associated with the phase transition. There is usually a barrier
to transfer the atoms from one phase to another given by an activation energy,

which depends on the nature of the two phases involved (Fig. 9.67). Generally the
barrier DU from the gas phase to the solid is of the order less than kBT provided

there is no chemical reaction at the solid substrate and the molecule is not complex
so that the orientation of the molecule is not a major factor in its joining the crystal.

Normal growth occurs practically at any place on the surface of the crystal.
The rate of growth, R, of crystal may be written in the form that is the net flux

of atoms

R ¼ a
a

d

� �2

(jþ � j�), (9:141)

where d is the average spacing of the kink site and (a=d)2 is a geometrical

probability of an atom arriving at the crystal surface to find a kink site, and jþ
and j� are the associated fluxes with attachment and detachment of atoms,

respectively. We write

jþ ¼
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkBT
p a2 exp � DU

kBT

� �

j� ¼ n exp �Dhs þ DU

kBT

� �
,

(9:142)

Solid

Ambient phase

∆u

∆h

Figure 9.67: Activation energy in crystal growth.
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where a2 is the area of a kink, and P is the vapor pressure. In equilibrium
jþ ¼ j� and P ¼ P1, so that

P1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p a2 ¼ n exp � Dhs

kBT

� �
: (9:143)

Rearranging Eq. (9.141) by inserting Eq. (9.142) into it we obtain

R ¼ an

P0

a

d

� �2

exp �Dhs þ DU

kBT

� �
¼ a

d

� �2 a3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT
p exp � DU

kBT

� �
: (9:144)

Growth of crystals can thus occur at any supersaturation greater than zero. The
growth rate is proportional to surface roughness and to the exponential of

activation energy. Note also when d tends to infinity, or for a flat surface, R

goes to zero, so that flat surfaces cannot grow by this mechanism. The magni-

tude of the rate of growth given by the above formula is typically in the region
of micrometers per second. For rough surfaces, there are no energetic barriers

associated with incorporating material onto the crystal surface. Crystal growth
simulations and experiments support that the rough surfaces grow an order of

magnitude faster than the slowest flat faces on a crystal.

9.16.2. Layer Growth of Faces

On atomically smooth surfaces, the rate of growth depends upon (a) the
formation of steps and (b) the lateral movement of these steps. If the surface

has no line defects, then the rate of growth is governed by the frequency of
formation of 2D nuclei. If the growth is determined by 2D nucleation, pyramids

of growth are formed during growth by the formation of 2D nuclei one on top of
another (Fig. 9.68). There should be a critical supersaturation for the nucleation

of 2D nuclei. Once the 2D nuclei are formed, the rate of growth depends upon
the rate of lateral movement of the steps, which is a function of their height and
structure, rate of surface diffusion, interaction with defects and impurity

Figure 9.68: Growth by two-dimensional nucleation.
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atoms and so on. The vicinal surfaces are useful for achieving lateral growth of
crystallites. The surfaces of vicinal substrates comprise the atomic step lines and

terraces. Ideally, a single step height is preferable for growth. The terrace length
is d ¼ h= tan u where h denotes the step height and u denotes the miscut angle.

The crystal steps act as the nucleation centers. In order for lateral growth to
occur, the adatoms must have sufficient mobility to diffuse across the terrace.

Since the mobility of adatoms increases with temperature, one can expect to
have a critical temperature for the lateral growth for a given vicinal surface.
Below the critical temperature, island growth type governs the film growth.

The rate of layer growth of the crystal face R in a direction normal to the
singular surface is given by

R ¼ pV, (9:145)

where p ¼ h=l ¼ tan u is the slope of the vicinal plane given by the ratio of the
step height to the step spacing l, and V is the velocity of the step advance, and u

is the angle the particular part of the crystal surface makes with the singular face
(Fig. 9.69). R cos u gives the velocity of the growth parallel to the face along the

normal to the face. Materials are thus added to the steps that propagate
laterally and spread over a face. Each time a complete layer is added there is
an advancement of the face by a distance of one monolayer height in the

direction of the surface normal.
We consider the rate of advance of monatomic steps. Macroscopic steps,

when they exist on the surface contribute very little to the overall growth rate
because of their smaller rate of advance since they require a higher flux of

atoms in order to move at the same rate as a monatomic step. We shall assume
that a vicinal surface is in contact with its vapor and the steps on the surface

have the flux of adsorption, P1=(2pmkBT)1=2, and desorption flux, ns=ts, are
equal. Therefore,

R
V

q

q

Figure 9.69: Misorientation of crystal plane and step density.
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nse ¼
P1

(2pmkBT)1=2
ts, (9:146)

where P1 is the equilibrium pressure of infinitely large crystal, and ts is the mean

residence time of adatoms on the crystal surface. One can write ts in the form

ts ¼
1

n?
exp

fdes

kBT

� �
, (9:147)

where n? is the vibrational frequency of the adatoms normal to the surface and
fdes is the activation energy for desorption of an adatom from the crystal
surface. We have therefore

nse ¼ N0 exp �fkink � fdes

kBT

� �
, (9:148)

where N0 is approximately 1=a2 where a is the mean distance between adsorp-
tion sites, fkink � fdes ¼W, is the energy required to transfer an atom from the

kink position on the flat surface.
The average distance an adatom covers during its lifetime is

ls ¼ (Dsts)
1=2, (9:149)

where Ds is the surface diffusion coefficient. Hence,

Ds ¼ a2nk exp � fsd

kBT

� �
, (9:150)

where fsd is the activation energy for surface diffusion and nk is the vibrational

frequency parallel to the crystal surface. Assuming n ¼ n? ¼ nk, we can write

ls ¼ a exp
fdes � fsd

2kBT

� �
: (9:151)

We find the flux of adatoms related to a kink site toward the step is given by

jþ ¼ nnsta
2 exp � DU

kBT

� �
, (9:152)

where nst is the adatom concentration in the step’s vicinity and a2 is the area of

the kink site. The flux of atoms leaving the kink sites to be adsorbed on the
crystal face is given by

j� ¼ n exp �DU þ DW

kBT

� �
: (9:153)
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In equilibrium, the two fluxes are equal and one obtains the equilibrium adatom
concentration of nse. The rate at which the step advances is given by

V1 ¼ a
a

d0
( jþ � j�), (9:154)

where a=d0 is the probability to find a kink site and d0 is the kink spacing. We
can write

V1 ¼ 2a2bst(nst � nse), (9:155)

where the factor two arises from the fact that atoms arrive from both the lower
and upper terraces of the step, and the kinetic coefficient of the step bst is given by

bst � an
a

d0
exp � DU

kBT

� �
: (9:156)

If we define the rate of diffusion as the mean distance ls divided by the mean

residence time ts, we find that for Ds=ls  bst, the rate of diffusion is much less
than the kinetic coefficient of the step and the velocity of the step advance is

diffusion controlled, otherwise for Ds=ls � bst, the rate of step advance is
kinetically controlled.

We now consider a part of the crystal face containing a step confined between
two infinitely wide terraces. The supersaturation is given by

s � Dm

kBT
¼ ln

P

P1

� �
ffi a� 1, (9:157)

where a ¼ P

P1
. The supersaturation in the ad layer is given by

ss ¼
ns

nse
� 1 ¼ as � 1, (9:158)

where

as ¼
ns

nse
: (9:159)

The flux of atoms diffusing towards the step is given by

js ¼ �Ds
dns

dy
¼ Dsnse

das

dy
, (9:160)

where y is the distance normal to the step. Introducing the function

C � s � ss ¼ a� as, (9:161)

we can write

js ¼ Dsnsegrad C: (9:162)
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The net flux of atoms arriving from the vapor phase on the crystal surface is

jv ¼
P

(2pmkBT)1=2
� ns

ts
¼ nse

ts
C: (9:163)

The equation of continuity may now be written in the form, neglecting the

movement of step in diffusion problems we write

Dsnsediv(grad C) ¼ l2
sr2C ¼ nse

ts
C: (9:164)

The above equation has to be solved under various boundary conditions.

Several solutions have been given in the literature (Burton et al., 1951;
Bennema and Gilmer, 1973).

9.16.3. Spiral Growth

Burton et al., in their seminal paper (1951), suggested that there must be a
source of steps that is always present for crystal growth to proceed under

conditions observed in real growth situations. They suggested that screw dis-
locations on a crystal surface provide an infinite source of steps. The edge from

a screw dislocation grows laterally and rotates about itself, resulting in a growth
spiral of steps as shown in Fig. 9.70. Every time the spiral has made a complete

(a) (b)

(d)(c)

Figure 9.70: Spiral growth on a screw dislocation.
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turn, the rotation increases the height of the spiral, causing a macroscopic face
to advance by increasing the height of the spiral. The rate of growth of a face is

therefore given by

R ¼ dV

n
, (9:165)

where d is the step height, V is the lateral velocity of the step and y is the lateral

distance between the steps.

9.16.4. Growth by 2D Nucleation

In semiconductors, it is necessary to grow films without any defects in them.
This can happen by the formation and lateral propagation of two-dimensional

nuclei (Fig. 9.71). The specific face that has the lowest surface energy is the
favored face for nucleation of two-dimensional nucleus. The two-dimensional

nuclei grow by lateral spreading when atoms are added to it from the vapor
phase.

Consider the situation when the next layer that grows can happen only after
the first nucleus has grown to complete the monolayer on the surface. If the size

of the crystal is L, and the rate at which 2D nuclei grow is J0, then the frequency
of 2D nucleation is

J0, 1 ¼ J0L2:

If the rate of lateral growth has a constant velocity v, then the time for complete
monolayer coverage is

T ¼ L

v
:

Surface

Disc

Atom
h1

Figure 9.71: Lateral propagation of two-dimensional nuclei.
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Therefore, the number of nuclei formed during the time interval for complete
coverage of the face is given by

N ¼ J0, 1T ¼ J0L2L

v
¼ J0L3

v
:

When N < 1 it implies L < (v=J0)1=3, then every succeeding layer will form only

after the first monolayer is completed. Layer-by-layer growth will prevail and
the rate of growth will be periodic and will be determined by the rate of

nucleation if a 2D nuclei. Hence

R ¼ J0, 1a ¼ J0L2a,

where a is the height of the step originated by the nucleus and J0 is given by

Eq. (9).
Since v depends linearly on supersaturation and nucleation rate increases

exponentially with supersaturation, one can observe layer-by-layer growth only
at low supersaturation. The success of growing layer-by-layer is greatest with

the planes that have the smallest indices.
It is now possible to relax many of the assumptions made in the previous

paragraph. We can now envision a situation where several monolayers are
growing simultaneously. In this multilayer growth, we find a lower level of
supersaturation is needed to grow layer-by-layer. A critical supersaturation is

required, but the rate of growth does not depend on the length of the crystal
face. Initial growth is by the growth of one critical size, which is followed, by

simultaneous growth of multilayers.

9.17. Coalescence

The initial stages in the formation of a thin film refer to the stage when the
substrate is covered with isolated, stable islands of the deposited material. With

continued deposition, these islands begin to coalesce to form large ones. In the
process, one may form large patches of deposited material with some channels

and holes left on the substrate. Eventually a continuous film forms. An island
can grow vertically by the impinging flux or laterally by surface diffusion. If the

surface diffusion energy is large and the deposition rate high, then one can
expect the island top grow vertically more than horizontally. On the other hand,
with high surface diffusion and low deposition rate one expects to have mono-

layer coverage.
The late stage of thin film growth is characterized by the fact that the new

phase islands generated earlier begin to interact with one another. There
are several ways in which clusters interact with each other. The clusters can
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themselves migrate over the surface. Clusters can also merge and grow by
lateral growth mechanism. New phase islands can merge by either liquid-like

or solid-like adhesion between clusters and this is called coalescence. The fact
that the merging of clusters occurs nonlinearly and even nonlocally leads to a

number of physical effects. Some of these are appearance of several maxima in
the size distribution function of the nuclei, the appearance of a clearly pro-

nounced maximum in the surface concentration of islands, a non-monotone
time dependence of substrate occupancy, and so on. Control of the coalescence
can help us control the structure and some of the properties of the film. There

are very few theoretical approaches available to describe this phenomenon. The
total surface energy of a system is decreased when small particles combine to

form large clusters with no loss of mass. When nuclei agglomerate, we refer to
the process as coalescence. In this process, whole clusters come together and

form a single large cluster (Fig. 9.72). The energy of two clusters of radius R1

gives the total surface energy

Es ¼ 2� 2pR2
1g: (9:166)

The total volume of the two clusters is

V ¼ 2
3 pR3

T ¼ 2� 2
3 pR3

1: (9:167)

The total surface energy for the single large cluster is

Es(T) ¼ 2pR2
Tg ¼ 2p 21=3R1

� �2

g: (9:168)

The ratio of the total energies is given by

Es

Es(T)
¼ 4pR1

1

2p22=3R2
1

¼ 2

22=3
> 1: (9:169)

Clusters

Substrate

Flux of atoms

Figure 9.72: Schematic of a large cluster on a surface with transport of atoms from the

small to the large cluster due to the difference in vapor pressure over the cluster.
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The new surface area is less than the total surface area of the two smaller
clusters and there is thus less total surface energy. Coalescence is based on

exchange of cluster atoms and depends on the number of clusters, the cluster
diffusion constant and the substrate temperature.

Example 9.20

The coalescence of liquid-like islands to form another liquid-like island

releases a certain amount of energy, which can raise the temperature of the

island immediately after formation. How can one calculate this temperature

rise?

Consider two identical islands whose total surface energy is given by

Es ¼ 2(glv 2pr2 þ glspr2),

where glv is the liquid to vapor surface energy, gls is the liquid to substrate
energy and r is the radius of the island. When coalescence is complete with a

radius r1, we have the energy given by

E0s ¼ glv 2pr2
1 þ glspr2

1:

Since r1 ¼ 21=3r

we obtain

Es � E0s ¼ 0:206Es:

If the specific heat of the material is CP, which is a function of temperature, and

if all the energy released goes to heat the surroundings then we can obtain the
rise in temperature by

ES � E0s ¼
ðTd

Ts

VCP(T) dT,

where Ts is the substrate temperature and Td is the temperature reached by the
island and V is the volume of the island. Exact temperature rise will depend

upon how well the heat is conducted away from the substrate, so that the
thermal conductivity of the substrate is important. Furthermore, one has to

know how long would it take for the coalescence process to occur, which is
usually not easily determinable. In addition, there can be other phenomenon as

vaporization, which makes it hard to come up with exact numbers for tempera-
ture rise.
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9.18. Ripening

A single-phase system can often be quenched into a state where the system is
metastable. The nucleation of a second phase occurs because forming the

regions of the second phase can reduce the free energy of the single-phase
system. Nanometer size particles of the new phase appear. These nuclei grow by

the process of diffusion of mass either into or from the matrix. As the compo-
sition of the matrix reaches the equilibrium value, the matrix no longer serves as
the source or sink of solute. Further coarsening occurs when the transport

process is driven from small to large particle. The driving force for this process
is the overall decrease in the free energy associated with the particle–matrix

interface area. Many small crystals grow initially but slowly disappear except for
a few that grow larger, at the expense of small crystals as was first noted by

Ostwald (1896). The smaller crystals act as nutrients for the larger crystals. As
the larger crystals grow, the area around them is depleted of the smaller

crystals. The formation of small crystals is kinetically favored because they
nucleate more easily. However, large crystals are thermodynamically favored
so that their formation is a spontaneous process. Small crystals have a large

surface area to volume ratio than large crystals. Atoms on the surface are less
stable than the atoms in the bulk. Large crystals with their greater volume to

surface ratio therefore represent lower energy states. Hence, many small crys-
tals will attempt to lower the total energy of the system if large crystals increase

at the expense of small crystals and this is what is known as Ostwald ripening
(Ulbright et al., 1988). In Ostwald ripening the interfacial area is reduced

through a diffusion mass transfer process from regions of high interfacial
curvature to regions of low interfacial curvature. The Ostwlad ripening does

not occur all the time because many small crystals reduce the amount of
supersaturation and thus, the thermodynamically large crystals never get a
chance to appear. The Ostwald ripening stage begins only when the sources

of evaporated atoms are sufficiently weak and the supersaturation on the
substrate is small or tends to zero. One does not find new island forming

under these conditions. The phenomenon has become extremely important in
growing quantum dots in semiconductors. The Ostwald ripening stage is typi-

cally the last stage of the phase transition. Initially when the nucleation of small
crystals occurs, they reduce the amount of supersaturation and thus the thermo-

dynamically favored large crystals do not get a chance to appear initially.
When the sources of the evaporated atoms are sufficiently weak and the

supersaturation on the substrate is small and tends to zero and under these

conditions no new islands are formed. An ensemble of islands begins to interact
with each other. When clusters grow through single-atom processes, we call the
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process growth ripening. We can explore the kinetics of the ripening process.
The minimization of surface energy represents the driving force for crystal

growth. Diffusion describes the mechanism of time dependence (the kinetics)
of the process. At a given temperature there is a finite probability for atoms to

escape from a cluster, undergo surface diffusion and attach to another cluster.
During ripening, larger clusters grow at the expense of smaller clusters thereby

reducing the surface to volume ratio of the deposit.
We shall consider the situation when a large number of particles of different

radii are embedded in a matrix. During coarsening, one observes that the

particle radii change with time at the given temperature. The average radius
will grow and the number of particles decreases. An important aspect of

Ostwald ripening is the self-similar nature of the competitive growth. If one
looks at the structure at two different times and change the magnification by the

ratio of average particle sizes at these times, the microstructures look similar.
The laws governing the kinetics and particle sizes have been explored under

various assumptions by Lifshitz and Slyozov (1961), Wagner (1961) and Marqu-
ese and Ross (1984). For example, one can consider the anisotropic interfacial
energy in the system, and the presence of multicomponents. The different

species can have different diffusion coefficients and there can be fluid flow as
well as heat flow in addition to diffusion of atoms. The kinetics of ripening

requires the solution of the growth and shrinkage rate of a domain of a given
size, an equation of continuity describing the temporal evolution of a particle size

distribution function, and an equation for the conservation of mass. The presence
of elastic fields around misfitting inclusions, nonspherical particle shapes, etc.

complicate real systems, and only a simple solution can be given below.
The Fick’s second law for a concentration N of diffusing species with a

surface diffusion coefficient Ds, in two dimensions may be written in the form

@N

@t
¼ @

@x
Ds

@N

@x

� �
þ @

@y
Ds

@N

@y

� �
: (9:170)

In cylindrical coordinates

x ¼ R cos u; y ¼ R sin u, (9:171)

so that

@N

@t
¼ 1

R

@

@R
RDs

@N

@R

� �
þ 1

R2

@2(DsN)

@u2
: (9:172)

Under steady state conditions, we have @N=@t ¼ 0. Ignoring terms in u we obtain

1

R

@

@R
RDs

@N

@R

� �
¼ 0: (9:173)
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The solution to the above differential equation is

N(R) ¼ K1 ln RþK2, (9:174)

where the constant K1 and K2 are to be determined by the boundary conditions.

We have a picture of a cluster of radius r on a surface contain a concentration of
adatoms. Thus

N(R) ¼ Nr when R ¼ r, (9:175)

and

N(R) ¼ N0 at R ¼ Lr, (9:176)

where L is a measure of the distance in terms of the radius of the cluster at

which the enhanced vapor pressure returns to N0, characteristic of the adatom
concentration corresponding to the vapor pressure of planar surface (Fig. 9.73).
Hence

N(R) ¼ Nr ln (Lr=R)�N0 ln (r=R)

ln L
: (9:177)

For the flux of the particles, Js (number of particles m�1s�1), we can write the

expression

Js ¼ �Ds
dN

dR
: (9:178)

In two-dimensional diffusion, the number of particles per second diffusing in (or
out) of the cluster of circumference 2pr is given by

J ¼ �2prDs
dN

dR

����
R¼r

: (9:179)

N(r)
Nr

N0

Lr

Cluster

Figure 9.73: The values of N(r) versus distance for a cluster of radius r.
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Hence,

J ¼ 2pDs

ln L
(Nr �N0): (9:180)

Since,

Nr ¼ N0 exp
2gV

rkBT

� �
, (9:181)

we write an approximate expression for small r

J ¼ 2pDs

ln L
N0

2gV

rkBT
: (9:182)

The number of atoms in a hemispherical cluster of radius r is Q where

Q ¼ 2

3
pr2n ¼ 2

3

pr3

V
, (9:183)

where n is the number of atoms per unit volume. Hence

dQ

dt
¼ 2pr2

V

dr

dt
: (9:184)

The above should equal the particle current J. Therefore,

2pDs

ln L
N0

2gAV

rkBT
¼ 2pr2

V

dr

dt
: (9:185)

Simplifying, we obtain

r3

V

dr

dt
¼ Ds

ln L
N0

2gV

kBT
: (9:186)

Integrating, we obtain

r4 ¼ 8N0gV2Ds

kBT ln L
t � Kt, (9:187)

where K is defined to contain all the material related parameters. Small clusters
therefore dissolve with a t1=4 dependence so that large clusters grow at the same
rate.

We have assumed that there is no activation energy barrier for an atom
to escape from a cluster, so that only the surface diffusion is considered to

be the rate controlling. Furthermore, we have assumed the cluster to be three-
dimensional, whereas a two-dimensional disk would give a different time
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dependence. In all cases, small clusters shrink and large clusters grow. The time
dependence generally follows t1=n dependence, where n assumes values from 2

to 4 depending on the assumptions involved.
The temperature dependence of the cluster growth can be measured and

analyzed to yield the activation energy for cluster growth. Experimental verifi-
cation appears to confirm that the activation energy for cluster growth is indeed

of the same order as that for surface diffusion coefficient.

Example 9.21

What is the chemical potential at the surface of a spherical cluster of size ri?

The chemical potential of a cluster of size ri is given by

mi ¼
dG

dni
¼ d(4pr2

i g)

d(4pr3
i =3V)

¼ 8pridri

(4pr2
i =V) dri

¼ 2Vg

ri
:

It is clear the chemical potential of a small cluster is higher than that of a large

cluster.
Hence, atom movements are from a smaller cluster to a larger cluster.

9.19. Film Growth and Microstructure

The formation of thin film microstructure involves several steps. The incident

atom has to transfer its kinetic energy to the substrate and become an adatom.
The loosely bound adatom has to traverse on the substrate surface by surface

diffusion. In this process the adatom exchanges energy with the atoms of the
substrate, or join with other adsorbed atoms or get trapped in some low-energy

site on the substrate. The atoms that are incorporated can also readjust their
locations by a bulk diffusion process. This picture of the journey of atoms in the
formation of thin film received extensive experimental support and has bene-

fited from theoretical support using computer simulation (Muller, 1985).
Polycrystalline films are described in terms of its grain size, grain boundary

morphology and film texture. Polycrystalline films form when the substrate is
amorphous or covered with an adsorbed contaminant layer and whenever the

epitaxial film is not likely. The deposition rate and the substrate temperature
are two important parameters that in a large measure determine the micro-

structure of the film.
The ratio of the time interval to deposit a single layer of film to the time it

takes for adatoms to encounter other adatoms that are diffusing is important
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in determining the microstructure. The surface diffusion of atoms, the bulk
diffusion and desorption are characterized by activation energy for self-

diffusion, activation energy for bulk diffusion and activation energy for subli-
mation, respectively. Each of these energies has a very good correlation to the

melting point, Tm, of the material. The importance of one process or the other
to be dominant depends on temperature T of the substrate. Microstructures of

films are thus expected to show a common dependency on T=Tm. These con-
siderations determine the degree to which adatoms are able to seek out min-
imum energy positions and grain boundaries are able to adjust to their

minimum energy configurations. In addition to the above three processes, if
one includes shadowing effects that arise from a simple geometrical interactions

between the roughness of the growing surface and the angular directions of the
arriving atoms, the zone structural model of microstructure evaluation can be

easily understood.
The zone structure model was proposed by Movchan and Demchishin (1969)

who deposited thick films on substrates over which temperature gradients were
maintained. The microstructure of films could be represented as a function of
T=Tm into three regions. In zone I (T=Tm < 0:25), the crystals are tapered with

domed tops and are separated by void boundaries. The crystals are highly
defective or amorphous and their size increases with T=Tm with activation

energy of 0.1–0.2 eV, which implies that very little surface diffusion occurs.
The size of the domes increases with increase in thickness of the film with

wider voids appearing on the top of the film. In zone II for
0:25 < T=Tm < 0:5, columnar grains are separated by distant, dense, intercrys-

talline boundaries. The surface of the grains has a smooth matte appearance.
The dislocations appear to be mainly concentrated in the boundary regions. The

width dependence (which is less than the thickness of the film) with tempera-
ture yields an activation energy that corresponds to activation energy of surface
diffusion. In zone III for 0:5 < T=Tm < 1, the grains are equiaxed and reveal a

bright surface. The diameter of the grains increases with T=Tm and yields an
activation energy that corresponds to the activation energy for bulk diffusion. A

pictorial representation of these three zones appears in Fig. 9.74. The structure
zone diagram has received experimental support for films deposited by tech-

niques other than evaporation and for films of thickness of the order of mi-
crometers rather than millimeters.

Thornton (1975) extended the zone structure model by introducing a pres-
sure axis to take into account the microstructure features exhibited by sput-
tered films. The role of pressure appears to increase the normalized

temperature at which the boundaries of the zones occur. Since sputtering
pressure is not a fundamental parameter, one seeks indirect mechanisms by

which pressure influences the microstructure. If pressure increases, the mean
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free path for elastic collisions between sputtered or evaporated species and the
inert gas ambient increases and this feature increases the oblique component

of the deposition flux so that the more open zone I type structure results. If the
pressure is decreased, an increase in the energetic particle bombardment

occurs resulting in densification of the film. Substrate roughness also has
similar effect.

Thornton also introduced a T-zone to represent the transition zone to repre-
sent the transition from zone I to zone II microstructure. The microstructure in

the transition zone T consists of a dense array of poorly defined fibrous grains
without void boundaries. The zone T structure is merely defined as the corre-

sponding to T=Tm ¼ on infinitely smooth substrates.
The use of energetic ions in the deposition of thin films has suggested the

inclusion of the energy of the incident particles in the zone structure model. It

appears that the stability of the domain of the T-zone increases with particle
energy (Messier et al., 1984). One must however note that very large dose of

high-energy ions can make the film amorphous. Even the amorphous film shows
variations in density, intrinsic stresses and properties with incident ion energy

flux. In the energy range 20 eV to a few keV the incident ions can dislodge the
adsorbed species and penetrate the substrate surface, which may lead to film

growth beneath the surface. Higher temperature deposition promotes desorp-
tion of impurities.

Zone I structure arises when adatom diffusion is insufficient to overcome the

effects of shadowing. Whenever a significant oblique component is present in
the incident beam flux of atoms, open boundaries are induced because the high

point on the growing surface receives more flux than the valleys. The roughness

Metals <0.3Tm�

Zone 1 Zone 2 Zone 3

Oxides <0.26Tm�

Temperature

T1 T2

>0.45Tm�

>0.45Tm�

0.3–0.45Tm�

0.26–0.45Tm�

Figure 9.74: Zone structure of grains in a film.
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can result from number of causes: initial shape of nuclei, preferential nucleation
of defects in the substrate, preferential growth, substrate roughness or statistical

fluctuations in the vapor arrival flux. On rough surfaces the zone I boundary
persists for high values of T=Tm. Droplets of coating materials, called spits, ejected

from the molten source are inhomogenieties that occur in films. Zone structures
tend to point in the direction of the coating flux vector, so that complicated shapes

cannot be coated to give uniform dense microstructures. High inert gas pressures
at low T=Tm causes inner grain boundaries to become more open. The exact
mechanism by which inert gas pressures influence the microstructure is not

known, even though reduction in adatom mobility, and residual gas adsorption
are suggested as causes. Ion bombardment can suppress zone I structures to low

T=Tm, and push the microstructure appearance into the T-zone. Ion bombardment
can create nucleation sites for the coating atoms, or erode surface roughness peaks

by redistributing the material into valleys. Blisters occur in annealing, if inert gas is
trapped in the film at low T=Tm.

The zone I structure is typical of films grown under conditions of low adatom
mobility with the incident particle energy less than 1 eV and with a unidirec-
tional flux of impinging atoms. The incident particle energy is too low to

displace atoms in the film and the temperature is sufficiently low to allow for
adatom diffusion. The microstructure results from the formation of columns

when the probability of attachment of adatom on the surface of clusters exceeds
that on the surface of the substrate. The microstructure is columnar or fibrous

where the density of intercolumnar space is less than that of the intracolumnar
space. They are those regions of lower density that are usually referred to as

‘‘voids’’. The column or fibers may be crystalline or amorphous. Computer
simulations have been performed to investigate the origin of the void micro-

structure. It is found, when there is low adatom mobility, low incidence energy,
and a common direction of incidence, porous fibrous structure invariably re-
sults. The cause of this microstructure is attributed to atomic shadowing. In

other words, the asperity of atomic dimensions cast a shadow on the incident
particle illumination on the surface of the film that effectively prevents

the deposition of atom onto the shadowed region. The angle made by the fibers
with film normal, b, is approximately related to the angle of incidence of the

impinging atoms, a, by the formula 2 tan b ¼ tan a. The columnar structure
therefore becomes increasingly more noticeable with larger angles of incidence

a. The experimental results are compared with above formula in Fig. 9.75
(Nieuwenhuizen and Haanstra, 1966; Dirks and Leamy, 1977). A number of
refinements of computer simulations are needed to account for all the experi-

mental results of zone I microstructure. For example, atom locations on the side
facing the incident flux have lower probability of occupancy than the opposite

side effectively growing the film in height than in width. It is also known that the
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column angle is dependent on the substrate temperature (Hashimoto et al.,

1982), and pressure in the system. The columns and fibers touch each other at
the edges or border, giving rise to void configurations that are known to occur at

least in five different scales (Messier et al., 1984). The smaller voids are
contained in larger voids and the reasons for these apparent structure of voids

is not entirely clear. The largest void appears to be dependent on the thickness
of the film. The nature of the substrate and its temperature determine the

thickness of the columns. It is thought that the surface density of defects that
bind and immobilize the clusters or nucleation considerations determines the

intercluster spacing. The observed temperature dependence of the column
diameters (activation energy 0.1–0.2 eV) is consistent with the results of the
atomic theory of nucleation (Venables et al., 1984). At gas pressures like

a = 45˚ T  350 K t = 10 s

t = 16 s

t = 29 s

t = 39 s

Figure 9.75: Columnar structure orientation.
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0.03 torr encountered in sputtering, even though the atom directions are nearly
random, the tangent rule is seen to be operating presumably because the site on

the side of a column sees only a small solid angle of free space as opposed to the
site on the top of a column. The network of voids disappears above a critical

temperature Ti that is thought to be related to some critical value of the adatom
mobility. The temperature Ti is determined by the requirement that the tem-

perature at which the rate of filling of the voids by adatom diffusion must equal
the rate of production of these voids. Hence the diffusion distance
x ¼ (4DDt)1=2 must exceed some multiple of void network width, where Dt is

the time interval between successive monolayers. The range of temperatures
over which the transition occurs from the columnar microstructure to that of

densely packed structure increases with deposition rate. This is attributed to the
higher adatom migration rates required to overcome the larger void incorpo-

ration at higher deposition rates. The zone I structure of metals is essentially
crystalline whereas for many covalent materials, such as semiconductors, the

zone I structure is amorphous. For metals, the critical supersaturation is high so
that the critical nucleus size is essentially of atomic size. The addition of atoms
to this size nucleus is relatively easy and can explain the formation of the clusters

of observed size in the crystalline form. However, in semiconductors the adatom
has to move several interatomic distances to arrive at a stable potential well,

because in semiconductors it is necessary to satisfy crystal symmetry by breaking
or rotating bonds, which requires considerable activation energy. Compounds

and alloys can also be formed as amorphous, presumably because of their low
adatom mobility or due to considerations from thermodynamics.

The deposited films in zone I structure reveal tensile stresses. This is attrib-
uted to the adjacent crystallites to move closer together. This tendency to

coalesce is resisted by the substrate to which the film adheres, thereby inducing
the tensile stress. The attraction of the bounding surfaces of the voids to each
other, the role of overhangs making the bridge between the columns, are

attributed as reasons for the columns to come together. A number of ideas to
eliminate void formation include energetic particle irradiation of thin films

during deposition, promoting lateral transport of atoms or prevention of island
formation during the initial deposition onto to the substrate. Void network can

be avoided when the surface of the film during growth is bombarded by ions of
sufficient energy and flux, as in the case of low pressure bias sputtering or in ion

beam deposition or ion assisted molecular beam epitaxy. The ion beam effects
on nucleation have been extensively studied. Among the irradiation effect
studied are the following: production of defects in the substrate that produce

preferred adsorption sites, introducing incident species near the surface region,
dissociation of clusters during early stages of growth, enhancing the diffusion of

adatoms, electrical effects due to local charging, etc. However, porous films
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might themselves be of interest in some commercial applications, such as
substrates to grow stress-free films, special magnetic properties of films, films

that can easily be etched and so on.
The films in zone I structure reveal a vast number of defects. Among point

defects, vacancies in excess of the equilibrium concentration are introduced into
the film at the conditions of deposition. Vacancy concentration up to 1% are

typical and can be annealed above a critical temperature, TV, where they will
move to sinks offered by voids, grain boundaries, free surfaces and edge
dislocations. Interstitial defects are more commonly encountered in film sub-

jected to energetic particle bombardment than on evaporated films. These
interstitial defects can be removed by annealing at, TI, which is generally

lower than TV in metals and the opposite appears true for semiconductors.
Interstitials can cluster to form dislocation loops and these are in evidence in

semiconductor films. The formation of clusters can also give rise to compressive
stresses in these films. The most common impurities in thin films arise from the

gaseous impurity atoms from the environment. These are water vapor, oxygen
and carbon from organic vapors. In addition, inert gas atoms can be incorpo-
rated in the film. These gaseous impurities affect grain boundary motion as well

as dislocation migration. These impurities can also affect nucleation processes
and often influence the ability to grow epitaxial films. Point defects in amorph-

ous films are in the nature of dangling bonds, strained bonds, and bonds of
different types, such as sp2 instead of sp3, and deviation from exact bond angles,

in addition to interstitial atoms and impurities. The role of these gases in the
formation of amorphous silicon as well as diamond-like carbon is of tremendous

commercial interest. Dislocations, grain boundaries and stacking faults are also
introduced during deposition of thin films. These are clearly important when

epitaxial films are formed and are discussed at that stage. Voids are the three-
dimensional defects that are invariably present and may act to hold the inert gas
atoms within them, which may be removed by postdeposition annealing.

The zone II structure shows microstructure that can be understood on the basis
of surface diffusion, condensation coefficient and flux direction of the incident

atoms. If the condensation coefficient is unity and surface diffusion is zero, the
initial nuclei appear spherical. The coating flux contributes to one side scattering

and the most densely populated face typically are parallel the substrate surface.
With zero surface diffusion, and differing values of condensation coefficient and

surface energy, the initial nuclei are assumed to have a faceted form.
The crystal faces that receive the most flux grow out of their existence and

isolated crystals having sharply defined surfaces are observed. If the surface

diffusion is infinite, redistribution of the flux can occur despite the fact conden-
sation coefficient is not unity. Plates and needles can grow and they tend to

form porous layers. The direction of the fastest growth is from the center most
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point in the crystal in the last case, in addition to infinite surface diffusion, new
crystals are assumed to nucleate periodically on the surface the growing crystal.

These microstructures are characterized in Fig. 9.76. The average grain widths are
typically less than the film thickness. The dependence of thickness on T=TM yields

apparent activation energies of the order of that expected for surface diffusion.
At temperatures above T=Tm ¼ 0:33, recrystallization occurs. Very high

deposition rates on cooled substrates can cause recrystallization in regions far
from the substrate. The temperature at which recrystallization occurs depends
on the stored energy. Schematic representations of the superposition of various

physical processes that establish the structural zones are shown in Fig. 9.77. The

Figure 9.76: Structural zone model.
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Figure 9.77: Thornton structural zone diagram.
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apparent activation energy for the average grain width corresponds to that for
bulk diffusion.

The energy of the incident particle influences the surface mobility of the
atoms because of the momentum transfer onto the lattice as well as the creation

of defects on the surface. The quantitative estimate provided by Seitz and
Koehler (1956) suggests that the maximum distance r an atom can migrate on

a surface as temperature spike is imposed on the surface is given by

r ¼ 4

(324p)1=6

E

Q

� �1=3

rs, (9:188)

where E is the energy transferred to the film from the particle, Q is the
activation energy for adatom diffusion, rs is the atomic radius. One can approxi-

mate rs by akBTm where a is constant roughly equal to 5, Tm the melting
temperature of the material being deposited. It is evident that for energy of

about 100 eV the mobility radius is merely 10 times rs.
Ion energy strongly affects the texture of the film. The control of texture

depends upon whether the texture is thermodynamically or kinetically con-
trolled. Thermodynamic control occurs at high temperatures where there is
enough adatom mobility and when there is surface energy anisotropy. Since

the effect of ion energy on surface diffusion is rather small, we can expect
thermodynamic texturing to be dominant only at high temperatures. In kinet-

ically controlled texturing, the deposition rates on certain facets are higher than
on others owing to difference in sticking coefficients. When sputtering takes

place the differential sputtering rates for different crystallographic orientations
also contribute to texturing. One can therefore expect low sputtering yields on

ion channeling directions and these orientations are preferred in the film.
Texture will also be influenced by stresses in the film, which is influenced by

ion energy. As an illustration consider the films of ZnO with a Wurtzite structure,
which is useful piezoelectric material exemplified by their large electromechan-
ical coupling factor and a low dielectric constant. The polycrystalline ZnO films

with c-axis orientation are desired as piezoelectric thin films. The orientation is
not favored at high deposition rates and low temperatures of substrate. Higher

sputtering pressure and a critical oxygen concentration is necessary to achieve
c-axis oriented ZnO films. When composition other than pure ZnO is tolerable

for applications, one can utilize phase diagram information to discover the
additional components that increase the stability of Wurtzite structure. Polycrys-

talline films can be grown on glass substrates whereas single-crystalline epitaxial
films require sapphire single-crystal substrates.

The role of stresses in thin films as they relate to deposition conditions

has been extensively studied. Doerner and Nix (1988) have shown that the
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evaporated films are generally under tensile stresses. The use of energetic
particles changes the stresses in the film to compressive stress. Sputter-

deposited films show either tensile or compressive stresses depending on the
background pressure. The energetically deposited films are invariably under

compressive stress. When the energy of the incident particle is low, crystalline
films generally show a tensile stress. This is attributed to the coalescence of the

film through regions with density less than the ideal, such as grain boundaries.
As the energy increases of the depositing particles, the source of tensile stress is
eliminated because there is an increase in the packing at grain boundaries. At

very low energies, density fluctuations in amorphous films due to self-shadowing
effects may account for tensile stresses at very low energies of deposition.

However, very soon afterwards the energies are sufficient to have the amorph-
ous films under compressive stress. The compressive stresses in high-energy ion

deposition are attributed to the predominance of interstitial defects over va-
cancies. If the incident ions of nonreactive gases are incorporated in the film,

they will eventually be lost to the environment and result in less compressive
stress in the films.

9.20. Grains in Films

Grain sizes, grain orientations, grain shapes and their distributions play an
important part in determining the properties, performance and reliability of a

polycrystalline film. Magnetic properties, mechanical properties, resistance to
electromigration are some of the important commercial interests that require

careful study of grains in films and their formation. The nature of the substrate
(epitaxial or nonepitaxial), the impurity levels in the film, the temperature of

the substrate, the presence or absence of ion bombardment, the use of magnetic
or electric fields are among the process variables that are utilized to control the

behavior of grains.
Polycrystalline films are usually formed through the nucleation of isolated

crystals on a substrate surface. The number of nuclei that form is often very
large but the size of the nuclei rarely exceeds 10 nm. Hence, the grain size at this
stage is less than 10 nm and a similar dimension represents the thickness of the

film at this stage. In order to obtain uniform film, further thickening of the
grains is essential. For an isotropic energy of the free surface film, gf, the

particle maintains an equilibrium shape that is a section of a sphere. If gi is
the energy per unit area of the island substrate surface and gs is the surface

energy per unit area of the substrate surface, the equilibrium shape (Fig. 9.78)
would be characterized by the contact angle u, where
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gf cos uþ gi ¼ gs: (9:189)

The substrate is thus very influential in determining grain morphology, size and

texture. Since the substrate is very sensitive to the impurities and pressure
determines the impurities on it, one expects the chamber pressure to also affect
the grains in films. According to the atomistic theory of nucleation, the nucle-

ation rate is given by

I ¼ I0Rn* exp �DGn*

kBT

� �
, (9:190)

where R is the flux at which atoms arrive at the substrate, and n* is the critical

cluster size which could be as low as 2. Nucleation rate thus decreases with
increasing temperature. The nucleation process can be very influential in de-

termining the initial orientation distribution of the grains. These initial low-
energy configuration orientations of dimers and trimers may not persist as

additional atoms are added to the nucleus since the minimization of macro-
scopic surface and interface energies may produce a different result. When the

interface energies are anisotropic, specific surface and interface minimizing
crystallographic orientations are favored (Taylor and Cahn, 1988).

The films that are deposited below 0:2 Tm usually display near columnar fiber-
like microstructure. At low temperatures, the adatom mobility is small so that
elevated clusters form because of random probability statistics governing the

point of attachment of an adatom on the substrate. The adatom diffusivity is a
function of the bonding between the adatom and the substrate as well

as temperature. In addition, because of the bonding dependence on crystal
orientation of the substrate, one has to consider this factor as well. The size of

the grain, dp, perpendicular to the plane of the film (through thickness grain
size) is normally large compared to the size of the grain, di, in the plane of the

Surface
energy

Grain boundary
energy

Substrate

gs ggb

Z0

r

Figure 9.78: Equilibrium shape of the grain.
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film(in-plane grain size), as shown in Fig. 9.79. The in plane grain size can be
defined by

di ¼
4A

p

� �1=2

, (9:191)

where A is the area of the grain in the plane of the interface. It is often useful to
define the grain aspect ratio ai by

ai ¼
dp

di
: (9:192)

The aspect ratio can vary from approximately one, towards much higher values

that increase with increasing film thickness. When the deposition is on a non-
epitaxial substrate, random orientation of the grains closest to the substrate is

expected. If the substrate is atomically smooth, one tends to find orientations
corresponding to a fiber texture.

Nuclei grow into islands and their rate of growth depends upon the depo-

sition rate and temperature. Adatoms from the surrounding substrate within a
distance d on the substrate (Fig. 9.80) surface can be added to the growing

cluster or become part of a critical cluster. The extent of this zone, d, depends
upon the mean residence time of adatoms, t, and the diffusivity of the adatoms.

The temperature dependence of each of these is proportional to a Boltzmann
term, but the net effect of whether d will increase or decrease with temperature

depends upon the difference between the activation free energy for desorption
and the free energy for surface diffusion. The rate of in plane growth of a grain
may be written

di

dph

(a)

(b)

Figure 9.79: Grain sizes in-plane and through thickness.
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G ¼ drs

dt
¼ G0 1þ d

rs

� �
, (9:193)

where G0 is proportional to R (Thompson, 1999). When the islands impinge on

one another, grain boundaries form between them. If one assumes that these
boundaries are immobile, then the grain size at the impingement can be written

as shown by Thomson (1999) by the expression

di � 1:351dþ 1:203
G0

I

� �1=3

: (9:194)

We observe that the grain size increases with increase in substrate temperature,

since increase in temperature decreases I and d. The grain size at impingement
will increase with increasing deposition flux if n* is greater than one. When the
zones of width d completely cover the substrate surface nucleation saturation,

Nsat, is achieved. Nsat is expected to scale inversely as the square root of di.
Subsequent growth of grains occurs through epitaxial growth on these grains

and columnar grain structure results with a high aspect ratio.
The average island size can increase even in the absence of deposition. This

occurs by diffusion of atoms on the substrate surface when atoms detach from
small islands and attach themselves to larger islands. The shrinkage or the

disappearance of small islands and the growth of larger islands result in an
average increase in the size of the islands (Thompson, 1988). The driving force

for this process comes from the chemical potential difference between atoms in
the two islands, which is a function of the size of the island, and the associated
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Figure 9.80: Adatoms added to a growing cluster.
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interface energies. The coarsening process is also governed by the fact that
surface energy is a function of orientation for many solids. These in turn result

in favoring islands with orientation that have a minimum surface and interface
energies. Therefore coarsening leads to an evolution in the distribution of island

sizes and their orientations.
Once the islands come into contact, there is an energetic driving force for the

formation of a grain boundary of energy gb that is small compared to the
energies of the two contacting surfaces 2gf. It is thought that this process can
occur through the elastic distortion of islands. The elastic distortion to create a

boundary is expected to be rapid compared to any diffusive processes. The
grains make their first contact at the base of the substrate. If there is no sliding

at the island/substrate interface, considerable strain in the film can result (Nix
and Clemens, 1999). The energy per volume released by boundary formation

increases with decreasing island size, so that stresses of the order of GPa can be
reached for island sizes of the order of 10 nm. High tensile stresses in film are

thus expected in materials and temperatures where the surface diffusivity is
expected to be low.

If the surface and grain boundary diffusion are reasonable and there is grain

boundary mobility, then there is an evolution of the grain size distribution when
some grains shrink and others grow. The art of coarsening depends on the

surface and grain boundary diffusivities and the initial distribution of island
sizes. One can also expect grain orientation distribution because the process can

be orientation selective. The average grain size is uniform through the thickness
of the film. The in-plane grain size tends to be about the same as the film

thickness, and most grain boundaries tend to traverse the entire thickness of the
film.

The mobility of boundaries, once they are formed, depends on substrate
temperature, impurities dissolved in the film, impurities segregated at the
boundary and grain orientation. It is known that only few parts per million of

impurities are needed to reduce the grain boundary mobility by orders of
magnitude. Similarly, the mobility of grains of differing orientation differs by

orders of magnitude. The driving force for grain boundaries to move is supplied
by the difference in specific surface (or bulk) free energy of adjacent grains. In

phenomenological terms, one can consider the grain boundary velocity as
proportional to the product of the driving force and mobility.

Equiaxed grain structure in which the grain size is smaller than the film
thickness is observed in some deposited films usually at high substrate temper-
atures. Grain growth can occur either during deposition of the film or during

postprocess heating. Grain coarsening can occur through motion of grain
boundaries that results in the shrinkage and elimination of small grains while

resulting an average increase in the grain size of the remaining grains. Grain
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growth in pure materials is motivated by the reduction in grain boundary energy
that accompanies a decrease in the grain boundary area. Individual boundaries

move toward their center of curvature in order to reduce the boundary curva-
ture and thereby reduce the boundary energy. It is expected that

r /
mggb

r
¼ mggbk, (9:195)

where m is the average grain boundary mobility and k is the curvature of the
boundary. It is common to find that the average grain radius, r depends at given

temperature on time according to

rm � rm
0 ¼ at, (9:196)

where r0 is the initial grain size and t is time and m is typically a number, such as
2, and m is a constant that depends on temperature according to

m ¼ m0 exp � Q

kBT

� �
, (9:197)

where Q is the activation energy for grain boundary motion. The growth of
grains eventually stops in many cases when the size of the grains becomes

comparable to the thickness of the film. Therefore, in a columnar grain struc-
ture, when the grain boundary meets the top and bottom of the film, grain
growth stops. The termination of grain growth is attributed to the formation of

thermal grooves where the grain boundaries intersect the surface of a film.
Stagnant columnar structure generally has grain sizes equal the thickness of

the film. Equiaxed grains can also form when an amorphous film forms and is
subsequently heated after deposition.

The distribution of stagnant columnar grains which have grain sizes that are
typically two to four times the thickness of the film is found to be a lognormal

distribution as shown in Fig. 9.81. In other words

f (d ) ¼ 1

s
ffiffiffi
2
p

pd
exp � log

d=d50ffiffiffi
2
p

s

� �� �2

, (9:198)

where f (d) is the fraction of grain diameters between d and dþ Dd, and d50 is

the median diameter, and s is the lognormal standard deviation.
When grain growth is observed in thin films, it is usually due to abnormal

grain growth (or secondary grain growth) at the expense of the usually static
matrix of normal grains. In this stage, a small population of grains or grain

will decide to grow whereas the majority of grains will retain their size. It is
generally found that abnormal size grains have a crystallographic texture.

The anisotropy of the energy of the free surface of the grains is thought to be
responsible to fuel the abnormal grain growth. Thompson (1988) has developed
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a theory of grain growth in thin films that incorporates the effect of surface
energy anisotropy and the effect of substrate. According to this theory the rate
of growth of an individual grain of radius r in a freestanding film is given by

drs

dt
¼ m

2(g*
s � g)

h
þ ggb

1

�rr
� 1

r

� �� �
, (9:199)

where rs is the radius of the secondary grain, �rr is the average radius for the

normal grains, h is the film thickness, ggb is the grain boundary energy, gs is
the surface free energy of the grain being considered and gs* is the average

surface energy that is a function of the distribution of grain orientation relative
to the surface of the film. The average grain size and the surface energy thus
play an important role in secondary grain growth. When one includes the role of

substrate, those grains that have orientations, which minimizes the energy of the
surface and interface, is favored.

Thomson finds that when secondary grain growth occurs, its rate is higher in
thinner films. The grains grow until eventually large grains will appear mono-

modally distributed in size. It is found that abnormal grains have restricted
crystallographic orientations and these orientations are a function the energy of

the free surface, as well as the energy of the film substrate interface.
The grains from which a polycrystalline film is formed do not all have the

same crystallographic orientations. There is invariably a texture associated with
these grains, which means that there is usually a crystallographic direction,
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Figure 9.81: Grain size distribution in films.
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which is normal to the plane of the film. For example in face-centered cubic
metals the (1 1 1) plane is usually found to be parallel to the plane of the film.

The deviation of the orientation of the grains from this direction is quite small
when the texture is sharp. However, the grains can have random in plane

orientation relative to rotations about the axis of the normal to the plane of
the film.

The evolution of grain sizes and their orientations can be controlled in a
number of ways. Altering the substrate topography, which could be modified by
the experimenter, can influence grain growth. If there is a second phase in the

film, they restrict the normal growth of grain boundaries in a film, but they can
promote abnormal grain growth. One can control the number, average grain

size and distribution of particles resulting from abnormal grain growth. In-
creased temperature or ion bombardment increases the grain growth rates.

Impurities in solution generally suppress grain growth whereas in some semi-
conductors it has the opposite effect. If it is desired to increase grain growth, it is

important to process film to generate more point defects at the grain boundar-
ies. A summary of the factors to consider in controlling the microstructure of
polycrystalline films appears in Table 9.1.

The film texture is strongly affected by ion energy. Thermodynamic control
of texture is expected when there is anisotropy of surface energy and adatom

mobility is sufficient as is the case when the deposition is conducted at high
temperatures. Since ion energy does not have much effect on atomic mobility

this type of texture growth is not affected by ion energy. However, when texture
is kinetically controlled ion energy can have a marked influence. Texturing

occurs because ion deposition rates on certain facets are higher than others
owing to difference in sticking coefficients. Differences can also arise out of

differing sputtering yields among various crystallographic directions. The pres-
ence of stresses also causes texture.

9.21. Stresses in Thin Films

Atoms in a solid experience no net force if they are in their equilibrium

positions in the crystal. However, when the atoms are displaced from their
equilibrium positions they experience a force that tends to return them to
their equilibrium position. If we know the potential energy of interaction

between an atom and its neighbors and express it by a function f(r), we can
write the force acting internally between atoms by the expression

F(r) ¼ � @f

@r
: (9:200)
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Table 9.1: Factors to consider in the evolution of polycrystalline films

Temperature
. Nucleation rate depends on the substrate temperature
. Controls the rate of island growth via adtom diffusion and adsorption rate
. Increases grain size at impingement with increasing substrate temperature
. Coarsening through grain boundary motion, which is higher at higher temperatures
. Influences texture

Deposition rate
. Is a factor in controlling nucleation rate
. Controls the island growth rate
. Is largely ineffective in controlling grain size at impingement
. Influences texture

Impurities
. Impurities in solution suppress grain growth
. Electronically active impurities in semiconductors can enhance grain growth

Precipitates
. Suppresses normal grain growth
. Can promote secondary grain growth

Thickness of film
. When grain boundaries are immobile, grain size at impingement is preserved, and

epitaxial growth of grain occurs giving rise to high aspect ration columnar grains
. Anisotropic growth velocities may also affect grain size evolution

Nature of surface
. Grain boundary curvature, surface energy and strain energy competing effects can

alter the character of the growing grains on surface
. Use of rigid capping layers can control the grain size distribution by suppressing

thermal grooving
. Chemical reactions at the surface can influence the grain growth

Substrate topography
. Artificial substrate surface features even on amorphous substrates lead to the evolu-

tion of dominant in plane orientation during grain growth

Gaseous ambient
. Through its role in changing the surface structure of the film and resulting change in

surface energy
. The periodicity and symmetry of substrate lattice provide interface energy anisotropy

for in plane rotation of grains
. High vacuum conditions lead to large grain sizes

Point defects
. Increased point defect concentration and their mobility can increase the rate of grain

growth
. Ion bombardment also enhances grain growth due to point defects generated
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If an external force is applied to the film or if the atoms are displaced from their
equilibrium positions in the film, there would exist a net force in the film which

we can represent by

Fex ¼
@f

@r
: (9:201)

A tensile force brings the atoms farther away from one another whereas a

compressive force brings the atoms nearer each other. A nonequilibrium struc-
ture is always prone to the rearrangement of atoms. Understanding the mech-
anism and kinetics of such rearrangement is necessary to predict film stability.

The film is normally rigidly attached to the substrate. In general, there are three
causes why the film is in a state of stress: the film is trying to adjust its

equilibrium distance with equilibrium distance of the substrate, the film on a
substrate is subjected to a temperature change, there are any number of pro-

cesses that are occurring in the film which displace the atoms toward their
equilibrium positions.

A schematic representation of the external force versus distance curve is shown
in Fig. 9.82. It is evident that at the equilibrium distance the net force is zero.

Away from the equilibrium distance the force is proportional to the distance,
indicating the elastic nature of the film. The linear behavior emphasizes the linear
elastic behavior embodied in Hooke’s law. When the displacement is increased,

the linearity does not hold. A maximum in the force versus displacement occurs,
and this maximum is obtained by equating d2f=dr2 to zero. The maximum occurs

at a value rb which is typically 1:1r0, indicating that maximum strain could be as
much as 11% before the film breaks. In reality, films will relieve the stress at much

lower stresses by either plastic deformation or by fracture and typical elastic
limits rarely exceed 0.2% strain. We are interested in the elastic behavior of the

film when stresses are present in the film, and note that for many applications the
plastic deformation and fracture of the film are undesirable.

We shall express the relationship between stress and strain in a thin film

whose dimensions are given in Fig. 9.83. A force F applied to the film with the
area A ¼Wt will stretch the film from a length l to l þ Dl. The stress is therefore

given by

s � F

A
¼ F

Wt
¼ Y

Dl

l
¼ Y«: (9:202)

where Y is the Young’s modulus. By the definition of Poisson’s ratio n, we
obtain the strain in the other directions by

Dt

t
¼ DW

W
¼ �n

Dl

l
: (9:203)
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The changes in the strain can be measured by changes in the lattice parameters
by X-ray diffraction. For isotropic linear elastic materials, two elastic constants
Young’s modulus, Y, and Poisson’s ratio, n, are sufficient and all other elastic

constants are derivable from these two. However, when anisotropic films
are involved, the expressions for stress and strain will not only involve more

elastic constants but they are also more complicated and we ignore these
features in this section. We can also obtain the elastic energy of the film by

the expression

Eel ¼
ð

sd« ¼ 1
2Y«2: (9:204)

Typical values of elastic energy are in the neighborhood of 10�5 eV=atom. Even
though these energies are small, their importance is significant when changes

occur near equilibrium and tend to diminish when forces that are far away from
equilibrium promote changes.
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Figure 9.82: Force versus distance curve.
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The displacement of atoms from their equilibrium positions occurs either

due to intrinsic or extrinsic causes. Hence, the film is invariably in a state of
stress. In addition, the film is almost always utilized when it is adhered to the

substrate, so that all stresses in the film have to be understood in relationship
between the changes in dimensions of the film and the substrate. The role of
stresses in thin films as they relate to deposition conditions has been exten-

sively studied. Doerner and Nix (1988) have shown that the evaporated films
are generally under tensile stresses. The use of energetic particles changes the

stresses in the film to compressive stress. Sputter deposited films show either
tensile or compressive stresses depending on the background pressure. The

energetically deposited films are invariably under compressive stress. When
the energy of the incident particle is low, crystalline films generally show a

tensile stress. This is attributed to the coalescence of the film through regions
with density less than the ideal, such as grain boundaries. As the energy of the
depositing particles increases, the source of tensile stress is eliminated because

there is an increase in the packing at grain boundaries. At very low energies,
density fluctuations in amorphous films due to self-shadowing effects may

account for tensile stresses at very low energies of deposition. However,
very soon afterwards the energies are sufficient to have the amorphous films

under compressive stress. The compressive stresses in high-energy ion depos-
ition are attributed to the predominance of interstitial defects over vacancies.

If the incident ions of nonreactive gases are incorporated in the film, they
will eventually be lost to the environment and result in less compressive stress

in the films. The intrinsic cause is almost exclusively due to the defects in the
film, such as dislocations. They can also be due to the removal of grain
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Figure 9.83: Relationship between stress and strain in a thin film.
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boundaries and the consequent reduction in the excess volume. Channels and
holes generated by shadow effects during deposition and limited surface diffu-

sion, on subsequent filling contribute to the generation of intrinsic stresses
(Doerner and Nix 1988; Windischmann, 1992). The external causes of stress

can arise from many causes. Some of them are the differential thermal expansion
between the film and the substrate, slight lattice misfit between the film and the

substrate, chemical reaction between the film and the substrate, atom transport in
the film induced by a passage of high current density in the film, applied forces
encountered by the film when it is used in some device, etc.

We can express the relationship between stress and strain in the elastic region
for a thin film on a rigid substrate by recognizing the film is free of stress in the

third direction perpendicular to the film so that the stress is biaxial in nature.
We write for the strain in the three directions the expression

«x ¼
1

Y
[sx � n(sy þ sz)], «y ¼

1

Y
[sy � n(sz þ sx)], «z ¼

1

Y
[sz � n(sx þ sy)]:

(9:205)

Since the film does not experience any stress in the z-direction, we can simplify
the above expressions as:

«x ¼
1

Y
(sx � nsy), «y ¼

1

Y
(sy � nsx), «z ¼

�n

Y
(sx þ sy): (9:206)

We obtain on further simplification,

«x þ «y ¼
1� n

Y
(sx þ sy), «z ¼

�n

1� n
(«x þ «y): (9:207)

In two-dimensional isotropic system when «x ¼ «y, then

«z ¼ �
2n

1� n
«x: (9:208)

The above relationship is useful in calculating the tetragonal distortion in
heteroepitaxial thin films.

One of the ways in which compressive stresses in a thin film is relieved is by
the promotion of the growth of hillocks in a film. In order to understand this
process, it would be convenient if we can express the biaxial stress in a thin film

in cylindrical coordinates. Therefore, we write for the stress components in the
cylindrical coordinate system the following expressions,

sr ¼ sx cos2 uþ sy sin2 uþ 2txy sin u cos u, su ¼ sx sin2 uþ sy cos2 u� 2txy sin u cos u,

(9:209)

where txy is the shear stress. Noting that su ¼ 0, we obtain
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sr ¼ sx þ sy: (9:210)

In an analogous manner, we can obtain

«r ¼ «x þ «y: (9:211)

We have thus the relationships

«r ¼
1� v

Y
sr, «z ¼ �

v

Y
sr: (9:212)

The assumption that the substrate is rigid made in deriving the expressions

above is not generally valid. As a result, the substrate responds to the stresses in
the film by bending under the biaxial stress (Stoney, 1909) when no external

load was applied to the system. One can determine the extent of the bending by
measuring the radius of curvature of the substrate on which a film is deposited by
laser interferometer techniques. One can utilize these methods to compute the

stresses in the film as shown below. We can explore the stresses in the thin film by
noting first that the thickness of the film tf is often very small compared to the

thickness ts of the substrate. In the analysis of the situation, we can safely assume
that the neutral plane in the film substrate combination is located in the middle

of the substrate. The stress distribution in the film and the substrate contribute to
the build-up of moments, which should be balanced at equilibrium. The moment

Mf due to the force in the film with respect to the neutral plane is given by

Mf ¼ sfWtf
ts

2
, (9:213)

where W is the width of film normal to tf. We find by geometry the following

relationship:

d

r
¼ Dd

ts=2
, (9:214)

so that

1

r
¼ Dd

tsd=2
¼ «max

ts=2
, (9:215)

where r is the radius of curvature of the substrate measured from the neutral
plane, and Dd=d is the maximum strain measured at the surface of the substrate.

We assume linear elastic behavior and note that the strain is linear with distance
from the neutral plane where the distance z is measured from the neutral plane.

Therefore, we can write

«s(z)

z
¼ «max

ts=2
¼ 1

r
, (9:216)
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where «s(z) is the strain in the plane, which is parallel to the neutral plane and at
distance z from the neutral plane. For the state of stress that is biaxial, we can write

ss(z) ¼ Y

1� v

� �
s

«s(z) ¼ Y

1� v

� �
z

r
: (9:217)

The moment produced by the stress in the substrate is given by

Ms ¼W

ðts=2

�ts=2

zs(z) dz ¼W

ðts=2

�ts=2

Y

1� v

� �
s

z2

r
dz ¼ Y

1� v

� �
s

Wt3
s

12r
: (9:218)

For equilibrium, we must have Ms ¼Mf so that

sf ¼
Y

1� v

� �
s

t2
s

6rtf
: (9:219)

The above expression is known as Stoney’s equation and permits us to obtain

the stress in a film from measurement of the radius of curvature of the substrate
and the thickness of the film that is deposited on the substrate the elastic

properties of substrate alone. For the case of a tensile (compressive) mismatch
stress, the face of the substrate bonded to the film becomes concave (convex).

In deriving Stoney’s formula, it is assumed that change in film stress due to
substrate deformation is negligible. This, however, cannot be justified when the

thickness of the substrate is comparable to that of the film. Freund and Suresh
(2003) present a modified formula for the calculation of stress from curvature
measurement for a film of arbitrary thickness, which includes the elastic and

geometric properties of the film as well as the substrate. The errors in using the
Stoney formula depend upon the thickness ratio and the stiffness ratio of the

film to substrate. The mismatch strain and elastic properties of a material in a
film vary continuously if the composition of the film varies continuously. Such

films are valuable to minimize the abrupt transitions in thermal, elastic and
plastic mismatch between the substrate and the film, to control the defects in

the film and to enhance some properties, such as resistance of surface to normal
sliding and indentation and sliding contact damage. Multilayered films are
utilized for a variety of reasons and present a situation in which the mismatch

strain and the elastic properties are discontinuous, but piecewise constant,
from layer to layer throughout the thickness of the film. Mutilayer films are

necessary when one encounters problems of adhesion to the substrate, diffusion
of atoms between layers, protection of films from chemical and mechanical

constraints from the environment and so on. Anisotropic behavior in films can
arise either because of anisotropy in elastic properties or because of geometrical

inhomogeneity. Extensions of Stoney’s formula are available for films with a
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composition gradient, films with anisotropic elastic properties, and multilayer
films. Shapes other than a spherical bending of the substrate are found and

require the introduction of nonlinear elastic response to be included in the
analysis, which is usually accomplished by finite element method of numerical

analysis.
The Stoney’s formula has provided the basis for the evaluation of stress from

curvature measurements. The crudest method of measuring the radius of curva-
ture is by using a stylus, which scans the surface along a radial direction by
making physical contact with the surface. A noncontact method involves the

measurement of capacitance between a probe and between a probe and the
surface as one scans the surface. X-ray diffraction methods can be used to

measure the Bragg angle of diffraction at successive points on the radial surface
of the substrate and thereby infer the curvature of the substrate. The optical

methods by using lasers is by far the most convenient and can be adopted to
measure in situ the development of curvature as the thin film deposition

proceeds.
The measurements of curvature of substrate are complicated if we include the

geometrical inhomogeneity of the film. For example in films that have tensile

stresses, cracks can form normal to the substrate and reduce the amount of
substrate bending that one observes. In patterned films, as in parallel metal lines

in metallization or the deposition of copper in trenches in the Damascene
process, the stress levels can only be obtained by finite element simulation

methods, so that the effects of the geometrical parameters of the pattern on
curvature can be displayed in figures. It is also well known that flat films that

have strain in them are thermodynamically unstable and can result in wavy
stable structures thereby reducing the contribution to substrate curvature.

The chemical potential of a stressed film requires that we explore the energy
gained to place one atom in a stressed film, which is different than the strain
energy of the film. We note from the thermodynamic relationship that the

Helmholtz free energy A can be expressed according to the second law of
thermodynamics by

dA ¼ �SdT � pdV, (9:220)

so that

p ¼ � @A

@V
: (9:221)

We write the above expression in the form

pV ¼ � @A

@V
V ¼ � @A

@(V=V)
¼ � @A

@N
, (9:222)
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where N is the number of atoms in volume V, and V is the atomic volume.
Identifying the pressure with compressive stress, we can write the chemical

potential due to stress as

m ¼+sV, (9:223)

where the positive sign refers to tensile and the negative sign refers to com-

pressive stress. The change in the Hemholtz free energy in a stressed film is
given by

dA ¼ �SdT � (pþ s)VdN, (9:224)

where p refers to the ambient pressure. Typical values of sV are of the order of
0.015 eV/atom.

Example 9.22

Consider the film substrate combination illustrated in Fig. 9.83. Obtain an

expression for the stress in the film if the system is subjected to a temperature

difference DT.

An isolated film when subjected to a temperature difference of DT will
experience a strain afDT, where af is the thermal expansion coefficient of the
film. Similarly, the substrate, if it is free, will experience a thermal strain of

asDT, where as is the thermal expansion coefficient of the substrate.
The film and the substrate are rigidly connected so that there must be

addition strain, which will prevent each from expanding or contracting inde-
pendently. Therefore, changes in strain in the film that are not matched by

changes in strain of the substrate will inevitably result in stress in the film.
Hence, we can write

«t
f ¼ afDT þ «m

f ¼ asDT þ «m
s ¼ «t

s,

where the strains «t
f and «t

s in the rigid system are taken to be equal. If we assume
the strains in the film and the substrate are due to a force Ff (the force Ff in the
film must be balanced by the force Fs in the substrate), then we can write

«m
f ¼

Ff(1� vf)

Yfdfw
:

Similarly, the strain in the substrate due to this force will be opposite in sign and

may be written in the form

«m
s ¼ �

Ff(1� vs)

Ysdsw
:
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Hence, we can solve for Ff and obtain

Ff ¼
w(as � af)DT

[(1� vf)=dfYf]þ [(1� vf)=dsYs]
:

Assuming, dsYs=(1� vs)� dfYf=(1� vf), we obtain

sf(T) ¼ Ff

dfw
¼ (as � af)DT

Yf

1� vf
:

Films deposited at elevated temperatures on substrate and then subsequently

cooled to room temperature will invariably have stress.

9.22. Ostwald’s Step Rule

It was found long ago that when a new phase has several (at least two)

modification, one of which is thermodynamically stable and the others are
metastable, the formation of one or more metastable phases is often (but not

always) observed first. It was Ostwald (1900) who first compiled the available
observation and gave his famous empirical rule according to which the thermo-
dynamically metastable phase should nucleate first. Then at a later stage, the

metastable phase should transform into the phase that is thermodynamically
stable under the given conditions of temperature and pressure. Thus, the

formation of a new stable phase should take place but consecutive steps from
one phase to another with increasing thermodynamic stability.

Any phase change should be accompanied by a decrease in the Gibbs free
energy of the system. The tendency towards decreasing the Gibbs free energy is

balanced by kinetic factors that have a tendency to relieve the imposed super-
saturation condition as quickly as possible. If the metastable structure can form
quicker than the stable structure, then the system will settle for a lower value of

decrease in the Gibbs free energy by the formation of the metastable phase. The
metastable phase with the highest nucleation rate is going to form. Generally,

the supersaturation is low for a metastable phase compared to the stable phase.
This condition favors the lowering of nucleation rate. On the other hand, the

metstable phase could have an interface that is more coherent with the matrix
phase, so that nucleation rate increases for such a phase. It is therefore possible

to crystallize a metastable phase if the interfacial energies are sufficiently low to
favor the balance of nucleation rate in its favor.

In the nucleation of the metastable phase one has to take into account the
transient behavior before the steady state nucleation rates are considered.
There is an induction period t before the steady state nucleation rate is
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observed. Let Jom and Jos be the steady state nucleation rates of the metastable
and the stable phases, respectively. Similarly, let ts and tm be the induction

periods for the stable and the metastable states respectively to reach stationary
nucleation rates. The achievement of steady state nucleation rate of the meta-

stable and the stable phases gives rise to four possibilities sketched in Fig. 9.84
(Gutzow and Taschev, 1968) (Fig. 9.85).

Problems

9.1. Consider the equilibrium of a crystal with its vapor. What is the thermo-

dynamic condition for equilibrium? If a crystal is to form from the vapor
what should be the criterion for chemical potentials? What is the expression
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Figure 9.84: Steady state nucleation rate of stable and metastable phases.
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to determine the work of formation of a crystal from the vapor in terms of the

chemical potentials? How does this work depend upon the number of atoms
in the crystal and the shape of the crystal?

9.2. If the flux of evaporating atoms is directed at an angle 458 to the normal to

the substrate, assuming the tangent rule, determine the direction of
growth of the columnar growth in the thin films.

9.3. Given the diameter of an atom is d, and its atomic volume is V, calculate
the time interval between deposition of successive monolayers given the

rate of deposition is R.
9.4. Assuming the thickness of the columns in zone I structure is t, and the

void thickness is ft, where f < 1, estimate the temperature of the substrate
at which voids may be eliminated as a function of the rate of deposition.
Estimate this temperature for the deposition of copper at a growth rate

10 nm/s, and 0.1 nm/s.
9.5. Calculate the supersaturation ratio for the vapor deposition of silicon.

The vapor source is at temperature 1400 K. Assume the surface free
energy to be 1500 erg=cm2.

9.6. Assume the potential energy f of interaction between atoms as a function
of distance between them, r, is given by

f(r) ¼ pq

p� q
«b

1

p

a0

r

� �p

� 1

q

a0

r

� �q
� �

,

where p and q are integers, with p > q. The binding energy is «b and the
equilibrium distance is a0. Calculate the binding energy when r ¼ 2a0. If

the external force F is applied to this solid, at what value of strain the solid
will break? What will be the elastic energy, given the Young’s modulus

Clusters

Flux

Substrate

Figure 9.85: Two clusters coming together to form one large cluster by coalescence.
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is Y? Assuming the above function to represent the potential energy
for gold atoms, plot the potential energy and the force as a function

of interatomic distance. Assume p ¼ 12, q ¼ 6, «b ¼ 0:64 eV=atom,
a0 ¼ 5Å and Y ¼ 1010 Pa:

9.7. Consider the equilibrium of a crystal with its vapor. What is the thermo-
dynamic condition for equilibrium? If a crystal is to form from the vapor,

what should be the criterion for chemical potentials? What is the expres-
sion to determine the work of formation of a crystal from the vapor in
terms of the chemical potentials? How does this work depend upon the

number of atoms in the crystal and the shape of the crystal?
9.8. If the flux of evaporating atoms is directed at an angle 458 to the normal to

the substrate, assuming the tangent rule, determine the direction of
growth of the columnar growth in the thin films.

9.9. Given the diameter of an atom is d, and its atomic volume is V, calculate
the time interval between deposition of successive monolayers given the

rate of deposition is R.
9.10. Calculate the supersaturation ratio for the vapor deposition of silicon. The

vapor source is at temperature 1400 K. Assume the surface free energy to

be 1500 erg=cm2.
9.11. For a single-component system the Gibbs free energy, G ¼ U þ PV � TS.

From this, write the expression for the chemical potential of the compon-
ent. From the published data about heat of evaporation of solids estimate

the magnitude of the contribution to each term in the chemical potential
at 300 K and 1 atm.

9.12. If the pressure and temperature correspond to some point in the one-
component phase diagram outside the equilibrium lines, then the chem-

ical potentials of the phases are not equal. Obtain a thermodynamic
expression for the difference in chemical potential for such a condition
(or the driving force for the phase transformation) when the pressure and

temperature lie in the solid phase region above the crystal vapor phase
boundary. Express the result in terms of supersaturation or supercooling.

9.13. Draw the schematic equilibrium shape of a two-dimensional crystal for
which the surface energy along (1 0) is 15 J=m2 and along (1 1) is

10 J=m2.
9.14. Consider a crystal that belongs to the cubic lattice with atoms only at the

corners of the unit cell. Assume c is the work needed to disrupt the bonds
between two neighboring particles at a distance a. calculate the surface
free energy of {1 0 0}, {1 1 0} and {1 1 1} faces. Hence, state the equilibrium

form of the crystal.
9.15. From the knowledge of the density of the substance and its crystal

structure, estimate the number of atoms in the surface of (1 0 0) and
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(1 1 1) for (a) copper, (b) iron and (c) silicon. If D is the ratio of surface
atoms to the total number of atoms, plot D as a function of the number of

atoms in the cluster.
9.16. Write the expressions for the critical free energy for nucleation for a

spherical nucleus in terms of (a) the radius of the nucleus and (b) number
of atoms in the nucleus.

9.17. Show that for a critical nucleus of a solid from a vapor, if the solid has the
equilibrium form, the critical free energy for nucleation is given by one-
third the surface energy of the critical nucleus.

9.18. Show that the ratio of the works for heterogeneous nucleation and homo-
geneous nucleation formation of nuclei at one and the same supersatur-

ation is equal to the ratio of the corresponding volumes of the nuclei.
9.19. Gold is face-centered cubic with atoms at the corners and the centers

of the faces. It has a lattice constant of 0.4078 nm. Calculate the number
of atoms per m2 on the (1 1 1) plane. If the measured surface energy of

(1 1 1) plane of gold is 1400 ergs=cm2, calculate the surface energy and
express it in terms of the unit eV/atom of gold.

9.20. For a single-component system the Gibbs free energy, G ¼ U þ PV � TS.

From this, write the expression for the chemical potential of the compo-
nent. From the published data about heat of evaporation of solids, esti-

mate the magnitude.
9.21. Calculate the critical size and the Gibbs free energy for nucleation of

critical nucleus assuming the shape of the nucleus is a cube.
9.22. A surface corrugation s represented by the function Z ¼ A cos (px=a)

where A is the amplitude of the potential corrugation, x is the impact
parameter and a is the atom spacing. Show that in the rainbow scattering

the angular separation Du about the specular direction is given by
4 tan�1 (2pA=a).

9.23. What is the number of collisions that hit each atom when it is exposed to

air?
9.24. Draw the atomic structure of the (1 0 0), (1 1 0) and (1 1 1) faces of simple

cubic, body-centered cubic and face-centered cubic metals assuming ideal
surface. In each case, determine the number of nearest neighbors of atoms

on the surface.
9.25. Calculate the drop in temperature when helium expands adiabatically

from 100 atm to vacuum through a fine aperture of 10 mm. Assume that
all the enthalpy is transformed into kinetic energy, what would be the
kinetic energy of the helium atoms.

9.26. The adsorbed atoms can either desorb back into the vapor or jump over to
one of the neighboring sites. Write the expression for then desorption rate

in a single component when (a) the incident atoms or monomolecular
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and (b) when there is associative desorption. If J is the flux of arrival of
adatoms, obtain the solution of these equations for the growth of surface

adatom concentration when there is no thin film growth.
9.27. Calculate the wavelength of electrons of energy (a) 25 eV and (b) 250 eV.

Compare this wavelength with typical lattice parameters of crystals (lat-
tice constant is 5 Å).

9.28. A one-dimensional chain of atom with a separation of a from one another
is bombarded normal to the chain length by an electron beam. Write the
diffraction condition. Show the diffraction direction of beams by Ewald’s

construction.
9.29. Draw the atomic structure of the (1 1 0) surface of a face-centered cubic

metal with atoms at the lattice points. Draw the LEED pattern for the two
voltages given in problem 9.27. Assume the lattice constant of the FCC

crystal is 5.
9.30. Consider the (1 0 0) face of a FCC crystal with atoms at the lattice points

and with a lattice constant of 5 0. Draw the reciprocal unit cell of this face.
If there are atoms adsorbed in a primitive (2� 2) structure, draw the
corresponding reciprocal lattice. Repeat, if the adsorbed atoms were in

c(2 � 2) structure.
9.31. Consider a FCC crystal with atoms at the lattice points. Show that the (5 4 4)

plane can be construed as consisting of (1 1 1) atoms in a terrace and (1 0 0)
atoms as a step. What is the width of the terrace and height of the step?

9.32. In an experiment a beam of argon atoms of is directed onto a substrate at
temperature 300 K where each atom occupies an area 10

02. If saturation

occurs in a time of 1 min, what is the pressure if the sticking coefficient
is 0.1?
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Chapter 10

Epitaxy

10.1. Introduction

The observation by mineralogists, of unique orientation relationship in two
naturally occurring mineral species that have grown together, is the first

known phenomenon of epitaxy. Frankenhein (1836) grew sodium nitrite from
an aqueous solution on the surface of a calcite crystal and started the scientific

study of epitaxy. The oriented growth of one crystalline material on the surface
of a single crystal of a different material is termed epitaxy. In epitaxial growth
of a thin film on a substrate, the substrate crystal is used as a growth template

and the film material is deposited on the substrate at a sufficiently high tem-
perature and in a manner that is slow enough to allow atoms to seek out

positions that are most favorable, which are thought to be the lattice sites
corresponding to those of the substrate. The interface between the film and

the substrate is epitaxial if atoms of the film material at the interface occupy
natural atom positions of the substrate material and vice versa. As the film

grows layer by layer, the film becomes a perfect crystal that continues the
structure of the substrate. The ability to grow thin planar films is crucial to
planar technology that can exploit economic manufacturing techniques. The

growth of heterostructures, quantum wells, superlattices, quantum dots and
wires provide the need for control of growth to tolerances of one monolayer.

In both fundamental studies and applications, single crystalline films are ex-
tremely important because physical phenomena and properties are most repro-

ducible in these films. From the industrial point of view all semiconductor and
other types of electronic, magnetic and optical devices as a rule employ single

crystalline epitaxial films. Artificially tailored materials are now custom tailored
to photonic applications over a large range of the electromagnetic spectrum.

Electronic applications are now possible for frequencies approaching 100 GHz
because of the ability to grow heteroepitaxial structure of semiconductors.
Metallic magnetic layers interspersed with nonmagnetic layers exploit the
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strong dependence of resistance on magnetic fields, even at moderate fields, and
are used for recording heads. Wide band gap semiconductors have found

importance as switches for power electronics and as blue light-emitting diodes
or lasers. Even though the eventual properties of films are of main interest, it is

important to become aware of how to obtain those films and what influences
their properties.

A systematic study of the growth of alkali halides on each other led Barker
(1906) to propose that epitaxy was more likely to occur if the molecular volume
of the two intergrowing alkali halides were equal. It was in 1928 that Royer

coined the term epitaxy (epi: placed or located on; taxi: arrangement). The idea
here is that the growth of a crystal on a crystalline substrate determines their

orientation. In many ways, epitaxial growth is analogous to growing a single
crystal, with the substrate serving as the seed. In crystallographic terms, one

particular plane of the guest crystal, (h k l )g, comes in contact with a parti-
cular plane, (H K L)h of the host crystal and is parallel to it, and that one

particular crystallographic direction of the guest crystal, [u v w]g in the contact
plane, is parallel to some crystallographic direction in the contact plane of
the host crystal, [U V W]h. The epitaxial relationship is specified by giving

the appropriate values as [u v w]g(h k l )g k [U V W]h(H K L)h. If the plane
with the same indices is parallel in the guest and the host, the situation is

known as fiber or texture orientation. If the parallelism occurs between the
same directions in the guest and the host directions, the situation is called

azimuthal orientation. In ideal epitaxy one expects simultaneous fiber
and azimuthal orientation, even though this is by no means generally observed

in all cases. Royer examined several epitaxial structures and came to the
conclusion that epitaxy occurs only if the lattice mismatch between the sub-

strate and the deposit is small (say less than 15%). He also stated that both the
deposit and the substrate should have the same nature of chemical bonds.
Furthermore, if the ionic crystals grow one upon the other the alternation of

ions with opposite signs across the interface should be preserved. We can
recognize in more general terms that epitaxial relationship is possible whenever

the orientation of the substrate and overgrowth produces an interface with
highly coincident atomic structure having low interface energy compared to

the random arrangement of atoms (Bauer, 1958). Epitaxial orientation is de-
termined by the condition of minimum Gibbs free energy of the system. Hence,

in situations where the chemical potentials of atoms in the substrate ms, and in
the film mf, differ, a low interfacial energy of the interface can overcompensate
for the difference (ms � mf), so that the nature of the interface plays a large role

in epitaxy. The ideas of geometrical correspondence on the atomic scale have
been exploited in epitaxy in a number of new ways. For example, between

certain crystals it is possible to have more than one set of epitaxial relationships.
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When the adhesion between film and substrate is weak, it is possible to have
more than several epitaxial relationships on the same substrate. The coinci-

dence of strongest bonds in the substrate and the film has decided influence on
epitaxy in some cases. There are suggestions to have two pairs of planes that

may represent epitaxial relations contributing to epitaxy when growth occurs in
more than two dimensions.

It is important to understand the difference between epitaxy and crystal
growth. In epitaxy one encounters crystals that differ from one another in the
nature and strength of the chemical bonds of both the substrate and the deposit,

and the crystal lattice structure and spacing of atoms. If the crystal and the
growing film are identical in all aspects (i.e., their thermodynamic potentials

are the same), then it is generally said to be crystal growth. If the crystal film and
the substrate differ from one another either energetically or by their geometrical

arrangement of atoms, then we are considering epitaxial growth. Two types of
epitaxy are therefore common in scientific discussions and industrial applica-

tions. In homoepitaxy the strength and nature of chemical bonds remain the same
but the lattice constants are different. For example, the growth of silicon on
doped crystal of silicon is considered to be homoepitaxy. This type of growth

permitted growth of films of controlled thickness and purity (e.g. freedom from
carbon and oxygen). Epitaxial growth offers the ability to dope with different or

same atoms at different levels from the substrate and to contour and tailor the
doping profiles that are important in the fabrication of electronic devices. In

heteroepitaxy there is a difference in chemical potential between the substrate
and the deposit. For example, in InxGa1�xAs deposited on (100) InP, the lattice

constants match perfectly, but the chemical potentials of atoms are different. In
the normal situation, there is both a difference in lattice parameter and differ-

ence in chemical potential of atoms, so that heteroepitaxy is more the norm. The
ability to align energy band levels of different materials provides unique oppor-
tunities in the design of many different types of electronic devices. For example,

lasers are made of compound semiconductors, where a layered epitaxial struc-
ture of two different III-V materials is employed.

In epitaxial growth one attempts to obtain perfect single crystals with a
smooth surface morphology and a flat, defectfree interface between the epitax-

ial film and the substrate. Dopant atoms are also added during the epitaxial
growth of semiconductors in order to form a layer with controlled and desired

properties. Dissimilar materials grown epitaxially on one another greatly
expand the potential for producing novel structures with unique characteristics.
Many unique structures are also fabricated if one can control the thickness of

the epitaxial layers to the accuracy of one atomic layer.
The range of applications for epitaxial structures continues to widen as

success is achieved in new material combinations. It is useful to consider these
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material combinations in four categories. In the first category, we have the
substrate and the film that have the same crystal structure and lattice param-

eters. InGaAsP grown on InP substrates is an example of this situation. Devices
fabricated out of these materials serve as light sources and photo detectors for

optical fiber communication, and demonstrate high-speed electronics for high
electron mobility transistors and heterojunction bipolar transistors. A second

category of materials involves substrate and deposit having the same crystal
structure, but different lattice parameters. The growth of silicon–germanium
alloys on silicon represents this class of materials. The ability to grow high

quality silicon germanium alloys epitaxially on silicon permits a new degree of
freedom for controlling silicon-based devices, and have enabled the fabrication

of novel and improved electronic devices and circuits. In the third category of
materials, the lattice parameters are almost the same, but the crystal structures

are different. This is exemplified by the growth of nickel silicide on silicon.
Metal–semiconductor contacts properties can be controlled efficiently in

these systems. In the fourth category, the lattice parameter and the crystal
structure differ between the substrate and the film. The growth of silicon on
sapphire exemplifies this system. Devices made from this system show high

speed, greater packing density, increased radiation hardening capabilities, free-
dom from latch up and several other useful properties.

The limitations anticipated in the present two-dimensional integrated circuits
suggest that three-dimensional integration may become necessary to further the

packing density and functions. However, in order to solve this problem, one
needs to develop the growth of single crystalline films on arbitrary substrates.

We will briefly review the efforts and ideas for the preparation of ordered films
on amorphous substrates that have been proposed. A number of shortcomings

of these approaches need to be solved.
The ability to produce a number of devices depends upon the success in

growing thin film epitaxial layers with perfect control on the interface between

two material (especially semiconductors) layers. In addition, one must be able
to control one property, such as dopant concentration, at least in one dimen-

sion. It is possible to vary the band gap, refractive index or carrier concentration
by varying the composition or elastic strain of the layers and achieve confine-

ment or guidance of charge carriers and/or photons. The design features per-
mitted by the strict control of growth layers have been referred to as band gap

engineering. Extensive research and development has been conducted in the
growth of III-V compound semiconductor, their ternary and quaternary alloys,
with emphasis on GaAs, (AlGa)As and (GaIn)As.

The conditions for epitaxial growth of films are several. The mobility of
atoms on the surface must be high so that high-substrate temperatures

favor epitaxial growth. One must allow sufficient time for atoms to move to
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equilibrium positions so that low supersaturations are favored. The surface of
the substrate should be smooth, clean and inert so that the only interaction is

between the substrate and the epitaxial film. The epitaxial film and the substrate
must have crystallographic compatibility, so that single crystal substrates are the

norm for achieving epitaxial growth.

Example 10.1

Plot the energy gap versus lattice constant for a number of III-V semiconduct-

ors and point out the composition of (GaAs)x(InAs)1�x that has a perfect match

with InP.

The energy gap versus lattice constant of a number of III-V semiconductors

are plotted in Fig. 10.1.
The lattice constants of GaAs forming a solid solution with InAs are assumed

to follow a linear relationship with composition. The slope of Vegard’s line is
(0:605� 0:565) ¼ 0:04.
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Figure 10.1: The energy gap versus lattice constant for a number of

semiconducting compounds.
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The desired lattice constant of InP minus the lattice constant of GaAs
¼ (0:586� 0:565) ¼ 0:021 nm:

Therefore, 0:021=0:04 ¼ x=1:

Therefore, x ¼ 0:525.

10.2. Relationship Between Substrate and Epitaxial Layer

The surface of the substrate crystal plays a crucial role in epitaxial growth

process, because it influences directly the arrangement of atomic species of
the growing film through interactions between the outermost atomic layer of
the surface and the adsorbed constituent atoms of the film. Generally, the atoms

of the film mimic the arrangement of atoms on the substrate. In addition to
lattice mismatch and crystallographic orientation of the substrate, one has to

consider the surface reconstruction of the substrate.
Royer studied many epitaxial films by X-ray diffraction for which the film and

the substrate have the same crystal structure. He emphasized the concept that
epitaxy occurs only if the lattice mismatch between the substrate and the

deposit is less than 15%. The misfit, «, between the film and the substrate is
given by

« ¼ as � af

af
, (10:1)

where as and af are the atomic spacing along some direction of the substrate and

the film, respectively. The misfit is said to be positive, if as > af and negative if
as < af. Royer also pointed out the importance of having the same type of
chemical bonding in the substrate and in the film. The lattice misfit does have

an important influence on epitaxy not only on the type of orientations that are
preferred but also in relation to the mode of growth. For harmonic potential of

interaction employed between atoms, there is no difference between positive
and negative misfit. However, when anharmonic potentials are involved, the

theory favors orientations with negative misfits (i.e. deposit periodicity is less
than substrate periodicity) as against orientations with positive misfit. In add-

ition, the critical thickness for pseudomorphic growth should be greater for
negative misfits than positive misfits. There appears to be a tendency for the

substrate and the epitaxial layer to have the same symmetry even when the two
crystal structures have different asymmetries (e.g. (1 1 1) plane in face centered
cubic grown on mica which on its (0 0 1) plane has hexagonal symmetry even

though the structure is monoclinic).
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In heteroepitaxy, the thermal expansion coefficient of the two materials is
different. Hence, the misfit depends on temperature. The misfit value of interest

refers to the temperature at which epitaxial film is grown. Different epitaxial
relations are seen at different temperatures. For example, the epitaxial relation

(0 1 1)Agh1 1 1iAg k (0 0 �11)GaAsh�11 1 0iGaAs is found at room temperature,
which changes at temperature above 200 8C to (0 0 1)Agh0 1 0i k (0 0 �11)GaAs

h0 1 0iGaAs:
The crystallographic orientation relationship between the epitaxial film and

the substrate requires the knowledge of the plane (H K L) in the substrate that

is parallel to (h k l) plane in the film. Furthermore one should specify the
direction [U V W] in the (H K L) plane of the substrate that is parallel to the

[u v w] direction in the film. Whenever there is one unique way of matching the
crystal structure (Fig. 10.2), a single parallel orientation of epitaxial film occurs:

(e.g. (0 0 1)[0 1 0]NaCl with (0 0 1)[0 1 0]KBrÞ. The orientation relationship in
the (1 0 0) plane of NaBr reveals a square network. A rhombic network

appears in the calcite crystal in its (1 0 0) cleavage plane. The two net-
works can be superimposed on one another by a simple rotation about [0 0 1]
axis of NaBr. On occasions, there are two equivalent orientations that

produce equivalent matching with the substrate. The epitaxial deposit consists
of two orientations and the effect is known as double positioning, when one

or more equivalent orientations produce the same epitaxial relationship.

Deposit

a

a

Substrate

Figure 10.2: A simple unique matching of a cubic material on a cubic substrate.
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In some cases the interfacial plane is the same, but directions are not
(e.g. (1 1 1)[2 1 1]PbTe k (1 1 1)[1 0 1]MgAl2O4). Both the planes and directions

can be different as in (1 1 1)[2 1 1]CdTe k (0 0 1)[1 1 0]GaAs. Metals with
small lattice constant match the lattice of semiconductor substrates at

some suitable multiples of lattice constant. Thus, Fe with a unit cell dimension
of 2a0 ¼ 0:573 nm matches with that of GaAs (a0 ¼ 0:565 nm), so that (0 0 1)

[1 0 0]GaAs k (0 0 1)[2 0 0]Fe. Similarly, [1 0 0](0 0 1)Cu k (1 0 0) [1 1 0]GaAs,
where we note that the lattice constant a0 of copper is such that along
[1 1 0], 2a0 ¼ 0:512 nm, and the lattice spacing is close to that of GaAs.

The bonding between the substrate and the film is also important in deciding
the epitaxial relationships. For example, when Ge is to be grown on GaAs, only

the nonpolar substrate (1 1 0) can yield an atomically abrupt interface. Other-
wise on (1 0 0) and (1 1 1) surfaces of the substrate charge accumulation occurs

unless mixed composition of layers are deposited.
An interesting situation of epitaxial growth occurs when the film to be

deposited is polymorphic. The stable phase at the deposition temperature
may have a large misfit, whereas the unstable phase may have a small misfit.
In such a situation, it is common to have the unstable phase deposit epitaxially

and be in a metastable condition after deposition. a-Sn, for example, can be
grown on substrates of InSb and CdTe up to a temperature of 343 K. For both

these structures the misfit with a-Sn is only 0.1%, whereas b-Sn has a large
misfit.

Epitaxial layers can avoid strain due to the lattice misfit, by tilting their
growth planes relative to the substrate at least in one direction (Fig. 10.3).

Substrate

x

z
a

asubstrate

aflim

Figure 10.3: Accommodation of misfit by tilting the growth plane relative

to the substrate.
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Such an epitaxial growth relationship appear to be predominant in many hcp
rare earth metals and metals grown on the BCC (2 1 1) metal substrate.

Single crystal substrates of high quality on which epitaxial layers can be
grown are minimal. Examples include: Ge, GaAs, sapphire, spinel, quartz,

fluorite, mica and silicon. There is clearly a need to expand the base of sub-
strates that can be used for epitaxy.

The crystallographic orientation of the substrate plays an important role in
epitaxy. It is found that when III-V semiconductor compounds are grown on III-
V substrates, the orientation of the substrate influences the incorporation process

of dopants. Slightly misorienting the substrate from a major low index plane
introduces surface steps, and thus changes the growth mechanism. It is found, for

example in GaAs grown 68 off (1 0 0) towards the (1 1 1) A face, shows the best
properties as judged by photoluminescence. Similar results have been found in

the growth of II-VI compounds where the condensation coefficient of the elem-
ents is the principal cause contributing to the changes in the amount of II

elements required for growth. When polar semiconductors such as GaAs are
grown on nonpolar semiconductors such as silicon, one finds new physical phe-
nomena. These include the antiphase disorder on the compound side of the

interface, lack of electrical neutrality at the surface and cross doping. Each one
of these phenomenons is found to be sensitive to orientation of the substrate.

Wang et al. (1985) have provided an explanation of these phenomena in terms of
the atomic structure of the atoms at the surface of the substrate. For example, if

one considers the GaAs (1 1 1) orientation, we have the (1 1 1) A and (�11 �11 �11) B
surfaces. The A surface is all Ga and the B surface is all As. Si is expected to

substitute for As atoms and bond to Ga atoms thereby acting as p-type dopant.
Similarly on the (�11 �11 �11) B face, Si would be expected to act as n-type dopant.

Similar surface polarity exists on (2 1 1), (3 1 1) planes and similar results are found
on the doping on these planes as well. However, there is also considerable
difference in doping concentration expected from the structural argument with

the actual concentration observed because of amphoteric doping due to impur-
ities, such as carbon and sulfur that are invariably present in the arsenic source.

The role of surface reconstruction on the epitaxial growth process has not
been studied very clearly due to experimental difficulties. However, indirect

evidence show, that surface construction plays a role in the growth process. For
example, differences in the materials and heterostructures grown on GaAs (1 0

0) surface can be found in As-stabilized (2� 4) structure or Ga-stabilized
(4� 2) structure. A number of studies point to the role of surface reconstruc-
tion on the nature of ordering found especially in ternary semiconducting

compounds grown epitaxially. Simulation studies have contributed to the
understanding of the various roles that surface reconstruction can play in

influencing the ordering phenomena.
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Example 10.2

Silver has a lattice parameter of 4.086 Å, and GaAs has a lattice parameter of

5.6531 Å. Calculate the misfit parameter (a) when the (1 1 0) Ag plane is parallel

to (1 0 0) plane of GaAs. (b) along the row, what is the misfit if four atoms of

spacing correspond to three-atom spacing of GaAs.

The distance between atoms in Ag along a row is given by 4:086=
ffiffiffi
2
p

and is
2.889 Å.

The distance between atoms of Gallium in (1 0 0) plane of GaAs is 5:6531=
ffiffiffi
2
p

and is 3.9973 Å.

The misfit across the row is (4:086� 3:9973)=3:9973 ¼ 0:022. The misfit along
the rows is (2:889� 3:9973)=3:9973 ¼ �0:277. Note however four-atom spacing

of Ag coincides with three-atom spacing of GaAs, since (4� 4:086� 3�
5:6531)=3� 5:6531 ¼ �0:0363.

Rows of silver atoms are stretched out whereas across the rows they are com-
pressed.

10.3. Growth Morphology

There are three well-known types of growth morphologies observed in thin
films when interdiffusion between films is not permitted. These are referred to

as: island growth (Volmer–Weber (VW) ), layer by layer growth (Frank–Van der

Merwe(FM)) and their combination consisting of layer by layer growth followed

by growth of three-dimensional crystals (Stanski–Krastanov (SK) ). The layer by
layer or Frank–Van der Merwe (FM)(1949) growth mode arises because
the atoms of the deposited material are more strongly attracted to the substrate

than they are to themselves and forms initially a monolayer, at least for a single
layer. Additional deposit atoms will continue to form monolayers, provided

their binding to the already covered substrate decreases monotonically from
that with substrate to that with a bulk crystal of the deposit. The growth by

homoepitaxy on a clean substrate is an obvious example of this type of growth.
In addition, one finds other situations such as Ga1�xAlxAs on GaAs substrates

when such growth occurs. When the deposit atoms are more strongly bound to
each other than they are to the substrate, the island or Volmer–Weber (VW)
(1926) mode results. In this case small clusters are nucleated directly on the

substrate surface. The clusters subsequently grow into islands, which in turn
coalesce to form a continuous film. The thickness at which this occurs varies

from system to system, and depends upon substrate temperature and rate of
deposition. The liquid-like coalescence between clusters has been observed in
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transmission electron microscopy studies. In many other systems the final stage
of forming a continuous film is by rapid surface diffusion and filling of channels

from the already deposited material with relatively little extra deposition
occurring. This type of growth is commonly seen when metal films are grown

on insulating surface or on contaminated substrates. When an intermediate case
arises, the layer plus island or Stanski–Krastanov (SK) (1938) growth mode

occurs. In this mode, the initial layer growing on the substrate tries to fit the
substrate as closely as possible straining itself until the strain energy increases as
the layer thickness increases, when the island growth becomes preferable ener-

getically. A number of examples of metal films and semiconductor films are
observed to show this type of growth. If the binding of the deposit atoms to each

other is stronger than the binding of deposit atoms to the substrate, this mode of
growth is likely to occur. However, the exact manner in which the system

switches over from layer growth to three-dimensional growth is not very clear.
The three modes are sketched schematically in Fig. 10.4. All three modes of

nucleations and growth can and do result in epitaxy. However, we are often

Frank–van der Merwe
mode layer-by-layer

Stranski–Krastanov mode
layer plus island growth

Volmer–Weber mode
island growth

Figure 10.4: The three distinct modes of film growth of epitaxial layers.
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interested in growing epitaxial layers free of defects. Dislocations, twins and
stacking faults are readily found at the interfaces when the growth occurs by the

impingement of islands. Hence the island and Stranski–Krastonov growth is to
be avoided to produce defect-free epitaxial layers.

Bauer (1958) advanced the first theoretical explanation of the modes of
growth on the basis of thermodynamics. He suggested that if we deposit layer

A on layer B, then we get layer growth if

gA < gB þ g*, (10:2)

where g* is the interface energy, and g the surface energy per unit area. The
formation of one or more monolayers on the substrate is thermodynamically

favored even if the vapor is undersaturated (Dm < 0). Additional deposit atoms
will continue to form monolayers, provided their binding to the already covered

substrate decreases monotonically from that with substrate to that with bulk
crystal of the deposit. Examples of such growth are found in Au/Ag, Pd/Au,

Co/Cu, PbSe/PbS, Xe/graphite. When

gA > gB þ g*, (10:3)

we get island growth. In this growth mode the work required to form a nucleus

on the substrate is greater than in other cases and high supersaturations are
necessary for nucleation, Dm > 0. Examples are noble metals on alkali halides,
oxides and salts and on layered compounds, semiconductors grown on sapphire,

CaF2, amorphous silica or silicon nitride. For the mixed mode of growth, we
must have the interface energy increase as the layer thickness increases. The

first layers form when Dm < 0 and subsequent growth needs higher supersatur-
ation, Dm > 0. This type of growth occurs in some metal/metal systems, and

metal semiconductor systems. A nucleation barrier is said to exist for this
growth mode to occur. Venables et al. (1984) have stated that for each growth

mode, there is a corresponding adsorption isotherm. When there is sufficient
adatom mobility for the configurations to approach their equilibrium state, the

local interfacial and volume equilibrium conditions govern the mode of growth.
Therefore, we expect monatomic layer to grow successively during deposition
when the contact angle between the substrate and the deposit is zero. For a

finite positive contact angle, island growth occurs. If the contact angle is zero,
and the deposition follows layer-by-layer mode, and the deposit is elastically

stressed, one expects the mode to continue up to a certain critical thickness
after which island growth occurs. Even though the misfit strain destabilizes

the layer by layer mode of growth, other modes of nucleation are often not
possible either because of difficulties of overcoming nucleation barrier or

because the periodic disturbance in film thickness does not destabilize the film
with respect to nucleation. As long as the homogenous strained pseudomorphic
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film of a certain thickness has lower free energy than the one containing misfit
dislocations, the layer-by-layer film can occur. The surface of certain substrates

can be altered in order to change the surface-free energy. For example, Ge on Si
can be grown when the surface is doped with antimony. Exposure of surfaces to

electron beam is on occasion thought to result in the changes in surface energy
to facilitate layer-by-layer growth in ionic compounds. The island growth has

been suppressed when GaAs is grown on Si by argon–ion bombardment.
If the adatom diffusivity is low, then the mode of growth is controlled by

kinetic rather than thermodynamic considerations. The adatom diffusivity

depends on substrate temperature, bonding between atoms and the substrate.
Crystal orientation also has a significant effect on adatom diffusivity.

Details of growth mechanisms are important since they determine interface
morphology, which directly influence the characteristics of the device fabricated

on these layers. A layer-by-layer growth mechanism is usually observed during
the growth of lattice-matched layers. Two limiting cases are of interest. In the

first limit, the surface migration lengths are much greater than substrate surface
features. In this case the terrace are separated by step edges so that growth
occurs by the nucleation of two-dimensional islands. The second limit is when

the migration lengths are much smaller than the length of surface terraces. In
this case the growth occurs by the attachment of adatoms to the step edges. The

subsequent growth occurs by step propagation, which moves with a velocity that
depends upon the step density and the growth rate. One can observe the

transition between these two modes of growth in RHEED oscillations as
shown in Fig. 10.5. In the case of GaAs (0 0 1) surfaces, one can misorient the

substrate towards either [1 1 0] or [�11 1 0] direction. This results in nonequiva-
lent [�11 1 0] or [1 1 0] oriented terraces and step edges. One type of step edge has

As as the terminal atoms and another type of step edge has Ga as the termin-
ating atom. The kinetics by which adatoms attach at step edges is different in
the two cases. It is common to misorient the major crystal plane to enhance step

growth and thus control the kinetics of growth in epitaxial growth.
The transition from layer-by-layer growth to a three-dimensional island

growth occurs via the Stranski–Krastanov growth mode at some critical thickness
defined by the strain in the epitaxial film. While growing heteroepitaxial films

with large lattice mismatch, such as GaAs on Si [1 1 1], InSb on GaAs, and GaN
on sapphire, the critical thickness is clearly important. Otherwise the film will be

defective with a variety of defects, such as threading dislocations, grain bound-
aries, stacking faults, twin boundaries and antiphase domains. Several strategies
have been advanced to reduce the defects in the film, such as growing a thicker

film as the high defects density near the interface reduces as the film thickness
increases, superlattices which act as defect barriers, low temperature growth of

atomic layer epitaxial buffer layers, growth of epitaxial layers by lateral growth.
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The island growth has been studied by transmission electron microscopy

techniques (TEM). It has been observed that there are at least three stages in
the formation of epitaxial films by this method of growth. Initially a random

three-dimensional nuclei are formed, which is around 1010 cm�2 and reaches a
saturation level rather rapidly for small thickness of the order of 10 nm. The
diameter of these islands is typically around 1000 nm. These islands are usually

crystalline. As the deposition continues, these islands coalesce either by atomic
diffusion or by mobility of crystallites as an entity. The eventual situation is

reached when the crystallites contact one another with holes between them,
which are subsequently filled up during evaporation. A continuous film is thus

created when the thickness reaches around 1000 nm or more. The mechanism
and the time at which the orientation of the deposit develops are of interest and

is the subject of research.

Step propogation
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Figure 10.5: Change in RHEED response when the growth mode changes from step

propagation to two-dimensional nucleation.
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Example 10.3

Estimate the temperature where an epitaxial film can be grown.

We shall assume that epitaxial deposition occurs without the nucleation of
adatom clusters on the terraces.

Let the distance between adjacent steps be x. We can equate this distance to
the diffusion length, which is given by

x2 ¼ p2

4

� �
Dt,

where D is the surface diffusion coefficient and t is the diffusion time.

One can estimate the diffusion time by the condition that an adatom will not
collide with another adatom during its diffusion, from where it hits the surface
to the nearest ledge.

We can obtain t from

1 ¼ FmKx
t

a
,

where Fm is the deposition rate in monolayers/second, a is the lattice parameter
of the film, K is a parameter that depends on the structure of the film. Hence

D ¼ 4K

p2

� �
Fm

x3

a
:

From the knowledge of D one can estimate the temperature above which

epitaxy occurs (Flynn, 1988).

Example 10.4

Describe qualitatively the type of growth mechanism expected when one grows

the films of (a) metals and meals (b) semiconductors.

The adhesion forces between the metals and insulators are considerably
weaker than the cohesion forces within the metals themselves. Therefore,

metal films grown on insulator substrates should grow by three-dimensional
island growth mechanism.

If the substrate is a metal and both the deposit and the substrate have the
same symmetry, then metals, film grows depending upon the lattice misfit
between the substrate and the metal film. At low temperatures one can expect

Stranski–Krastanov mechanism to operate, whereas at high substrate tempera-
ture or at high supersaturation, Volmer–Weber mechanism should be operat-

ing. When the symmetry between the substrate and the deposit is different, one
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can also find the deposit to mimic the substrate structure, even when the
structure is metastable. The film growth can then proceed by Strasnski–

Krastanov mechanism at high temperatures and layer-by-layer growth at low
temperatures.

When metals are grown on semiconductor surface, the unsaturated bonds of
the semiconductor affect the epitaxial orientation of the substrate. Metals can

also be very reactive with semiconductor. The surface structure of the semicon-
ductor also affects the deposit structure, giving rise to large unit cells, which is
governed by foreign atoms on the surface and its temperature. There is also

epitaxial growth possibility for the metal semiconductor compound that
forms. The growth is also dependent on the orientation of the semiconductor

substrate.
Semiconductors are grown on semiconductor substrate in virtually the major-

ity of the devices fabricated epitaxially. The surface structure of the substrate has
an important effect on the epitaxial growth mechanism. The epitaxial growth is

possible only for certain orientations.

10.4. Structure and Energy of Epitaxial Interface

The epitaxial interface represents the boundary between two crystals that are in
general different chemically as well as structurally with different lattice param-

eters. In an effort to minimize the free energy of the system, a number of
different possibilities for the interface can result. The layer can consist of

ordered adatoms or ions. The differences in the lattice parameters can be
accommodated by the presence of periodic strains due to misfit dislocations

(Frank and Van der Merwe, 1949). The layer has the deposit that can be
homogeneously strained to fit exactly the periodicity of the substrate,
a concept called pseudomorphism (Finch and Quarrel, 1933). The interface

can be an alloy, a solid solution or a metastable phase. Compounds can form
between the substrate and the film epitaxially.

Consider the situation when the deposit and the substrate have the faces that
are in contact which have the same symmetry. For two crystals in general called

A and B, one can envisage four differing situations as shown in Fig. 10.6. We are
concerned with two forces acting on each atom. The forces acting on an atom

due to its neighbors in the same crystal ( fAA, fBB) have a tendency to keep the
atoms in their natural lattice positions. The force exerted by the atoms of the
adjoining crystal ( fAB) will tend to move the atoms to occupy the positions of

the adjoining crystal. The net result is that the atoms at the interface change
their periodicities of the two lattices owing to the interaction across the inter-

face. If the interfacial bonding is very weak compared to the bond strengths
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( fAB � fAA or fBB), then both crystals tend to preserve their lattices, so that one
can expect only a vernier of misfit. When the lattice constants are such that they

are multiples of each other (say, ma ¼ nb), then the lattices coincide only when
the lattices are multiples of each other (mth atom of A coincides with nth atom
of B) in the so-called coincident lattice model. In some situations ( fAB � fBB

and fAB � fAA), the lattices can be homogenously strained so that the deposited
crystal forces itself to adapt to the lattice spacing of the substrate crystal in the

phenomenon called pseudomorphism. As the thickness of the pseudomorphic
layer increases, the homogeneous strain energy increases with thickness and at

some critical thickness it becomes energetically unfavorable ( fAB � fAA � fBB).
The homogeneous strain is then replaced by a periodic strain by the introduc-

tion of misfit dislocations.
Misfit dislocations can conveniently represent the lattice distortion in the

vicinity of the epitaxial interface. When there is periodic distortion of both

the lattices of the substrate and the film, one can find almost perfect match of
the crystallographic plane in some areas of the epitaxial interface. The regions

where planes of the deposit and substrate are greatly out of register owing to
the presence or absence of planes separate the regions of perfect fit. The misfit

dislocation is this excess lattice plane within the crystal with a lesser lattice
parameter. One assumes in this approach that the deposit and the substrate

crystals are artificially united. The existence of these misfit dislocations was
predicted by Frank and Van der Merwe and experimentally verified by

Matthews (1961).

(a) (b)

(c) (d)

b b

b

a a

a

Figure 10.6: Crystal A with lattice parameter a can contact film B with lattice parameter

b can accommodate misfit in (a) vernier of misfit, (b) coincidence lattice,

(c) homogeneous strain and (d) misfit dislocation.
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The film coherent with the substrate is called pseudomorphic and is strained.
When the thickness increases the strain energy increases and the film prefers to

relieve the strain energy by the introduction of misfit dislocations. The misfit
dislocations that lie and have the Burger’s vector in the interface plane are

called efficient misfit dislocations. Dislocations that have a component of
Burger’s vector lying out of the interface plane are called inefficient misfit

dislocations. It is a fundamental geometrical requirement of a dislocation that
it must terminate at another dislocation, close upon itself or at a free surface.
One cannot have the ends of misfit dislocation terminate within the interface.

Since the most obvious place for the dislocation to terminate is at the nearest
free surface, this produces a threading dislocation which traverses the epitaxial

layer from interface to surface. Therefore, each misfit dislocation will generally
be associated with a threading dislocation at each end, unless the length of the

misfit dislocation grows sufficiently that it can terminate at the wafer edge, or at
a node with another defect. The inefficient misfit dislocations are connected to

threading dislocations that intersect the film surface. Both types of misfit
dislocations serve to decrease the misfit strain. Van der Merwe considered a
thermodynamic argument to determine the configuration states of efficient

misfit dislocations. Matthews and Blakeslee considered the inefficient misfit
dislocations from the point of view of kinetics.

The operative glide plane and Burger’s vector of the dislocation determine
the geometry of interfacial misfit dislocation arrays. Dislocation may move by

glide or climb. The climb process requires mass transport by diffusion of atomic
vacancies or interstitials. For example, in GexSi1�x, the preferred

system of glide is {1 1 1}. The Burger’s vector,~bb, is a=2 < 101 >. The geometry
of the misfit dislocation at a GexSi1�x=Si (1 0 0) interface is shown in Fig. 10.7.

In order to find out which of the slip systems is operative we have to consider
the resolved stress sa, acting on the dislocation due to the lattice mismatch
between epilayer and the substrate, which is given by

sa ¼ 2m«
(1þ v)

(1þ v)
cos l cos f, (10:4)

where l is the angle between Burger’s vector and that direction in the epilayer
which is perpendicular to the misfit dislocation line direction, f is the angle

between the glide plane and the interface normal, m is the rigidity modulus, « is
the strain due to misfit and n is the Poisson’s ratio (see Chapter 382 Mahajan and

Sreeharsha, 1999).

Example 10.5

Consider the (100) interface in SixGe1�x epitaxial layer and describe the

possible dislocations that operate in this orientation.
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The Burger’s vectors within the glide plane (�11 1 1) intersecting the (1 0 0)
surface are a=2[1 0 1], a=2[1 1 0] and (a=2)[0 1 �11]. The last one is a screw

dislocation for which cos l ¼ 0. The two are 608 dislocations. cos 60 ¼ 1=2, so
that the Burger’s vector is b=2 and is only 50% effective in relieving lattice
mismatch.

The dislocation with Burger’s vector lies within the interfacial plane but does
not lie in the slip plane {1 1 1}. Hence the only way these defects can move is by

a climb process.
Dissociation of misfit dislocations also plays an important role in determining

the misfit dislocation structure. For example,

a

2
[1 1 0] ¼ a

6
[1 2 1]þ a

6
[2 1 �11],

and the above reaction is favorable when a 608 dislocation splits into 308 and 908
partial dislocations. These partial glide dislocations move apart due to
their repulsive interaction, since this interaction is proportional to ~bbA . ~bbB.

A stacking fault is produced between these two partial dislocations. The bal-
ance in energy between the repulsive energy of the dislocations and the stacking
fault energy determines the distance between the partial dislocations.

We will sketch briefly the one-dimensional model of Frank and Van der
Merwe representing a chain of atoms in a periodic potential field of the

substrate to help us give a deeper understanding of the epitaxial interface.
The overgrowth is modeled as a chain of atoms with purely elastic springs of

natural length b and force constant a as shown in Fig. 10.8. The chain is then

b2

¬

β

1/2 [110]

b2

¬

β
1/2 [011]

b3

¬

&
1/2 [101]

Figure 10.7: Misfit dislocations at a GexSi1�x interface. Glide plane is (�11 1 1). The

Burger’s vector ~bb1 is of the edge type and ~bb2 and ~bb3 are of the 608 glide type. The

inclined plane {1 1 1} intersects the (1 0 0) surface along an orthogonal in plane [0 1 1]

and [0 1 �11] directions.
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b

a

W

Figure 10.8: One-dimensional misfit dislocation model of Frank and Van der Merwe. The

deposit is pictured as a chain of atoms connected by springs of length b and force constant a.

W is the overall amplitude of the potential from the substrate atoms with a periodicity a.

subjected to an external periodic potential exerted by a substrate that is

assumed to be rigid. The periodic potential is given by

V(x) ¼ 1
2 W(1� cos 2px=a), (10:5)

where W is the overall amplitude of the potential and a is the wavelength of the

periodic potential assumed to be the lattice parameter of the substrate. The
force constant reflects the bonding between overgrowth atoms. We can write

W ¼ gc, (10:6)

where c is the desorption energy of an overlayer atom from the substrate
surface and g is a constant of proportionality. The value of g varies from 1/30

for Van der Waals type forces to 1/3 for short-range covalent forces.
The fact ‘‘b’’ is not the same as ‘‘a’’ means that the atoms will be displaced

from their equilibrium positions corresponding to the troughs in the pure film.

The force between neighboring atoms will try to keep the atoms in the chain at
a distance ‘‘b’’. The forces exerted by the substrate atoms will tend to keep the

atoms at the distance equal to ‘‘a’’, which corresponds to the bottom of the
potential troughs of the substrate. The net result is that there will be a com-

promise distance ‘‘b’’’ at which the deposit atoms will reside. It follows that for
a < b0 < b, part of the natural misfit defined as

f ¼ (b� a)

a
(10:7)

will be accommodated by misfit dislocations

fd ¼
(b0 � a)

a
(10:8)

and the remaining part

fe ¼
(b0 � b)

b
¼ a

b( fd � f )
(10:9)
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by homogeneous strain. Therefore, the natural misfit appears in the general
case as a sum of homogeneous strain and periodic strain due to misfit disloca-

tions, or

f ffi fd þ fej j: (10:10)

The forces acting between the atoms and in turn the displacement of atoms
requires that we write the potential energy of the system. Since the force acting

between atoms depends upon the distance between atoms, we choose the origin
of coordinates to correspond to the trough at the left of the atoms under
consideration. The distance of the origin to the (nþ 1)th and nth atom will be

Xnþ1 ¼ (nþ 1)aþ xnþ1 and Xn ¼ naþ xn, respectively, where xn and xnþ1

are the displacements of the atoms from the bottom of the potential wells

with the same numbers (Fig. 10.9). Hence,

DXn ¼ xnþ1 � xn þ a ¼ a(Znþ1 � Zn þ 1), (10:11)

where the relative displacement of the nth atoms from the bottom of the nth
potential trough is

Zn �
Xn

a
: (10:12)

The strain of the bond between the atoms will be

«(n) ¼ DXn � b ¼ a(Znþ1 � Zn � f ): (10:13)

The potential energy of a chain consisting of N atoms is therefore written in the

form

E ¼ 1

2
aa2

XN�2

n¼0

(Znþ1 � Zn � f )2 þ 1

2
W
XN�1

n¼0

(1� cos 2pZn): (10:14)

n n + 1

0

Xn + 1

xn + 1
Xn

Xn X

Figure 10.9: The absolute distance Xn of an atom n from the origin and the

displacement xn from the nearest trough. Similarly for the neighboring atom (nþ 1).
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The first term gives the strain energy of the system, whereas the second term
gives interaction energy across the interface. We can now apply the equilibrium

condition

@E

@Zn
¼ 0: (10:15)

Applying the above condition results in a system of difference equations. To
obtain an analytical solution, it is convenient to replace the chain as an elastic

continuum, so that the set of difference equations may be written in the form of
a differential equation as

d2Zn

dn2
¼ p

2l 2
0

sin 2pZ(n), (10:16)

where the parameter

l0 ¼
aa2

2W

� �1=2

, (10:17)

represents the ratio of the cohesion and adhesion energies. Multiplying Eq.
(10.16), by dZ and simplifying we obtain

dZ
d2Z

dn2
¼ dZ

d

dn

dZ

dn

� �
¼ dZ

dn
d

dZ

dn

� �
¼ p

2l 2
0

sin 2pZ (n) dZ: (10:18)

Integration results in

dZ

dn

� �2

¼ � cos 2pZ(n)

2l 2
0

þ I, (10:19)

where I is an integration constant. Assuming that the solution Z(n) crosses zero

at some angle so that dZ=dn ¼ v at Z ¼ 0, we obtain I ¼ (1þ 2v2l 2
0)=2l 2

0 and
therefore

dZ

dn

� �2

¼ � cos 2pZ(n)

2l 2
0

þ 1þ 2v2l 2
0

2l 2
0

: (10:20)

Given,

cos 2pZ ¼ 2 cos2 pZ � 1 and v2l 2
0 ¼

1

k2
� 1, (10:21)

we obtain

dZ

dn
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2 cos2 pZ(n)

kl0

s
(10:22)
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The above equation derived from the pendulum equation (Eq. 10.16) can be
solved to give

Z(n) ¼ 1

2
þ 1

p
am

np

kl0

� �
, (10:23)

where am(F(x, k), k) denotes the elliptical amplitude and k < 1 is the modulus
of the elliptic integral. The incomplete integral F(x, k) is given by

np

klo
¼
ðx
0

dxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2 sin2 x

p � F(x, k): (10:24)

We take for illustration the single dislocation assuming w ¼ 0 and k ¼ 1
subjected to the boundary condition n ¼ 0 and Z ¼ 1=2. The atomic displace-

ments are shown graphically in Fig. 10.10. It is evident the displacements
approach zero on the left hand side corresponding to the situation when the

atoms are at the bottom of their respective potential troughs. On the right hand
side, the displacements approach unity or the atom lie at the bottom of the

neighboring potential energy troughs. Thus N atoms are displaced over N þ 1
potential troughs. This implies one missing plane of atoms in the overgrowth

with respect to the substrate, viewing the model as a cross section of two crystal
halves. It is known as a misfit dislocation.

l0
l

2 2

1

2

Atom number

A
to

m
 d

is
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em

en
t

1.0
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l−

Figure 10.10: Dependence of atomic displacements Z(n) on atom number. Curve 1 is for

n ¼ 1 and curve 2 represents a misfit dislocation in a sequence of

interacting dislocations.
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The strains of the consecutive springs is given by

«(n) ¼ a(Znþ1 � Zn � f ) ffi a
dz

dn� f

� �
¼ a

(1� k2 cos2 pZn)1=2

kl0
� f

" #
: (10:25)

A graphical representation of the strain is given in Fig. 10.11. The strain
varies periodically with the spring number, alternating between compression

and tension with a period equal to that of the dislocation spacing. The local
elastic strain due to dislocation core needs to be added to the total strain. The

mutual cancellation of strains helps the crystal lattice spacing b0 to approach b,
so that the misfit is nicely accommodated by the misfit dislocation. One assumes

that the bonding across the interface is strong enough to induce substantial local
strains in the cores of the dislocations. The alternative is for the crystal to
merely show a vernier fit between the two lattices.

Given the knowledge of the atomic displacements one can obtain the expres-
sion for the total energy by substitution in Eq. (10.14). The result is plotted in

Fig. 10.12 as a function of misfit f. It is clear from this graph that the configur-
ation without dislocation is the lowest energy when the misfit is lower than a

critical value. The critical value of the misfit is given by

fs ¼
2

pl0
¼ 2

p

2W

aa2

� �1=2

: (10:26)

Atom displacements
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ds
 s
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ai
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2

1

Figure 10.11: Consecutive strains «(n) of the chemical bond versus the atom displace-

ments Z(n). Curve 1 is in a chain where dislocations are far apart from each other.

Curve 2 is for a sequence of interacting dislocations.
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When f < fs the natural misfit will be accommodated by homogeneous strain
and the overgrowth is pseudomorphous to the substrate. Beyond the stability up

to a second critical value termed the metastability limit, fms, given by

fms ¼
1

l0
¼ 2W

aa2

� �1=2

, (10:27)

the pseudomorphic configuration is metastable. If the necessary thermal acti-

vation exists to introduce misfit dislocations, the pseudoconfiguration condition
can no longer exist. Simple bonding considerations give an estimate for the two

critical misfits at 9 and 14%, respectively. However, these numbers cannot be
relied upon too much because of the simple harmonic potential energy expres-
sion that is utilized. Anharmonic potentials when used to solve the problem

result in the conclusion that for negative misfits there is a preference for the
misfit to be accommodated by homogeneous strain over misfit dislocations

when compared to the positive misfit situation (Markov and Milchev, 1985).
The simple model of Frank and van der Merwe assumed that the epitaxial

growth always occurs in the form of monolayers. It is necessary to find out the
theoretical explanation of how the orientation of the initial nuclei is determined

in other modes of growth of thin films. Van der Merwe considered the role
of thickening of the deposit layer on the lattice matched strained layer by
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Figure 10.12: Misfit dependence of potential energy per atom of a finite chain.

The number of dislocations is indicated. fs and fms denote the limits of

stability and metastability.
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determining the equilibrium strain as a function of thickness. The film will in
general be pseudomorphous with substrate until a certain critical thickness,

which is a function of the natural misfit. Any reduction in lattice strain is
compensated in this theory by a parallel array of edge dislocations at

the interface. The spacing between the dislocations is reduced if deposit lattice
strain decreases. The misfit dislocations however must be produced at

the interface between the film and the substrate as the film thickness grows.
In situ observations with transmission electron microscopy (TEM) suggest that
slip processes cause misfit dislocations in some cases, but the majority of

situations involve climb processes.

Example 10.6

If the silicon (100) plane has to be miscut to produce a step every 50 nm, what

should be the angle of miscut? What is the number of atoms in unit area on (100)

plane?

Silicon is diamond cubic.
The monolayer height is (1/4) (lattice constant) ¼ (1=4)0:543 ¼ 0:136 nm.

The step height, h, is related to the angle of miscut by

L ¼ h

tan u
,

where L is the distance between steps.

Therefore,

tan u ¼ h

L
¼ 0:136

50
¼ 0:00272

u ¼ 0:156�:

The surface density of atoms in the (100) layer is

¼ 2

(0:543)2
¼ 6:78� 1018 atoms of Si=m2:

10.5. Doping

The main function of impurities in semiconductor as providing charge carriers
was first clearly stated by Wilson (1931). The deliberate use of impurities in

purified semiconductors for the purpose of controlling the conductivity in an
otherwise pure semiconductor was utilized by Shockley (1950). Seidman and

Marshall (1963) introduced the special designation ‘‘dopant’’ to refer to those
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impurities intentionally introduced into a semiconductor. Doping is an essential
process to make an active device from a semiconductor. The success in control-

ling the dopant into its intended distribution within the semiconductor has
rendered possible the creation of unique solid-state structures. These structures

have opened up the fascinating area of quantum structures and low dimensional
configurations with unprecedented control on optical and electrical character-

istics of devices fabricated from them.
Impurities in semiconductors that are ionized at room temperature are called

shallow impurities. Impurities are incorporated predominantly in substitutional

sites in a semiconductor. In its pure form, a semiconductor is characterized by a
completely filled valence band and an empty conduction band at 0 K and is

therefore an insulator. If an impurity in a substitutional position has more (less)
electrons than the atom it substitutes, then it donates (accepts) the electron to

the conduction (valence) band and is called a donor (acceptor). If the net
concentration of charge carriers is electrons (holes), the semiconductor is said

to be n-type (p-type).
Shallow donor impurities may be modeled by considering an electron moving

in the vicinity of a positively charged donor atom, analogous to a hydrogen

atom. Unlike the case of the hydrogen atom, the electron is moving in the
potential of the donor ion in a crystalline field potential. This is taken into

account by introducing the concept of effective mass for an electron. The lattice
atoms are polarized because of the presence of the Coulombic field, which

results in its reduction so that the dielectric constant of the medium has to be
also introduced. One obtains the radius of the ground state of the electron as in

the simple Bohr’s theory of the hydrogen atom as

a ¼ 4p«�h2

m*
ee2
¼ «r

(m*
e=m0)

aB, (10:28)

where aB is the Bohr radius and is given by

aB ¼
4p«0�h2

m0 e2
¼ 0:053 nm, (10:29)

and the dielectric constant is given by

«r ¼
«

«0
: (10:30)

The donor ionization energy is given by

ED ¼
e4m*

e

2(4p«�h)2
¼ m*

e=m0

«2
r

ERyd ¼
m*

e=m0

«2
r

13:6 eV, (10:31)
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where

ERyd ¼
1

2

1

(4p«0)2

e4m0

�h2
: (10:32)

The acceptor ionization energies require one to consider the much more com-
plicated shapes of the valence band structure. The semiconductor valence band

structure consists of three dispersion relations, each of which requires to be
characterized by an effective mass of holes called heavy hole (hh), light hole
(lh) and spin orbit coupling hole (so) (Fig. 10.13). This means the energy given

in Eq. (10.31) is modified by a parameter f (m), where m is a parameter that is
obtained from the energy band structure and f (m) varies between 1.5 and 4. We

also note that the theories of ionization energy are independent of the chemical
nature of the impurities. However, one needs to include this in reality by adding

to the Coulomb potential an additional potential called the central cell poten-
tial. The shift in the energy that one obtains from including this term is often

called the chemical shift and is attributable to the difference in electronegativity
between the impurity atom and the atom of the host lattice.

Several characteristics of a semiconductor change as the concentration of

dopant increases in the semiconductor. We note that a semiconductor with low
concentration of dopants confines the electrons to the ground state of the

impurities at 0 K. Hence, the semiconductor behaves like an insulator under

E

k

e

Eg

hh

lh

so

Γ8(∪ = 3/2)

Γ7(∪ = 1/2)

∆Eso

Figure 10.13: Schematic sketch of the electron, heavy hole (hh), light hole (lh)

and split off (so) dispersion relations near the center of Brillouin zone k ¼ 0 in

semiconductor compounds.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch10 Final Proof page 858 17.11.2005 8:47pm

858 Epitaxy



these conditions. As the concentration of the impurities increase, the coulomb
potential of the impurity atoms begins to overlap one another. Electrons can

tunnel or be thermally emitted from one donor to the next. The probability of
the electron transferring increases with decrease in the distance between dopant

atoms, so that the activation energy for electron transport decreases with
increase in dopant concentration. When the distance between dopants becomes

comparable to the Bohr radius, the electrons can freely move about from one
donor atom to another, and thus the semiconductor behaves like a metal. The
transition from insulator to metal behavior in a semiconductor with increasing

dopant concentration is known as Mott transition. The criterion for this transi-
tion to occur is given by

a*
BN

1=3
crit ¼ 0:25: (10:33)

The activation energy for insulator to metal transition is described by

ED ¼ ED0 1� ND

Ncrit

� �1=2
" #

, (10:34)

where ED0 is the donor activation energy for ND � Ncrit.
As the concentration of donors in a semiconductor increase, electrons from

donors increasingly occupy higher levels in the conduction band. Since the
conduction band has a finite density of states, transitions from the valence to

the conduction band cannot occur from the top of the valence band to the
bottom of the conduction band. Consequently, the absorption edge of the

semiconductor shifts from Ec � Ev ¼ Eg for undoped semiconductor to
EF � Ev > Eg for a heavily doped n-type semiconductor (Fig. 10.14). This

EF

EC

EV

Figure 10.14: Conduction band filling due to heavy n-type doping. The absorption edge

occurs now at EF --- EV.
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shift in the adsorption edge is known as Burstein–Moss shift (Burstein, 1954;
Moss, 1961). The density of states is small for semiconductors that have a small

effective mass in the conduction band, and therefore the Burstein–Moss shift is
more predominant in these semiconductors. One can estimate the energy at

which absorption edge occurs from

E ¼ Eg þ
�h2

2m*
e

(3p2n)2=3, (10:35)

where n is the free carrier concentration and m*
e is the effective mass of the

electron.

At concentration of impurities below the Mott transition, impurities begin to
exert influence on each other. Carrier transport between impurity states initially
occurs by thermally assisted tunneling. The conduction occurring in this regime

is called hopping conduction and the conductivity is given by the formula

shop ¼
a

Tb

� �
exp �Ehop

kBT

� �g

, (10:36)

where a, b and g are constants and Ehop is the activation energy for the hopping

process and is given by

Ehop ¼ a
e2

4p«

4pND

3

� �1=3

: (10:37)

As the doping concentration increases, the energy levels of the impurity atoms

interact, split and form an impurity band (N < Ncrit). If the doping concentra-
tion increases, the impurity band widens and merges with continuum band.
Carriers propagating within the impurity band but not in the conduction

band are said to be showing impurity band conduction. The width of the
impurity band is given by

DED ¼
e2

4p«N
1=3
D

: (10:38)

The mobility within the impurity band is quite low (<1 cm2=V=s).
The dopants are distributed within the semiconductor in a random manner.

When these dopants are ionized potential fluctuations occur and these cause the
band edges to vary spatially. One of the consequences of this is that there are

states below the unperturbed conduction band edge and above the unperturbed
valence band edge. These states are called tail states and are shown in Fig. 10.15.
At high doping concentrations the band gap narrows due to the many body

effects of charge carriers. The Burstein–Moss shift and band gap narrowing
cause the Fermi level of doped semiconductors to change in opposite directions.
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At high doping concentrations the band gap energy of semiconductors

decreases. The magnitude of the reduction depends upon the doping concen-
tration and is termed band gap narrowing. The predominant reason for narrow-
ing of the gap arises from many body effects of free carriers. The interaction

between free carriers becomes important at low carrier-to-carrier distances or
high free carrier concentration. Band gap narrowing of an n-type semiconductor

causes the Fermi level to decrease whereas the Burstein–Moss shift is due to the
increase in the Fermi level.

Impurities can also introduce energy levels in the energy gap of a semicon-
ductor that are far removed from the conduction band or valence band edges.

These impurities are usually referred to as deep impurities and the energy levels
they introduce are called deep energy levels. It is frequently possible to have
more than one energy level in the energy gap of the semiconductor due to deep

centers. The deep energy levels are attributable to point defects, dislocations or
surfaces, even though pinpointing the level to a given defect is far from straight-

forward. The deep energy levels are neutral or positively (negatively) charged
and are donor (acceptor) like states. The criterion to consider the energy levels

as deep levels is simply that deep level impurities that are neutral are not
ionized by thermal energy at room temperature. It is to be noted however

that donor (acceptor) like deep centers are ionized in p-type (n-type) semicon-
ductors reducing the free hole (electron) concentration, so that deep levels can

cause the properties of the doped semiconductor to deteriorate strongly.
Deep level impurities compensate shallow dopants. In addition to reducing

the carrier concentration, they increase the number of ionized atoms so that the

Conduction band

Valence band

E

EC

EV
E

rDOS (E )
x

(a) (b)

Figure 10.15: Random distribution of impurities causing spatially fluctuating band

edges. The density of states rDOS(E) shows tails extending into the forbidden energy

gap and the corresponding tail states.
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mobility of the carriers is also reduced. Transient effect when the potential
changes rapidly are also attributed to deep energy levels. Deep centers are

recombination centers and decrease the radiation efficiency as well as minority
carrier lifetime. This is because the nonradiative transitions to the deep energy

level compete with radiative band–band recombination. The performance in
minority carrier devices, such as bipolar transistors, light emitting diodes and

lasers, are affected by deep level impurities. Unlike shallow impurities, the
carriers attached to the deep level impurities are confined to the volume of
one or two unit cells. On account of the uncertainty principle, their momentum

uncertainty is much larger enabling them to make a transition to the conduction
or valence band over a larger range of momentum. The managing of deep level

impurities requires one to learn more about their origin and their particular
association to a given structural defect. The difficulties associated with this task

have resulted in characterizing the deep levels by their energy levels. Deep
levels are important in semiconductors and determine many of its properties.

For example Cr can be doped in GaAs, InP to make them semiinsulating as
they compensate the usual shallow donors.

Dopants can be incorporated into semiconductor by one of several tech-

niques: doping during epitaxial growth, doping by ion implantation or doping
by diffusion. The ideal that one would like is that every dopant atom introduced

should impinge on the growing surface and be incorporated immediately in the
film without further movement in an electrically active state. The different

processes incorporating dopants affects strongly the manner in which this
ideal goal is reached.

The source of dopants, particularly during epitaxial growth, is either elem-
ental doping sources or chemical compounds. Elements are typically evapor-

ated from an effusion cell and directed within a vacuum environment towards
the epitaxial film for incorporation as a dopant. The incorporation rate of
impurity into the growing film is determined by the rate of evaporation, the

geometry of the source and the substrate, and the probability with which an
impurity atom sticks to the growing film. In systems that use exclusively vapors

for epitaxial growth, elemental sources cannot be used. This is because at the
ambient temperatures encountered in the reactor, the elements will merely

condense on the walls of the reactor. Doping precursors are used in these
cases where conditions are such as to favor viscous flow. However, even in

molecular flow conditions doping precursors have been used. The use of non-
elemental chemical precursors allows a wide variety of chemicals to be used.
Generally inorganic chemicals such as silane, or organic metallic precursors,

such as dimethylzinc are examples of a wide variety of precursors available. The
selection of these precursors are based upon their having sufficient vapor

pressure at room temperature, decomposition to the element at the growth
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temperature and the absence of any parasitic chemical reactions in the reactor
chamber. The incorporation of doping impurities by gas precursors is governed

by transport by convection and diffusion, thermodynamics and fluid dynamics.
The doping concentration and the desired rate of epitaxial growth determines

the impurity atom flux that is desired at the growing film. The distance of the
effusion cell from the growing film and the area of the effusion cell can be used

to estimate the flux of impurity atom at the effusion source. Knowing the
relationship between the vapor pressure and temperature of the impurity
element, one can establish the temperature of the effusion source. In practice

it is desirable to calibrate the doping concentration by growing several samples
at the same growth rate but at different effusion cell temperatures. Effusion

cells are not practical for use above 1400 8C. Hence, filament sources are used
for dopants like carbon. Calibration measurements are generally done by

measurement of Hall effect (Putley, 1960), or by electrochemical capacitance-
voltage profiling (Blood, 1986). Dopants introduced into the semiconductor

must be homogeneous along the growth axis, as well as uniform across the
growing film. Nonuniform impurity flux can cause doping inhomogeneities
along the radial direction of the film, which typically gives a decrease in doping

concentration at the edge than the center stemming from the cosine distribution
of the flux. Thickness variations can result in doping variations even when the

flux is uniform. Temporal variations of effusion cell temperature can cause
variations in dopant concentration along the growth axis.

Dopants used in III-V semiconductors belong to group IIa, group IIb, group
IV and group VI of the periodic table of elements. The many characteristics

displayed by dopants may be examined as given below. The impurities belong-
ing to group IIa are: Be, Mg, Ca, Ba and Ra. Since the radii of elements increase

at the bottom of the column IIa, they are not incorporated as dopants in III-V
semiconductors. The impurity elements at the top of the group IIa will be
incorporated in the cation sites of III-V semiconductors. Since the IIa elements

contain one less electron than the element they replace, they act as shallow
acceptors in III-V compounds. Be is a shallow acceptor in GaAs, InP. It is

nearly completely electrically active when incorporated as a dopant. Be also
does not diffuse readily except at high concentrations in GaAs. Mg has a

low sticking coefficient in GaAs grown at 560 8C. It has however a much larger
sticking coefficient in AlxGa1�x As compound. Even if incorporated, it has low

electrical activity due to the formation of MgO. Group IIb elements also act as
acceptors. Zn, Cd, Hg all have high vapor pressures and are volatile. Zn is a
shallow acceptor with high electrical activity. However, it has a concentration

dependent diffusion coefficient.
Group VI elements like O, S, Se, Te and Po tend to evaporate from epitaxial

interface because of their high vapor pressure. Their incorporation depends
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strongly on temperature. They occupy anion sites and because of the excess
electrons they possess they act as donors. Oxygen has a deep donor level in

GaAs and also has a tendency to react with aluminum containing compounds
and should be avoided. S, Se and Te are shallow donors.

Group IV elements: C, Si, Ge, Sn and Pb have four key characteristics. First,
they are amphoteric, (i.e. they can occupy either group III or group V sites in the

crystal structure). Group IV impurities are donors or acceptors depending
whether they occupy cation or anion site. Second, when the impurities occupy
both anion and cation sites there is a net reduction in carrier concentration. If the

same element causes the compensation, one refers to it as autocompensation.
Third, the electrical activity saturates at high impurity concentration. In other

words, with increasing dopant concentration the tendency to autocompensate
increases and ultimately reaches a saturation free carrier concentration. Fourth,

the free carrier concentration depends upon the growth temperature and the
ratio of the fluxes V/III. Lower growth temperature results in higher free carrier

concentration. The ratio of V/III flux makes the desired crystal site available, or a
high V/III ratio makes the Si to occupy predominately the group III site, and
results in a higher free carrier concentration. Si is a shallow donor in III-V

semiconductors. Silicon autocompensates little at low concentrations, but
strongly at high concentration regimes. It diffuses slowly and slightly segregates

along with the growing surface in MBE growth. Germanium is strongly ampho-
teric. Substrate T and flux ratio of III/V can be altered to produce either n-type or

p-type semiconductor. Sn is a weakly compensated donor in III-V, but strongly
segregates at the surface and diffuses at growth temperatures exceeding 500 8C.

Impurities introduced into a semiconductor may redistribute and move away
from the site of their original incorporation. This is clearly the possibility as the

temperature is high resulting in the smearing of sharp doping profiles. Some
impurities have a tendency to remain on the surface of the semiconductor and
are not readily incorporated into the bulk semiconductor. The phenomenon of

preferential location of impurities in the semiconductor surface is known as
surface migration. In the case of surface segregation the impurities show a

strong tendency to diffuse to the surface from the bulk. Redistribution of
impurity by diffusion is isotropic in the absence of any gradient of chemical

potential, due to the random nature of the diffusion process. In the presence of
a gradient of chemical potential, diffusion of atoms appears to follow the

direction of decreasing chemical potential. For example, in the presence of an
electric field due to an ionized impurity, the diffusion along the field is different
than diffusion against the field. Depending on the detailed mechanism of

diffusion, the diffusion process depends upon the particular point defect con-
centration, which is involved in the exchange of atoms during diffusion. The

charge state of the defect and the various point defects in a semiconductor
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makes the theoretical estimate of diffusion coefficients a very involved and
difficult one.

Doping in structures whereby the layers of interest have been grown epitaxi-
ally with a thickness comparable to the de Broglie wavelength of the carriers is a

very active area of research. Examples of such structures are heterostructures,
quantum wells and superlattices. In an attempt to reduce the scattering of

carriers by ionized impurities Stormer et al. (1978) and Dingle et al. (1978)
introduced the selectively doped heterostructures. Consider a wide gap semi-
conductor in contact with a narrow gap semiconductor (Fig. 10.16). For illus-

tration, we utilize the n-type AlxGa1�xAs semiconductor in contact with an
undoped GaAs. The Fermi energy in the narrow gap semiconductor is lower

than in the wide gap semiconductor. Electrons will therefore flow from the
conduction band of the wide gap semiconductor to the conduction band of the

low gap semiconductor. An electric dipole is established created by the electron
transfer, which consists of depleted layer in the wide gap semiconductor and the

electrons in the narrow gap semiconductor opposing the motion of electrons

Narrow band
gap side
p-type

Wide band
gap side
n-type

0

qcn q Φsn

Ecn
EFn

Evn

qcp q Φsp

Ecp

EgpEgn EFp
Evp

qcp q Φsp

Ecp

Egp

EFp
Evp

qcn q Φsn
Ecn
EFn

Egn

Evn

0

0 xn
X

∆Ec = Iq(cp-cn)

∆Ev = Iq ( cp − cn ) + Egp − EgI

-Xn

(a)
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Figure 10.16: Band diagram of two semiconductors with different electron affinities (x),

energy gaps (Eg), Fermi energy (EF), valence band energy (EV), Conduction band

energy (EC), and work function (F), (a) before and (b) after contact.
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into the small gap semiconductor. The electron flow will eventually come to
equilibrium when the Fermi levels in the two semiconductors are at the same

level. The electrons associated with donors in the AlxGa1�xAs are transferred
to GaAs surmounting the barriers and accumulating near the interface and

form a two-dimensional electron gas (2DEG). We note that the electrons are
spatially separated from their parent ionized donor impurities. Hence the

scattering of electrons by ionized impurities is reduced in comparison with a
doped bulk semiconductor. The consequence of this is an increased mobility of
electrons at temperatures where the ionized scattering is predominant. Gener-

ally ionized scattering is predominant at low temperatures whereas at room and
high temperatures charge carriers are scattered by phonons. It is to be noted in

Fig. 10.17, a spacer further divides free electrons from their ionized impurities.
The idea of spacer comes from the realization that the wave function of

electrons has an exponential decaying tail, which extends into the AlxGa1�xAs

Interface

Doped
region

Un-
doped
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Mobile
carriers

EC

EF

zc

zd

EC

EF

Y1
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Y1
(z)

Y0
(z)

Y0
(z)

Figure 10.17: Use of undoped region as a spacer.
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layer. Hence the conducting electrons will feel the ionized impurities within
this distance and will be scattered by them. This is avoided by stopping the

dopant at a spacer distance from the junction. The electron density is dependent
on the various energies labeled in Fig. 10.18, and may be calculated. The electron

density depends on dopant concentration and for a fixed donor concentration
decreases with increase in spacer thickness and reaches a maximum for zero

spacer thickness. The spatial separation of electrons from their parent ionized
impurities reduces ionized impurity scattering and permits higher electron mobi-
lities at low temperature.

Epitaxially grown semiconductors can be doped by impurities during growth.
A doping profile known as d-doping results in a very narrow doping distribu-

tion, typically one or few monolayers wide. The process of d-doping involves

tdep

dep

Espacer

tspacer

Electrons

EC

∆EC

∆EC

Ed

EG

∆EV
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EF

E0

E = 0

y x

z

Figure 10.18: Various energy levels when a spacer is used to make contact

with two semiconductors.
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three steps. In the first step, epitaxial growth is suspended. In the second step,
the doping impurities are deposited. In the last step, regular epitaxial growth is

resumed. A narrow doping distribution results and its profile may be approxi-
mately represented by a d function thus:

N(z) ¼ N2Dd(z� zD), (10:39)

where N2D is the two-dimensional dopant density per unit area, and the impur-

ities are confined to the area z ¼ zD (Schubert et al., 1988). d-doping is possible
in the absence of diffusion and other redistribution effects and when atomically

flat growth conditions are possible. The d-doping gives rise to a V-shaped
potential well as shown in Fig. 10.19. The slope of the potential well depends

upon the doping concentration. d-doping gives the designer a new arsenal in
designing device structures. The performance and speed of devices increases if

the spatial dimensions of the device structure decreases. Hence d-doping pro-
vides an increased role in semiconductor devices scaled down to their ultimate

spatial limit. The new concepts of device structures introduced by d-doping
permit devices that cannot be attained in normal homogeneously doped struc-
tures. The quantized free carrier distributions that is implied by d-doping have

been taken advantage of in fabricating many new and novel devices.
Consider the doping of super lattices (Esaki and Tsu, 1970). Superlattices are

structures, which contain alternate layers of materials each of which is only a
few atomic layers wide. An n-type semiconductor alternating with a p-type

semiconductor with a period of about 100 atomic planes is an example of a
superlattice. If the superlattice of this type is doped by the same amount

of dopant, and for sufficiently closely spaced layers, electrons from donors

Enαn2/3 Enαn

(a) δ-doped (b) Homogeneously doped

n = 2

n = 0

z0

dz
dz

z z
zd

n = 1

Nd
Nd

Figure 10.19: d-doped and a homogeneously doped potential well.
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combine with holes from acceptors resulting in a superlattice depleted of charge
carrier. The periodic potential that results is representative of the artificially

created period of the super lattice. With doping of such super lattices one can
reduce the energy gap of the super lattice compared to undoped host semicon-

ductor, enhance the life time for radiative recombination and tune the super
lattice energy gap by the excitation intensity. These unique properties have

resulted in devices, such as tunable light emitting diodes, lasers and light
intensity modulators.

Example 10.7

Obtain a simplified expression to calculate the impurity incorporation in an

epitaxial layer assuming desorption from the epilayer and incorporation in the

epilayer occur.

Consider an impurity arriving on epilayer to be given by JI (cm2=s).
Let the desorption rate of the impurity from the surface to be DCI.

Let us suppose the rate at which the impurity is incorporated into the
epitaxial layer to be KCI, where K is a constant.

Therefore, the change in the concentration of the surface of the epilayer is

dCI

dt
¼ JI �DCI �KCI:

If we assume that the incorporation rate is proportional to the growth rate Vg,

we can write

K ¼ K0Vg:

Under steady state conditions, we must have

dCI

dt
¼ 0:

Hence,

JI ¼ CID0e�Ea=(kBT) þK0CIVg:

Solving for the number of impurities, NI, we obtain

NI ¼
(JI=Vg)h

1þ
�
D0 eEB=(kBT)=K0Vg

�i :
The maximum impurity concentration achievable at the growth rate Vg and
impurity flux JI is (JI=Vg).
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10.6. Ordering in Semiconductor Alloys

Semiconductor alloys are useful because one can tailor the energy band gap to
suit a given optical and electronic application by varying the composition. In

addition, it is possible to grow some special structures, such as quantum wells,
by rapidly changing the composition during growth. Long-range periodic modu-

lation of composition oriented along specific crystallographic direction offers
the possibility of obtaining unique self-organized structures. Homogeneous
solutions of one semiconductor in another crystallize typically in the structure

of zinc blende, AB, where one can recognize two FCC lattices, one correspond-
ing to A and another to B. In a completely random solid solution such as

AxB1�xC, it is assumed that the A and B atoms are distributed in their available
crystallographic sites in a completely random manner as appropriate to the

composition. However, in actual semiconductor alloys, the random distribution
of atoms in a given lattice is not usually found. The differences in bond lengths

and bond directions in an alloy semiconductor results in strains. The atomistic
strain will lead to spontaneous ordering on the atomic scale and long-range
fluctuations in epitaxial layer thickness and composition. Two extreme cases

can be recognized. One type of deviation referred to as clustering of atoms in
which the atoms of the same kind cluster together. In a typical phase diagram,

this is reflected by the presence of a miscibility gap. Eventually at low
temperatures these alloys show a tendency to separate into two phases, such

as AC- and BC- rich phases. Ordering is found in a number of semiconductor
alloy systems. In perfect ordering one might have alternating layers of AC and

BC. In alloys, such as ACxD1�x, one can find alternating layers of AC and AD.
GaAsSb, GaInP and InAsSb are examples of alloys showing ordering behavior.

It is possible to have intermediate cases where local ordering or local clustering
can occur. In local clustering the number of A–A and B–B bonds are greater
than the number of A–B bonds, whereas in local ordering the number of A–B

bonds are greater than the number of A–A and B–B bonds. The CuPt structure
type, with ordering along (1 1 1) planes has been found to occur nearly on all III-

V semiconductor alloys for growth on the (1 0 0) plane. The structure may be
represented by (Ax�h=2B1þh=2C)1=(Axþh=2B1�h=2C)2, where h is the order

parameter which varies from 0 (random) to 1 (fully ordered). In this case, the
composition of the solid is modulated along a particular direction in the lattice

with a period of two or more lattice spacing. The crystal structure is thus
altered. The larger unit cell of an ordered semiconductor can easily be detected
in the electron diffraction pattern which gives rise to extra diffraction spots and

the intensities of these diffraction spots from single domain of ordered material
may be related to the degree of ordering that occurs in the alloy. This means, as
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shown in Fig. 10.20, the crystal structure for a random alloy changes from cubic,
Td, symmetry to trigonal, C3V, symmetry group. The effect of ordering is to

modify the band structure, usually a narrowing of the energy gap (about 300–
500 meV less). It also eliminates certain degeneracy usually in the valence band

which has an effect on the density of states and therefore on the radiative
recombination rate. The change of symmetry brings about differences in the

optical properties of the ordered alloy from those of random alloys, by provid-
ing new optical transitions, crystal field splitting and new phonon modes. These
changes are dependent on the order parameter and it is found that in a wide

range of materials and ordered structures that the valence band splitting is
related to the energy gap reduction and is proportional to h2. It is clearly a

problem necessitating its avoidance in such devices as light emitting diodes and
injection laser diodes. However, ordering could be potentially beneficial be-

cause it can increase the mobility of electrons and provide a very convenient
means of creating superlattices. One can also produce heterostructures with no

change in lattice parameters since the material composition is unchanged.
Fluctuations in solid composition have a tendency to increase the scattering of
electrons, which can be avoided with ordering. The ordered structures that are

generally possible in semiconductor alloys AxB1�xC are shown in Fig. 10.21, for
x ¼ 0:5. The larger lattice constants of an ordered phase gives rise to extra

diffraction spots and are easily recognized in an electron diffraction pattern. It
is clear that the major goal in alloy semiconductor films is to control the type of

ordering that occurs in the semiconductor film.
In order to predict the occurrence of order in any alloy we can invoke the

principles of thermodynamics according to which the Gibbs free energy of the

Zinc blendeCuPt

Figure 10.20: Change of crystal structure of an alloy as the composition is varied.
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stable phase must be a minimum at a given temperature and pressure. There are
two contributions to the Gibbs free energy: one is enthalpy of mixing and

another is the entropy of mixing. We can write for the entropy of mixing;
assuming random mixing, the expression

DSM(x) ¼ �R[x ln xþ (1� x) ln (1� x)]: (10:40)

The Gibbs free energy of mixing is given by

DGM(x) ¼ DHM(x)� TDSM(x): (10:41)

It is clear from the above expression that the entropy term predominates at high

temperatures and promotes a disordered alloy structure. The presence of order
is possible if DHM(x) < 0. Therefore, attempts have been made to evaluate the

enthalpy of mixing semiempirically and from first principle calculations
(Thurmond, 1953; Stringfellow, 1972; Keating, 1966). These calculations reveal
that ordered structure is thermodynamically unstable in bulk III-V alloys, since

the size mismatch between the atomic constituents leads to a positive enthalpy
of mixing of random alloys. The ordered structure is precluded due to the

understanding that positive enthalpy of mixing implies repulsive interaction
between constituents in an alloy. The repulsive A–B interaction results from

the strain energy attended upon packing two solids of dissimilar lattice con-
stants, so that the larger the lattice constant difference, more difficult it would

be to form the ordered state. As recognized by Hume Rothery (1963), if the
elastic energy between the boundary regions of differing compositions is not
allowed to relax via the formation of defects, such as dislocations in systems with

a large difference in atomic size, long-range order can be stable. If the enthalpy
of mixing is positive as is found in many semiconductor alloys, it merely reflects

that there are many different local environments that are strained and one
obtains the average energy of these local environments. On the other hand if

CuAu CuPt Chalcopyrite

Figure 10.21: Typical ordered structure in semiconductor alloys AxB1�xC.
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a single cluster were to be isolated and repeated periodically in a strain minim-
izing three-dimensional geometric arrangement, long-range order is indeed

possible. In other words, in strained systems different atomic arrangements
could have very different enthalpies at the same composition. Zunger (1994)

arrived at such a conclusion from first principle calculations in size mismatched
semiconductor alloys. The experimental work on ordering in semiconductor

alloys has confirmed that ordering is greatly enhanced by the existence of a free
surface nearby, so that thermodynamically stable structures are predicted for a
few monolayers near the surface. The surface ordered structures have to propa-

gate deep into the film and this is governed by the kinetics of the process. It is
also possible to have metastable bulk ordered structures to be stable in epitaxial

system. This is because on a coherent substrate, phase separation is highly
strained. When the alternative to ordering is destabilized then ordering epitax-

ial films becomes favored, so that we can have epitaxially stabilized ordered
phases, so that the phase diagram of epitaxial systems assume different bound-

aries (Mbaye et al., 1988). The CuPt structure is stabilized by the formation of
[1 1 0] rows of [�11 1 0] dimers on the surface during growth. CuAu structure is
found when the alloys are grown on (1 1 0) plane. There is however no ordering

found when other orientations are used for growth. However, much effort has
gone to determine the type of structure that would be stable, and the theoretical

conclusion is that CuPt-type ordered structure is unstable in bulk form or in
epitaxial systems in III-V semiconductor alloys, even though it is the predom-

inant structure seen experimentally (Gomyo et al., 1994). This shifted the
attention to examine the role of surface phases on the appearance of ordering

in these alloys. The clue was to be found in the structure of surface of III-V
semiconductors, which revealed dimerization at the surface, which provides the

incentive for the epitaxial layer to adopt the CuPt-type structure. The surface
composition reveals solubility much in excess of bulk solubility and there are
different types of surface reconstruction depending on the type of segregation

on the surface. It was found that the presence of certain reconstructed surfaces,
such as (2X4), was essential to induce the appearance of ordered CuPt-type

structure. In addition, it was found the type of steps present (especially [1 1 0]
steps), whether they are monolayer or bilayer, was also crucial to determine the

amount of order that can be present in the alloy.
The experimental determination of order in III-V solid solutions focused on

the role of process parameters on the ability to observe ordering in these alloys.
The parameters normally used to control ordering are substrate orientation,
substrate temperature, growth composition and flux. The ability to grow a

particular surface reconstruction by adjusting these process parameters is the
challenge that one faces in controlling ordered structures. For example, it is

found that at low temperatures and high temperatures, the amount of ordering

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch10 Final Proof page 873 17.11.2005 8:47pm

Epitaxy 873



diminishes whereas it reaches a maximum value at some intermediate tempera-
ture. The lack of order at high temperature may be attributed to entropy effects.

However, at low temperatures, the presence of steps and the absence of a
particular reconstructed surface are thought to be responsible to prevent order-

ing. The misorientation of the substrate has also a strong effect on ordering.
Large misorientations produce less ordering in the material. Higher and lower

partial pressures of V elements reduce the ordering, which is attributable to the
absence of desired surface reconstruction, or to the accumulation of excess V
element on the surface. The source used for the group V element to grow the

thin film appears to have very little effect on the ordering in the film. The higher
growth rates appear to decrease the degree of ordering. The CuPt ordered

structure is seen at 1:1 composition for the alloys. Higher dopant concentration
usually enhances diffusion coefficient and eliminates the propensity for order-

ing. In addition, step structure and high doping may alter surface reconstruc-
tion. Ordering is never really perfect so that antiphase domains and also twin

boundaries are commonly present in the thin films showing ordering. The
detailed understanding of the process parameters on the ordering is still an
actively explored area of study. In particular, the reconstruction and step

related processes in each case must be clearly understood and related to process
parameters in order to exploit the usefulness of semiconductor alloys in the

industry.
Phase separation is found in a number of semiconductor alloys. Examples

of alloys where phase separation occurs are (Ga, In)(As, P) and In(As, Sb).
A miscibility gap exists in these alloy systems, which occur over a wide range of

compositions. One can also observe clustering where the local A–A and B–B
bonds are more in number than what would be expected in a completely

random alloy. Spinodal decomposition observed in these alloys at growth
temperatures essentially degrades the semiconductor and optical properties of
the system.

Example 10.8

It is observed that the CuPt ordering occurs in Ga0:5In0:5P grown on GaAs
(0 0 1). Show the relationship of the ordering to crystallographic orientations.

The crystal growth occurs in the [1 0 0] direction.

The zinc blende structure has four equivalent <1 1 1> directions [�11 1 1],
[1 �11 1], [1 1 �11] and [�11 �11 �11] shown in Fig. 10.22. If bulk thermodynamics govern

the ordering process, then one should expect ordering equally on all the
four directions. However ordering is observed only in [�11 1 1], [1 �11 1] directions.
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In semiconductor alloys, the observation of ordering in these directions is
consistent. This indicates that the surface is playing an important part in the

ordering process. This asymmetry reflects the asymmetry in group-V bond
directions on the (0 0 1) surface.

Another asymmetry arises from the substrate misorientation from (0 0 1)
towards either [�11 1 1] or [1 �11 1]. When the substrate is misoriented towards the

[�11 1 1] direction by a small angle, one enhances the orientation. This asymmetry
results caused by the existence of step arrays descending towards the

[�11 1 0] or [1 �11 0] directions.

10.7. Strained Layer Epitaxy

The occurrence of epitaxy with misfits considerably in excess of 15% was
experimentally demonstrated by a number of investigators (Pashley, 1956).

The possibility of growing high quality epitaxial layers of different materials
on lattice mismatched materials is of considerable interest because of the new

opportunities it provides in obtaining useful devices and in extening the mater-
ial combinations that are available for epitaxy. For example, if GaAs with its
increased speed advantage and resistance to radiation and its ability to transmit

and process light signals were to be grown on silicon that has good mechanical
and thermal characteristics, one can combine the advantages of both to form

devices that can interconnect optical and electrical signals in the same device.
Strain can alter the band gap alignment and convert an indirect gap material to

direct gap material that renders it a candidate for optoelectronic applications.
Frank and Van der Merwe (1949) developed a theory of epitaxy based on the

concept of small misfit, together with the idea that the initial deposit is strained
so that there is a perfect match between the substrate and the deposit. Hetero-

epitaxy is found to occur when the misfit between the unit cells of the epitaxial

[001]

[110] [110]

A [111]–––

B [111]–

–

B [111]–

[111]–B Variant

B
B

Figure 10.22: (a) Ordering seen in [1 �11 1] and [�11 1 1] directions only and

(b) Misorientation enhancing [�11 1 1] direction.
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layer and the substrate having the same symmetry is large, or when these unit
cells have different symmetry. The initial deposit that forms occur with lattice

matching, a concept called pseudomorphism, introduced by Finch and Quarrel
(1933). The experimental support from transmission electron microscopy sug-

gests that initial nuclei that forms in an epitaxial deposit occurs isolated in many
areas and not in the form of a monolayer as assumed by Frank and Van der

Merwe. Therefore, the mechanism by which the initial nuclei form with a
certain orientation has evinced keen interest among researchers.

If the mismatch between substrate and the growing epilayer is small, the first

atomic layers, which are deposited, would be strained to match the substrate
and a coherent interface is formed. As the thickness of the film increases, the

strain energy of the epilayer becomes large enough to make the nucleation of
misfit dislocations energetically favorable. The maximum thickness above

which it is not possible to grow pseudomorphic layers epitaxially without
introducing dislocations is called the critical thickness.

The new degree of freedom allowed by the ability to grow epitaxial layer
between substrate and film with a large difference in lattice mismatch strain
implores one to examine the mechanisms of strain introduction, strain relief and

the consequences they have for technological applications. There are four
possible mechanisms for strain relief: elastic distortion of the epilayer, inter-

diffusion, roughening of the epilayer and introduction of misfit dislocations.
The strain in epitaxial layer arises from a number of sources. The major source

is due to the difference in lattice parameter between the epitaxial layer and the
substrate. When a film is deposited on a substrate and is subjected to a tempera-

ture change, the differential thermal expansion will result in thermal stresses in
film and substrate. Besides these two major sources there are other sources of

strain, which are typically referred to as intrinsic sources of strain. A small island
of film on a surface will have surface stresses on the surface, the sidewalls and on
the surface of the interface. The adjustment in lattice parameter that the deposit

has to make with these stresses is prevented by the attachment the film has to the
substrate. It is for this reason that one finds generally a compressive stress in the

film. If the film is deposited at low temperatures, there will be excess vacancies
over those required to be present at equilibrium. When the vacancies subse-

quently annihilate, there is a volume change. The prevention of this volume
change by the substrate can result in strain in the film. One can also expect

impurities, such as oxygen to have an influence on stress. In principle, any
mechanism due to imperfections in the film that lead to densification of the film
leads to tensile stresses in the deposited film. In sputtered films one observes

compressive stresses in the film. These stresses are caused by atomic shot preen-
ing. The stresses in the film can occur during growth of the film or its subsequent

thermal processing as in dopant drive-in.
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The strain relief in epitaxial layers can occur by a number of mechanisms. For
small strains the elastic distortion of the epilayer tries to match that of the

substrate. The epilayer perpendicular to interface relaxes along the interface
normal to produce a distortion of the unit call. The elastic energy stored in a

heteroepitaxial system can be lowered by interdiffusion. Roughening of the
epitaxial layer surface allows atomic bonds near the surface relax towards their

equilibrium positions. The strain relief can occur by the generation of interface
misfit dislocations. This allows epitaxial layer to relax towards its bulk lattice
parameter. This mechanism is the most prevalent mechanism. Since dislocation

introduction costs energy, there is a minimum thickness above which misfit
dislocation formation is possible.

The mechanism by which a defect-free epitaxial film can occur in an epitaxial
film under stress is attributed to surface roughening in heteroepitaxial films. An

initially flat surface under stress is unstable with respect to morphological
variations of surface shape. The surface is driven towards a shape with a cusp-

like surface valleys. The surface distortions are present as rounded peaks and
cusp-like troughs. The unconstrained lateral edges of the surface mounds allow
partial elastic stress relief (Fig. 10.23). However, there is a complimentary

additional compression of the lattice planes at the surface grooves. However,
the compression is very localized, so that the volume of the material subjected

to additional stress is much less than the volume experiencing partial relief
resulting in an overall reduction in the free energy of the system. Controlled

studies of defect-free flat and as grown films have shown that surface rough-
ening precedes dislocation formation. Surface roughening is sought out as a

potential method for growing quantum dots. The surface diffusion of atoms that
is necessary for the surface to roughen is controlled by the competition between

surface energy and the elastic strain energy of the film. The appropriate chem-
ical potential can be written in the form x ¼ V(gkþ w), where V is the atomic
volume, g the surface energy density, k the curvature and w the strain energy

Ge

Si

l

Figure 10.23: Surface roughening to relieve strain in an initially strained film.
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density. For a perfect flat film, the chemical potential Vw0 along the surface is in
unstable equilibrium compared to a film in stress. The system can lower its

chemical potential by rearranging atom positions by mass transport along the
surface, eventually leading to roughening of the surface. The usual method of

analysis is to impose on a flat surface a wavy disturbance and assess its stability.
The scale at which surface roughening occurs can be shown by this analysis to

be of the order of the ratio of the surface energy density to strain energy
density. The kinetics of evolution of surface roughening is governed by the
operative mechanism of diffusion of atoms. Si1�xGex alloys grown at high

temperatures with x values are strongly susceptible to surface roughening.
The concentration of atoms of a given kind in ripple peak regions is different

than the ripple trough regions.
Ball and Van der Merwe calculated the critical thickness in an epitaxial

system by minimizing energy of the entire system. Considering a semiinfinite
substrate A and an epitaxial layer B of thickness t, we can write the interfacial

energy EI as

EI ¼ EH þ ED ¼
mt

1� n
(e2

1 þ 2ne1e2 þ e2
2)

þ mt

4p(1� n)

X2

i¼1

ei þ f0, i

�� ��
cos gi sin bi

(1� cos2 bi) ln
rRi

bi

� �" #
,

(10:42)

where m and n are the interface shear modulus and Poisson’s ratio, respectively,

ei the strains in the x- and y- directions, b is the magnitude of the Burger’s
vector characterizing the dislocation interface, f0 the natural misfit between the

layer and the substrate, b and g are the angles between the Burger’s vector and
the dislocation line and between the glide plane of the dislocation and the

interface, respectively, Ri is the cutoff radius of the dislocation, which
defines the outer boundary of the dislocation strain field, and r is a numerical

factor that takes into account the strain energy of the core of the dislocation and
is typically 4. The critical thickness to have pseudomorphic conditions is

obtained by minimizing the expression EI with respect to ei.
The theoretical calculation of misfit thickness serves as a useful tool to find

the lower limit of thickness at which misfit dislocations are introduced. Gener-

ally the experimental support exists for the minimum thickness in metallic
systems, but in some semiconductor systems the critical thickness observed is

much larger than the calculated value. It is possible that this discrepancy calls
for an increased understanding of the mechanism of formation of interface

dislocations during the epitaxial growth. There appear to be a correlation
between the critical thicknesses of growing one epitaxial layer with growth of

coherently strained multilayer superlattices. A second critical thickness in

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch10 Final Proof page 878 17.11.2005 8:47pm

878 Epitaxy



epitaxial growth is generally reported for the condition, under which the onset
of three-dimensional growth occurs. RHEED oscillations observations have

proved to be particularly useful in determining the onset of three-dimensional
growth.

The changes in growth mode from layer to layer mode to islanding appears to
take place even without the introduction of misfit dislocations. This happens

when the surface is unstable towards changes in shape and metastable with
respect to introduction of relieving the misfit dislocations. The competition
between the elastic energy and surface energy defines this instability. Surface

under bulk compressive stress seem to readily undergo roughening, whereas
under tension the film tends to be smooth. In a thick layer there is the possibility

of nucleating both islands and pits. The equilibrium shape in many materials show
profound faceting showing the importance of surface energy anisotropy and the

finite free energy of surface steps. These have to be taken into consideration in
any predictive theory of island density, size uniformity and spatial organization.

Several workers have treated the mechanism of dislocation nucleation and it
appears that several mechanisms are possible. It is possible to conclude from
energy considerations that lowest energy state is achieved with a certain density

of misfit dislocations. However, growth at low temperatures may inhibit the
atomic motions necessary to form a dislocation. As the temperature is increased

the nucleation process can often occur at the surface. If the nucleation occurs
at the free surface and extends into the interface, the dislocation is referred to

as threading dislocation. Threading dislocations are dependent on purity, sur-
face cleanliness, growth rate and so on and their density varies according to the

process variables. Matthews and Blakeslee (1974) analyzed the net force acting
on the threaded dislocation to arrive at the critical thickness at which misfit

dislocations are favored. The critical thickness is defined as the thickness at
which the first misfit dislocation nucleates. The mechanism is attributed to the
transformation of threading dislocation, bowing and elongating to form misfit

segments under the influence of misfit stress. The forces acting are mainly two:
force acting to elongate the threading dislocation in the interface, Fe, due to

misfit strain and the force due to dislocation resisting the elongation of a disloca-
tion, Fl. Corresponding to different levels of strained layer thickness one may

have different dislocation configurations. When Fe < 2Fl, the threading disloca-
tion remains straight and the interface between the layers remains coherent.

When Fe ¼ 2Fl, the threading dislocation becomes bowed. When Fe > 2Fl, the
dislocation elongates along both surfaces. The elongation reduces the misfit
strain and destroys the coherence of the interface between the two layers.

There have been many attempts to combine the processes of misfit dislocation
nucleation, propagation and interaction into predictive models of plastic relax-

ation (Dodson and Tsao, 1987). The film thickness with pseudomorphic film can
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exceed the critical thickness as a consequence of the activation energy barriers to
the motion or nucleation of dislocations, so that one can find pseudomorphic film

even at thickness larger than the critical thickness.
The lowering of the average strain by interdiffusion can reduce the elastic

energy stored in a heteroepitaxial system. Let us suppose we have an abrupt
interface in heteroepitaxial system, say between GexSi1�x and Si. Let the

thickness of the epilayer be h0. On interdiffusion, the Ge distributes into silicon
substrate to a depth hf. The elastic strain energy per unit area is given by

Eel ¼ 2m«2 1þ v

1� v
h: (10:43)

The elastic energy per unit area before diffusion is [2m(1þ v)=(1� v)]h0«2.
After diffusion, the elastic energy is

2m (1þ v)

(1� v)

ðh¼hf

h¼0

«2(h) dh ¼ (0:041)2 2m(1þ v)

(1� v)

ðh¼hf

h¼0

x2(h) dh: (10:44)

For hf > h0, the above is less than [2m(1þ v)=(1� v)]h0«2. Therefore the strain
energy is lowered by diffusion.

If a material A wets material B, it follows that material B will not wet A.

Hence when one wants to grow A/B/A heterostructure, it is necessary to
overcome this fundamental obstacle to avoid the growth mode of the capping

layer or the growth mode of the heterolayer forming by Volmer–Weber mech-
anism. When there is significant lattice mismatch, island formation, strain-

enhanced diffusion and defects are sure to arise after some critical thickness
is grown. In order to suppress island formation, Copel et al. (1989) have

suggested the use of surfactant layer. For example, in growing Si/Ge/Si(0 0 1),
a monolayer of As was found useful to control the growth of the strained layers.

The surfactant will be effective if it segregates at the surface and must be
sufficiently mobile to avoid incorporation at a given growth rate.

The performance of several semiconductor devices, such as heterojunction

bipolar transistors are enhanced by the curtailment of misfit dislocations. One
should work with thicknesses less than critical thickness in order to suppress

dislocation formation. One can resort to alloying that can modulate misfit
strain. By introducing patterns on the substrate prior to deposition one can

serve to the limit of the extent of misfit dislocations as these act as barriers to
dislocation motion. One of the techniques used to control dislocations in films is

to vary the composition in the film thickness directions as the deposition occurs
on a bulk substrate. This technique facilitates the suppression of rapid
dislocation nucleation and enhances dislocation glide. The result is a relaxed

heteroepitaxial film with low threading dislocations.
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Example 10.9

Calculate the critical thickness for which the coherent surface is unstable with

respect to dislocation formation of cubic crystal on a cubic substrate.

Let the misfit between the cubic epitaxial layer and the cubic substrate be

given by

«xx ¼ «yy ¼
as � af

af
� «mf:

The stress associated with misfit strain in the film is given by smf.
If we consider the cubic crystal with (0 0 1) plane parallel to (0 0 1) plane of

the cubic substrate, we take the x-axis to be along [1 0 0]. The y-axis to be along
[0 1 0] and the z-axis to be along [0 0 1], we can write for the Hooke’s law the
expression,

sxx

syy

szz

0
@

1
A ¼ C11 C12 C12

C12 C11 C12

C12 C12 C11

0
@

1
A «xx

«yy

«zz

0
@

1
A,

where the C’s are stiffness constants for the film. Since the film is in a state of

plane stress, we must have szz ¼ 0. Hence, we have

2C11«mf þ C11«zz ¼ 0:

The misfit stress in the film with the (0 0 1) plane parallel to the substrate is

therefore,

smf ¼ C11 þ C12 �
2C 2

12

C11

	 

«mf �M«mf:

The interface between the film and the substrate can reduce its energy if there is

dislocation in the interface. If the spacing between the neighboring dislocations
is s and its Burger’s vector is b, then the misfit strain, «, will be

« ¼ «mf �
b

s
:

On the other hand the introduction of dislocation cost energy and this is given

by

E

l
¼ b2

4p(1� v)

2mfms

(mf þ ms)
ln

bt

b

� �
,

where b is a constant to take into account the core radius of the dislocation, l the

dislocation length per unit area, which is 2/s (for l ¼ 2s=s2 ¼ 2=s), for a square of

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch10 Final Proof page 881 17.11.2005 8:47pm

Epitaxy 881



array of edge dislocations and m is the appropriate shear modulus. Hence the
total energy, including the dislocation energy becomes,

Etot ¼Mt «mf �
b

s

� �2

þ 2b2

4p(1� v)

2mfms

mf þ ms

ln
bt

b

� �
:

The formation of misfit dislocation is favored only if

dEtotal

d(b=s)

����
b=s

< 0:

The critical thickness at which it becomes favorable to form the dislocation is
given by

tc

ln ( btc=b)
¼ 2mfms

mfms

b

4p(1� v)M«mf
:

Therefore, misfit dislocation is favored to form for thickness more than tc and
not for thickness less than tc.

Example 10.10

What is the mismatch strain and the associated stress that develops in

Si1�xGex=Si alloy film of thickness 1000 Å for x ¼ 0:25?

The lattice constant of Si is 0.5431 nm.

The lattice constant of Ge is 0.5657 nm.
The lattice constant of Si1�xGex alloy is ¼ 0:5431þ x(0:5657� 0:5431) ¼

0:5431þ 0:026x.
The biaxial elastic strain is «0 ¼ 2

af � as

af þ as
	 af � as

as
¼ 0:0416x ¼ 0:0104.

The biaxial stress is given by

s0 ¼
E«0

1� v
,

where E and v are the Young’s modulus and Poisson’s ratio of the film material.

Assuming E ¼ 2� 107 J=m3 and v ¼ 0:28 from Eq. (10.44), we obtain the
stored elastic energy density for a thickness of 1000 Å, 2 J=m2.

10.8 Defects in Epitaxial Layers

The defects contained in epitaxial structures are an extremely important aspect

of their utility in device structures (Mahajan, 2000). Any disorder at the inter-
face between substrate and the epitaxial film implies disruption of epitaxy and
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should therefore be avoided. Dislocations in an electronically active zone in a
semiconductor device diminish the charge density and also have a strong

adverse effect on optical properties. Threading dislocations that extend through
the thickness of the film can act as paths of relatively easy charge transport, as

diffusion paths for dopants or as seeds for the growth of other defects in
subsequent processing steps. The analysis of defects in materials depends very

much on each individual material combination, so that only some general
remarks can be made here. For example, the DX-type center in n-type
AlxGa1�xAs (A DX center is a donor atom which forms a complex with

another constituent.) has unusual properties as compared to GaAs. These
properties include large donor activation energy, a strong sensitivity of

the conductivity on optical radiation, as well as barriers to emission and capture.
The EL2 center, which most probably can be accurately represented as the As-

antisite defect, As_Ga, can cause undoped bulk GaAs to be semiinsulating.
Hydrogen implanted into semiconductors cause damage to the semiconductor

and these damaged regions can trap carriers. In addition hydrogen can passivate
donor as well as acceptor impurities. Oxygen, Cr, Fe are deep acceptors and can
render GaAs and InP highly resistive. Rare earth impurities provide energy

levels in the semiconductor gap that are active in radiative transitions. Mahajan
and Sreeharsha (1999) have presented in their book the important defects in

semiconductor materials in terms of defects that are either growth and process
dependent or independent. The ability to control defects in an epitaxial film

either to eliminate them altogether or to attain them at the same level that is
acceptable is one of the important contributions of the materials scientist to

assure the same quality of products in repetitive manufacturing.
In homoepitaxial layers one can expect point defects and their clusters as well

as line, planar defects and volume defects. Vacancies and interstitial defects are
among the point defects that may be frozen in at any given rate of deposition
provided the temperature of epitaxial deposition is below a certain critical

temperature. Impurities and dislocations in the substrate surface, which have
a component of the Burger’s vector normal to the surface, facilitates the

production of stacking faults and twins. Growth on (1 1 1) planes of FCC and
diamond cubic substrates due to growth accidents appear to form in a param-

eter space defined by temperature, growth rate and parameters associated with
ion bombardment. Hillocks and voids may also be observed in stressed films.

Epitaxial films that have a coherent interface with the substrate are said to be
pseudomorphic. Any nonzero misfit introduces strain energy into the
pseudomorphic film, which increases with increase in the thickness of the film.

The interface energy between the nonstrained film and the substrate is inde-
pendent of thickness. It is therefore evident that there is a critical thickness

below which the pseudomorphic film has lower free energy, but above which a
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strain relaxed film with an interface having excess energy will have the lower
free energy. In addition to the type of defects expected in epitaxial films, there

are additional defects that are possible. The interface may be diffuse rather than
sharp. The driving force for diffusion may be due to free energy contribution of

entropy of mixing that overcomes the contribution due to enthalpy of mixing.
Atom interchanges can contribute to a decrease in interfacial stress. The Gibbs

adsorption from changes in interface composition results in a decrease of free
energy. In the solid solution one may expect deviation from the random distri-
bution that is normally expected. Clustering of solute, spinodal decomposition,

metastable long-range order and phase separation are all found to occur. Non-
uniform distribution of elastic strain can also be present. Finally, the surface

may not be atomically smooth but show deviations from planarity.
Heteroepitaxial films may involve a small or large misfit strain between the film

and the substrate. The first few monolayers tend to grow pseudomorphically. The
pseudomorphic film may have the stable crystal structure or be in a metastable

phase. This provides the possibility of synthesizing new materials with useful
properties (Bruinsma and Zangwill, 1986). Consider the one component system
that can exist in two phases, a and b. DGa!b is the free energy difference per unit

volume between the a and b phases. Let ga and gb be the surface free energies of
a and b, respectively. Let gas and gbs be the surface energies of the a and b phase

with substrate. The metastable film/substrate system has a certain free energy and
because of the coherency of the interface the surface energy of the film/substrate

is expected to be very low. In order for the metastable phase to be observed, the
free energy of the stable film/substrate must be higher with its high excess energy

due to the incoherent interface. The free energy of the stable phase increases with
increase in the thickness of the film. It is therefore evident at a certain critical

thickness, the metastable phase film/substrate combination is no longer stable.
The transition should occur to a more stable phase. The critical thickness may be
obtained from

hc ¼ ga � gb

� �
þ gas � gbs

� �� �
=DGb!a: (10:45)

The possible candidate for metastable phases that may be pseudomorphically

obtained is limited by the above relationship. In solid solutions that are
obtained pseudomorphically, the stability of the pseudomorphic film can be

destroyed by phase separation.
Vacancies, di-vacancies and the defects produced by the condensation of

vacancies are expected during energetic bombardment of films during depos-
ition. Excess vacancies can be frozen in during low energy deposition at low
temperatures. The number of vacancies frozen in depends upon the vacancy

migration activation energy. Similarly self-interstitials can be frozen in at low
temperature deposition under ion bombardment. Condensation of vacancies or
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agglomeration of interstitials can nucleate dislocation loops. At very low tem-
peratures of deposition, voids can be expected to form under the conditions of

shadowing. Terrace ledge growth method is expected to introduce no excess
vacancies, but the other modes may be expected to leave excess vacancies.

Dislocations, twins and stacking faults are invariably present at the interface
when an epilayer grows by the impingement of islands. Use of surfactants,

electron beam bombardment has been found to suppress the island growth
mode by affecting the interface energy. In semiconductors stacking faults
occur within a temperature region, since they can also anneal out. The produc-

tion of stacking faults is greatly enhanced by the presence of impurities on the
surface and of dislocations in the substrate that intersect the substrate surface.

There are unique epitaxial structures, such as superlattices, quantum wells,
wires and dots that have associated defects that are mainly of interfacial origin.

A superlattice consisting of an individual component of four monolayers has at
least 50% of the atoms in the surface. Interfaces have to be characterized as flat,

smooth, rough, clean or contaminated. In addition for many applications the
composition variation has to be abrupt. Random variations in multilayer period
and interfacial roughness are the two important concerns in superlattices.

Bulk oxides are often slow to grow and show variations in stoichiometry of
cations and anions, contain stacking faults, shifts in composition causing enrich-

ment or deficiency of species and can often be grown only as a combination of
phases. Polytypism occur in these materials producing unit cells of over 100 nm

that consist of variations of ordering in stacking sequence (presumed to be due
to screw dislocations with a very large cumulative Burger’s vector). Growing

epitaxial films, which have constraints because of orientation of the substrate
can circumvent these. However growing large layers of these films introduce

translation defects (such as out-of-phase boundaries and antiphase boundaries)
that are deleterious to properties of these materials.

Hillocks may form in a film under biaxial compressive stress. A film in which

there are regions of tensile or stress-free regions provide a driving force that
drives the atomic flux from compressive regions to regions of tensile stress or

stress-free regions. Rather than relaxing the stress uniformly, the film may
choose a localized process of relieving the stress because of the ability to nucleate

and grow hillocks, especially when the surface of the film is covered with an
oxide. A similar process can also occur by the growth of whiskers in the film. The

shape of the top of the hillocks observed during growth suggests that the diffusion
of atoms prefers the path of the interface between the substrate and the film.
Nucleation theory suggests that the critical nucleus has Ncrit atoms given by

Ncrit ¼
2b

3

g

DH

� �
, (10:46)
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where b is a geometric constant dependent on the shape of the hillock, g and
DH are the surface energy and enthalpy of recrystallization from amorphous to

crystalline transformation per atom. One would expect hillock formation in
regions, which have locally high concentration of stress (large DH) and where

the interface is coherent (low g). Since nucleation process requires atoms to
diffuse and form the nucleus where the hillock grows, it is expected that the

hillocks will form after an incubation period, which corresponds to the time
required to form a critical nucleus. In addition, one may expect that there is an
incubation time associated with the time required to overcome the vertical side

motion of the hillock when the nucleus is pushed from the base of the hillock.
Chaudhari (1974) has made a simple steady state picture for estimating the size

of the hillocks.

Example 10.11

Obtain the number of atoms in the critical size for the nucleation for the

formation of CoSi2 when cobalt is deposited on amorphous silicon.

Consider the formation of a nucleus consisting of N atoms. The energy
change DH in forming the nucleus is

H ¼ �NDHc þ bN2=3g,

where DHc is the heat per atom for crystallization from amorphous to crystal-

line state, and g is the interfacial energy per atom between the crystalline and
amorphous phase. The critical nucleus is obtained from the requirement

@DH

@N
¼ 0:

Carrying out the above requirement gives the activation enthalpy for nucleation

to be

DH ¼ 4b3

27

g3

DH2
c

:

The number of atoms in the critical nucleus is

Ncrit ¼
8b3

27

g

DHc

� �3

¼ 2DH

DHc
:

Note that Ncrit is independent of b. For Si, g ¼ 0:1 eV=atom and for CoSi2 is

DHc is 0.05, which gives Ncrit ¼ 12 atoms, which is the size of the number of
atoms in the unit cell of CoSi2.
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10.9. Diffusion in Epitaxial Structures

Thin films and multilayers may undergo composition variations due to diffusion
thereby affecting many of the properties of the system. Compositional vari-

ations can also be intentionally introduced into a thin film system to achieve
certain technical objectives. The gradation of composition rather than abrupt

transition will assist in eliminating sharp transitions in elastic and plastic mis-
match across interfaces. Dislocations densities and mobilities can be controlled
by purposely introducing compositionally graded buffer layers, which are cru-

cial to the development of optoelectronic devices. Introduction of stepwise or
graded compositional variations is one way to get around problems associated

with adherence of desired coatings on to a substrate. Contact damages between
contacting surfaces can be either prevented or prolonged from occurring by the

use of graded compositions.
A number of devices will in principle allow high doping levels to be used to

improve the operational characteristics of the device. However, a number of
dopants increase the diffusion coefficient with increase in concentration, offset-
ting the advantage of using high levels of doping. An example is that of Be

which when used in concentrations above about 1019 cm�3 tends to diffuse
rapidly at the growth temperatures used. Carbon on the other hand permits

higher doping levels, allows higher temperature annealing after implantation,
and does not adversely affect reliability because it does not diffuse very much

during operation of devices. One should avoid compensation of carbon accep-
tors from hydrogen so that we reduce the nonsubstitution amount of carbon.

The introduction of stress by the reduction of lattice parameter needs to be
compensated by addition of other atom such as indium. Epitaxial growth

temperatures need to be low to avoid diffusion of dopants.
Interdiffusion is responsible for compositional changes or for the formation

of compounds. The driving force for the movement of atoms has its origins in

thermal, chemical, electrical or mechanical variations in the structures created
by thin film deposition. In thin film structures one has also the problem that the

two materials in contact have different crystal structures. In a thin film combin-
ation it is observed that only one compound forms, even though in the phase

diagram determined for the bulk phases, there may be several compounds. As,
to which compound forms under what conditions, has been pursued by several

workers.
The diffusion between different materials that are in contact with one an-

other as in superlattice layers suggests that the continuum approximation for

diffusion laws can no longer be applied. However, the superlattices can only be
useful as long as the composition does not change with time at the operating

temperatures for the devices fabricated out of them. The diffusion of elements

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch10 Final Proof page 887 17.11.2005 8:47pm

Epitaxy 887



that occur in other epitaxial and other type of structures has resulted in the
deposition of layers that act as diffusion barriers. For example, copper depos-

ited on silicon without a diffusion barrier will destroy the usefulness of the
silicon device by diffusion of copper into silicon. A diffusion barrier has the

following properties. The barrier should be in thermodynamic equilibrium
when in contact with two materials A and B, which it separates. Furthermore,

the diffusion of both A and B in the barrier material should be low. Generally
only in a single crystalline film of the barrier this can be true, but practical
implementation of this feature is nearly impossible. In electrical devices, the

barrier layer must establish low resistance contact to A and B. The barrier layer
should adhere well with A and B. Galvanic corrosion must be avoided so that

the barrier layer should not have an electrochemical potential different than A
and B. Diffusion is affected by stress in the film, so that the stress in the barrier

layer should be minimum or absent. Three types of solutions have been ex-
plored in the selection of barriers. These are generally called sacrificial barriers,

stuffed barriers and amorphous diffusion barriers. If the barrier layer interacts
with both A and B in a laterally uniform manner the effectiveness of the barrier
is determined by the reaction rate. Stuffed barriers rely on eliminating short

circuit paths in the barrier layer. This is accomplished by stuffing the barrier
layer with atoms, which purposely occupy the short circuit paths. Elimination of

short circuit paths from diffusion is achievable if the barrier layer is amorphous.
This is achievable as long as the amorphous layer does not crystallize and

transform to the equilibrium phase. These ideas have been pursued and one
finds in the literature diffusion barriers for copper proposed based on metals,

such as Ti and Ta and their binary nitrides, carbides, as well as ternary com-
pounds, which include silicon.

A common situation is when one layer reacts with neighboring layer to form a
compound by diffusion. Given that the compound forms as an intermediate
layer between the two reactants, further reaction requires that at least one of

the components must diffuse through the compound layer to combine with ore
reactant to form additional product layer. In order for the product layer to

be epitaxial, there must be coherency across the product-substrate layer inter-
face in addition to lattice matching. There is a tendency to form the epitaxial

layer compound over other compounds that may be present in the phase
diagram of the two components.

In many alloy systems Schwarz and Johnson (1983) demonstrated that
amorphous phase could form when thin film crystalline constituents react in
the solid state. A large negative heat of mixing between the component to-

gether with kinetic impediments to form the stable crystalline phase results in
the formation of amorphous phase as a metastable phase. The absence of

mobility of a slow diffusing species combined with a fast diffusing species
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restricts the ability to form the stable crystalline phase, which requires the
diffusion of both the constituents. Nucleation of amorphous phase readily

occurs at the disordered sites found in the deposited phase. As the amorphous
phase grows in thickness, diffusion controlled growth rate decreases with time.

Structural relaxation in the growing amorphous phase will exacerbate the
decrease in the growth rate. Nucleation of the thermodynamically favored

phase occurs. Thicknesses in excess of 1000 Å for the amorphous phase results
in the transformation to the crystalline phase.

Example 10.12

Copper is to be deposited on silicon to take advantage of its high resistance to

electromigration failure. Why is a diffusion barrier necessary? Consider copper

may be in contact with oxygen, polyimide and aluminum in some stage of

manufacturing devices.

Copper reacts with silicon by forming Cu2Si at low temperatures and diffus-
ing through silicides at high temperature consuming silicon and destroying any

device made on silicon surface.
The metal that eventually is deposited on silicon, like aluminum reacts with

copper and forms CuAl2, which destroys the conductivity path.
Copper forms Cu2O and covers the silicon surface by a semiconducting layer

of oxide.
Copper diffuses through the silicon because the copper oxide does not

protect the silicon underneath.
The polyimide coat is also reactive with copper.

It is therefore necessary to prevent copper from diffusing through any adja-
cent films to silicon. Copper once enters silicon is also a fast diffuser in silicon
and destroys all the electrical properties of silicon.

10.10. Artificial Epitaxy

Sheftal et al. (1972) demonstrated artificial epitaxy (also known as grapho

epitaxy) when they grew ammonium iodide from an aqueous solution on glass
substrates with a diffraction grating. Oriented films of a variety of substances

have since been grown on amorphous substrates using crystallographically
symmetrical surface relief with typical sizes several orders of magnitude larger
than atomic distances. Besides symmetrical surface relief, grapho epitaxy has

also been obtained by subjecting films to periodic thermal relief or periodic
elastic strain field. Generally the substrates on which crystallographic relief is

prepared are amorphous in nature.
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The general conditions necessary for oriented crystallization on amorphous
substrates must satisfy three important principles: pattern symmetry, side wall

angles of cells and topology of surface relief. The symmetry of the substrate
pattern should correspond to the symmetry of the material that is to be grown,

even though as a general principle the dominant crystallographic pattern of the
growth shape of the crystal plays a major role. The sidewalls are not necessarily

vertical and it is often beneficial to use sidewalls appropriate for the growth
shape of the crystal that is deposited or grown. The topology of surface relief
refers to the sizes of surface elements in the horizontal and vertical directions

and the spacing between them and an optimum size of the cells or grooves
appears to exist.

The major interest in artificial epitaxy is in the growth of large single crystal-
line films on amorphous substrates. Laser beams, electron beams and focused

and nonfocused incoherent radiation have all been employed to achieve the
growth of epitaxial layers or at least obtain useful oriented films. Numerous

shapes of beams have been tried to anneal amorphous film deposits to grow
single crystalline films. The attempt is to grow a single point nucleation, which,
in combination with a moving interface, can result in oriented growth on

amorphous substrates. Another approach is to recrystallize a small island with
a tapered end and to move the crystallization front from the tapered end, and

many variations of this approach have been applied to the growth of the
commercially important case attempting to grow silicon crystals from amorph-

ous silicon. A technique called oriented selection through planar restriction
consists of patterning a film with a narrow, planar constriction, so that only one

orientation beyond the constriction can propagate.
The mechanism of orientation in artificial epitaxy is far from established. The

orientation by topographical relief was originally attributed to macroscopic
kinks and steps and attachments of crystallites to them. The orientation action
of the micro relief is transferred via an intermediate substance (such as a liquid

phase) by means of capillary forces as a possible mechanism. Much more
extensive work focuses on zone melting of a thin film on a substrate and

accomplishing directional crystallization analogous to the growth of crystals in
three dimensions, except in the case of films, the same phenomenon is postu-

lated in two dimensions. Mechanical strains developed in a newly formed phase
are thought to influence in a newly formed phase and the there is no clear

direction as to the reasons for the development of the morphology and the
orientation of crystallites in the grown phase. Critical analyses of all these
mechanisms have been provided by Givargizov (1991).

Lateral epitaxy is a term used to denote the process whereby the orientation
of the film is determined by a single crystalline substrate from which the

epitaxially oriented film grows over an amorphous substrate. Once the film
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has been grown, it is separated from the single crystalline substrate by micro-
fabrication techniques. The growth proceeds along the substrate so that the

term lateral epitaxy is used to describe this process. A typical structure used in
the growth of a crystalline film by lateral epitaxy is shown in Fig. 10.24. Special

structures to grow the film by lateral epitaxy that involves a liquid phase or a
solid phase or the vapor phase only have been designed.

Each technique of growing single crystalline films on amorphous substrates
results in films that contain many defects. The number and distribution of these
defects are dependent on the process conditions and to a certain extent can be

minimized. The utilization of the techniques of artificial epitaxy is crucially
dependent on the nature of the defects that can be tolerated in the film for a

given application. The ability to eliminate the defects completely as would be
required for three-dimensional integration of integrated circuits is not yet in

Ga
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Figure 10.24: Beam induced lateral epitaxy.
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sight. Among the applications that benefit from growing single crystalline films
on amorphous substrates are devices based on structures of silicon-on-insulators

(SOI), devices and circuits that can be horizontally integrated on the same
substrate and three-dimensional integrated circuits.

The equilibrium and stability and free surfaces and interfaces in thin film
systems are affected by the presence of stress in the film by virtue of the small

size scale that one has to deal with. As a result one can expect changes in size
and shape of interfaces to occur over a period of time. These changes can occur
by processes, such as evaporation/condensation, surface diffusion, grain bound-

ary diffusion or grain boundary migration depending upon the temperature.

10.11. Solid Phase Epitaxy

In solid phase epitaxy a nonepitaxial film is converted into an epitaxial film on a

single crystalline substrate with transformation occurring in the solid state only.
Amorphous silicon deposited on single crystal silicon can be grown to be an
epitaxial film by crystallization. For example, silicon can be implanted into

crystalline silicon converting the crystalline silicon into an amorphous layer.
Subsequent annealing can convert the amorphous layer to a crystalline layer.

An amorphous phase is a metastable phase having free energy higher than the
corresponding crystalline phase. The only reason that the metastable phase can

exist is because of the activation energy for nucleation cannot be overcome
under the given conditions. Ion implantation and/or rapid quenching are two of

the means to generate metastable phases. Another example is the implantation
of Ge ions into a single crystal of silicon converting the silicon germanium

region to an amorphous layer to a depth determined by the energy of the
implant. Upon subsequent annealing, an SiGe epitaxial layer forms on Si
substrate, with germanium concentration profile determined by the ion implant-

ation profile. It is also possible to obtain solid phase epitaxy via an intermediate
layer. Consider the deposition of an epitaxial Pd2Si layer on silicon. If amorph-

ous silicon is deposited on this layer and the system is subsequently annealed,
silicon from the amorphous layer will diffuse through the Pd2Si layer and

grow as an epitaxial layer on crystalline silicon substrate (Fig. 10.25). One can
follow the growth of epitaxial layer in solid phase epitaxy by Rutherford

backscattering spectrometry. If one directs the incident ion beam in a channel-
ing direction, it is possible to distinguish between the crystalline and amorphous
region of the same substance by RBS. The regrowth rate can be determined as a

function of time and temperature enabling the determination of activation
energy for the process. Lau and van den Berg (1978) have collected extensive

data on the regrowth of silicon as a function of crystallographic orientation
(Fig. 10.26).
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Figure 10.25: Growth of epitaxial film in the solid state: (a) by annealing amorphous film

on a crystalline substrate and (b) by diffusion of silicon through an intermediate layer.
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Figure 10.26: Regrowth rate of silicon as a function of crystallographic orientation.

10.12. Material Characterization

Characterization of materials involves learning enough about the materials,

its structure, defects and properties that enable one to produce products in
repetitive manufacturing. Characterization techniques are either destructive or
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nondestructive. Nondestructive techniques have the ability to eliminate
bad materials from undergoing further processing, rather than wait until the

devices are fabricated, without the need to destroy them later for nonperfor-
mance. There are a number of goals that must be met by any characterization

technique. The ultimate goal is to provide some assistance to the manufacturer
that will result in establishing a correlation between the measured

property of the material and the behavioral characteristics of the device ultim-
ately produced. Correlation between structure and properties of the film are
essential for the purpose of optimizing the process techniques and to ultimately

infer the operational characteristics of the device fabricated. If in situ charac-
terization techniques are available, they assist in the real-time control of

processing. This eliminates the traditional approach to processing where one
tries to maintain the critical growth parameters at certain values. The trad-

itional growth parameters, such as growth rate, composition, doping
and morphology are tweaked at the desired values, based on ex situ character-

ization techniques. The success of this approach depends a good deal on our
ability to control temperature, gas flows and pressures etc., which are
difficult at best. The consequence is lack of reproducibility and the constant

need to dedicate the processing to test and calibration runs. Hence, character-
ization techniques are vital in the areas of substrate choice, epitaxial

growth and device optimization. We consider below some of the more common
characterization techniques that are useful in substrate choice and epitaxial

growth.
The type of characterization tools that one utilizes depends a great deal on

the type of manufacturing concerns that one has. For example, one frequen-
tly needs information about the source and substrate temperatures, fluxes

at the substrate, fluxes desorbing from the substrate, the surface structure of
the substrate, composition, growth rate, layer thickness, lattice matching,
interface abruptness, surface morphology and so on. The devices generally are

made on large wafers for economies of scale, because of high throughput, so
that the techniques must be capable of characterizing and mapping the entire

material surface. The lateral uniformity is essential to assure high volume
production and assure reproducibility and high yield in the material from

run to run. The characterization must provide opportunities for allowing
robustness of the process parameters to avoid low yield losses that occur due

to process variations and tolerances. The cost of owning the tools and operating
it results ultimately in the cost of the devices manufactured which is of critical
concern so that automation and cluster tooling are some of the avenues that are

available.
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10.12.1. Optical Methods of Characterization

A number of processes involving the interaction of photons with electrons can
occur when a medium, such as a semiconductor is illuminated by light. When

light encounters a change in the medium at any air/material boundary, a portion
of the light is reflected and the rest proceeds into the medium. Inside the

medium, light can be either absorbed or scattered. If the thickness of the
medium is insufficient to absorb or scatter all the incident radiation, the light
beam passes through the sample as a transmitted beam. The photons that are

absorbed by the electrons in the sample and the excited electrons may dissipate
their energy by heating the sample or be reemitted at a lower frequency by a

process termed photoluminescence. A rich variety of defects and their associ-
ated energy levels of electrons make an important contribution to the lumines-

cence spectra, which therefore serves as a good device to investigate these
localized energy levels associated with defects. In addition to the defects

the material may have static or dynamic inhomogeneities. As an example, the
density variations associated with propagation of an acoustic wave in the
semiconductor can scatter the incident photon beam, and this type of scattering

is termed Brillouin scattering. It is also possible for the photons to interact with
phonons, plasmons and the like and emit photons at a different frequency by a

scattering process called Raman scattering.

10.12.2. Photoluminescence Spectroscopy

Photoluminescence is one of the most sensitive nondestructive methods of

analyzing both intrinsic and extrinsic semiconductor properties. Its primary
use is in characterizing the centers that control the electrical properties of the
semiconductor. It can provide information to discriminate between centers

involved in radiative recombination.
Photoluminescence spectroscopy examines the light emission processes in

semiconductors. A laser source is used to excite the electron-hole pairs of a
semiconductor. A monochromator and multichannel detector constitutes the

detection system. This is possible if the energy of the photons falling on the
semiconductor exceeds the energy gap of the semiconductor. The electrons and

hole carry excess kinetic energy because �hv� Eg and relax to lower
energy states by giving up their excess energy to phonons. The emitted photons
have energy less than that of the excitation photons. The emission produced

by the relaxed electron hole pairs is characteristic of the band gap of the
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semiconductor as well as the energy states associated with defects in the
semiconductor. The prominent transitions are neutral-donor-to-hole (Dh), elec-

tron-to-neutral-acceptor (eA0), donor-acceptor pair (D0A0), band-band (eh),
free and bound excitons. The various transitions are depicted in Fig. 10.27.

A typical spectrum of epitaxial GaAs is shown in Fig. 10.28. The area of the
semiconductor examined at any given time depends upon the spot size of the

laser beam, which is typically in the range of 1---100 mm. The depth from which
the emission of light arises is equal to the inverse of the absorption coefficient of
the semiconductor at the excitation wavelength.

Eg hw D0h D0A0eA0 eh FE

EC

EV

Figure 10.27: The various transitions involved in photoluminescence spectroscopy.
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Figure 10.28: A typical photoluminescence spectrum.
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The experiments in photoluminescence are meaningful when conducted at
low temperatures. This is because at these temperatures the electrical carriers in

the centers are frozen. The advantages of low temperatures also stem from the
reduction of spectral broadening due to the vibration process. In addition, the

experiments will benefit if the sample is suspended freely and are mounted in
strain-free state for detailed studies.

The features observed in photoluminescence spectral order of decreasing
energy are the following: (CV) transition from the conduction to the valence
band, (X) free excitons, (D0X) and (A0X), excitations bound to neutral

donors and/or acceptors, respectively, (CA) transition from the conduction
band to the acceptors, (DA) transition from the donor to acceptor. The

exciton luminescence spectra dominate the optical spectra of many III-V
compounds. This is very sensitive to the shape of the barriers defining the

quantum well.

10.12.3. Reflection High Energy Electron Diffraction (RHEED)

Surface structural information can be extracted when high-energy electrons are
allowed to fall on a surface at a grazing angle and the corresponding diffraction

pattern is recorded. Epitaxial films grown under vacuum offer the use of
molecule and/or electron beams probe the surface of the growing film and

reveal a great deal of information about the growth process. Since the compon-
ent of momentum of the electrons normal to the surface is very small, the

electrons penetrate only a small region of the material depth into the surface,
so that surface features are measured in this technique. RHEED offers the
advantage of being extremely sensitive to lattice changes in a direction normal

to the surface of the sample. The glancing incidence angle geometry permits the
deposition process to proceed undisturbed. Reflection high energy electron

diffraction (RHEED) is a surface sensitive technique, which allows us to
measure the structural properties of the surface of a sample during the growth

process.
The magnitude of the wave vector k0 of the electron is given by

k0 ¼
1

�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m0Eþ E2

c2
,

r
(10:47)

where E is the energy of the electrons and the wavelength l related to the

magnitude of the wave vector by k0 ¼ 2p=l. Since the energies of the electrons
are high, the de Broglie wavelengths are small. These wavelengths are small and

ideal for probing the arrangement of atoms in a solid where interatomic spacing
is of the order of 10 nm.
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The electrons are nearly monoenergetic and typically are produced to have
energy of 10 keV. The electrons are focused to produce a beam of about a

millimeter or smaller in diameter. The incident beam of electrons travel very
nearly parallel to the surface. The electrons are scattered by the periodic

potential of the crystal surface. The diffracted beam also travels very nearly
parallel to the surface of the crystal. The diffracted beam is instantly recorded

on a stationary phosphorescent screen.
The Ewald sphere has a very large radius. The diffraction process leads to a

change in momentum parallel to the surface that results in a deflection of

the beam by an angle u. The large radius of the Ewald sphere will mean that
the Ewald sphere will cut the (0 0) rod almost along its length as shown in the

Fig. 10.29. Therefore, only those rods in a plane normal to the paper and
containing the (0 0) rod will contribute to diffraction. The diffraction pattern

will consist of streaks spaced a distance t, where

t ¼ L tan 2u, (10:48)

Incident vector

Shadow
edge

(0,0,0)

K(0.0)

K(1.0)

→

→

→
Kin(0.0)

-

Figure 10.29: Ewald sphere construction for RHEED.
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where L is the distance of separation between the sample and the fluorescent
screen.

We further the relationship

l ¼ 2d sin u ¼ 2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2

p sin u, (10:49)

where the lattice is assumed to be a square of lattice constant a. Assuming the
small u approximation we obtain,

a ¼ (h2 þ k2)1=2 lL

t
: (10:50)

In order to explore the lattice structure we need to change the geometry so that

a different arrangement of reciprocal rods determines the diffraction pattern.
RHEED patterns are also affected by the surface roughness. If there are

small protrusions on the surface, the electron beam passes through these bumps

and in doing so will produce a diffraction pattern more characteristic of a bulk
specimen, so that spots instead of streaks will be observed (Fig. 10.30). This is

utilized in inferring the surface topography of the specimen. This is especially
useful in molecular beam epitaxy when we are interested in forming monolayers

of films at a given time. The finite convergence and the energy spread of the
electrons results in a spread of the incident wave vector for the electrons. This

means electrons can be in coherence over a limited extent of space, which
extends typically about 200 nm in diameter. This means the regions that are

RHEED “spots” become
RHEED “streaks”

Broadened
reciprocal rod

Figure 10.30: Streak formation shown in Ewald sphere construction.
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ordered to a spatial extent less than this will produce broadening of the diffrac-
tion pattern. The analysis of intensity data to infer structural information is

beset with many problems.
The geometry of the experiment (Fig. 10.31) allows much better access to the

sample during observation of the diffraction pattern. This allows observations
to be made while the film is growing in a vacuum chamber. One advantage of

this is that one can monitor the atomic layer by atomic layer growth of epitaxial
films by monitoring the diffracted intensity of RHEED pattern as a function of
deposition time.

The specular spot intensity of RHEED pattern when plotted as a function of
time during epitaxial growth in MBE reveals an oscillatory behavior. These

oscillations are now routinely used as an analytical tool to calibrate the beam
fluxes, control alloy compositions and thickness of quantum wells and super-

lattice layers. The RHEED oscillations may be characterized by their period,
amplitude and phase and damping of the oscillations, their initial behavior at

the initiation of growth and their recovery after growth. Under favorable
circumstances these features can be analyzed to provide valuable insight into
the growth mechanisms in MBE. In order to distinguish growth induced defects

from diffraction induced effects, one can perform experiments changing the
diffraction conditions with same growth parameters or growth conditions for

constant diffraction condition.

Sample rocking

Shadow edge

20

L

Sample Flourescent
screen

a =
X

1−3�

Electron gun
(10 keV)

lL1010

Figure 10.31: A schematic sketch of RHEED geometry.
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During growth in MBE monolayer-by-monolayer mechanisms, the surface of
the sample changes from smooth to rough (at partial coverage), and back to

smooth again in the completion of the monolayer of growth. When the sample
surface is rough, destructive interference in the diffracted electron beam from

different regions of the surface decreases the diffracted intensity. When the
sample surface is smooth, the diffracted intensity is a maximum, while at half

coverage the diffracted intensity is minimum. Hence during monolayer-by-
monolayer growth, the diffracted intensity varies sinusoidally with time. By
counting the number of RHEED oscillations during growth cycle, deposition

fluxes can be easily calibrated. If the surface does not regain smoothness after
completion of each monolayer, destructive interference will cause the RHEED

intensity oscillations to decay. One can utilize RHEED intensity oscillations to
adjust the MBE parameters to maintain strong oscillations and prevent damp-

ing, so that monolayer-by-monolayer growth can be achieved. The oscillations
damping have been attributed to several causes: premature nucleation of the

second layer before completion of the first layer, macroscopic variation of
growth rate across the sample surface and formation of a steady state terrace
distribution corresponding to transition from island growth to step propagation.

One of the consequences of the latter mechanism is that the RHEED oscilla-
tions are no longer visible at higher temperatures of growth.

In addition to diffraction spots, bands of intensity usually form lines or curves
known as Kikuchi lines (Kikuchi, 1928), often with a broad, diffuse background

beneath, and these are present in the photographs of diffraction pattern. It is the
result of electrons scattering incoherently from the crystal by phonons, plas-

mons, defects or electron–electron interactions. The electrons scatter in all
directions but there is a much greater probability of scattering in the forward

directions than in all other directions. The energy loss in the first collision is
small compared to the electron energy, so that the resulting electron distribu-
tion corresponds to an electron source of almost the initial energy, with emis-

sion of electrons that is predominantly strong in the forward direction. Some of
the inelastically scattered electrons travel in directions where they can be

rescattered elastically through the Bragg angle u corresponding to the (h k l)
plane. The Kikuchi pattern is the diffraction pattern due to the elastic scattering

of electrons that have already suffered one inelastic collision. In the simple
kinematic theory, diffraction occurs for any ~kk0 that starts at the origin of the

reciprocal lattice and ends on the plane bisecting the reciprocal lattice vector~gg
(h k l). The inelastic scattering of electrons has a three-dimensional distribution,
so that the resulting Bragg diffraction of electrons are a pair of cones one due to

(h k l) and another due to (�hh �kk �‘‘). As these cones intersect the Ewald sphere, a
pair of parallel arcs is generated in the trace on the photographic film. The

intensities of these pairs are different because the diffracted beam traveling in
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the direction of the incident electron beam travels a shorter path in the material
as it diffracts from (h k ‘) (excess line) than the diffracted beam from (�hh �kk �‘‘)
(deficient line). The projection of the diffracted beam is midway between
(h k ‘) and (�hh �kk �‘‘). The Kikuchi lines between the excess and deficient lines

are 2u. The Kikuchi lines are labeled according to the reflection they are
derived from. The origin of the Kikuchi pattern is locked to the crystal zone

axis, whereas the origin of the reciprocal lattice for the elastic pattern is locked
to the beam position. Calculated Kikuchi patterns can be compared to the
experiment and allow us to obtain the misorientation angle of the substrate

(Kainuma, 1955; Gajdarziska et al, 1991).

10.12.4. Ellipsometry

Ellipsometry has been used to measure the thickness of transparent films on
reflective substrates. In situ reflection spectrometry is used as a material char-

acterization technique in molecular beam epitaxy. Ellipsometry is the art of
measuring the optical parameters of a thin film by analyzing the reflected

polarized light. A monochromatic light source, generally assumed to give
unpolarized light, provides the incident light beam. It passes through an optical

element (polarizer) to convert the unpolarized light to linearly polarized light.
Usually linearly polarized monochromatic light is incident at some definite

angle of incidence on to the sample. After reflecting from the sample, the
light turns out to be elliptically polarized. An optical element is used to

determine the state of polarization of the reflected beam. A detector measures
the light intensity. A schematic diagram of the typical arrangement for ellipso-
metry is shown in Fig. 10.32. By adjusting the amplitude and phase of the

incident beam, it is possible to transform the reflected elliptically polarized
light to linearly polarized light. This can be accomplished by inserting a polar-

izer and a comparator between the optical source and the sample. The angular
settings on the polarizer and compensator can be related to the ellipsometer

parameters C and D. tan C and D describe the changes in the amplitude and
phase in the reflected wave.

The relationship that connects the amplitude and phase of incident and
reflected light from a thin film is the basis of ellipsometry. Let us suppose we
have an incident and reflected beam as shown in Fig. 10.33. The plane of

incidence is defined as the plane that contains the incident beam and the
reflected beam. In addition the plane of incidence also contains the normal to

the reflecting surface. Let Ep and Es be the incident electric field parallel and
perpendicular to the reflecting surface. Similarly select Rp and Rs to be the
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corresponding quantities for the reflected light. Ignoring the propagation factor
for light, we can write for the amplitudes of the fields the expression

Ep ¼ Eopeiap ; Es ¼ Eose
ias ; Rp ¼ Ropeibp ; Rs ¼ Rose

ibs (10:51)

Experimental measurements have shown that Rp, s is directly proportional to
Ep, s, so that

Rp ¼ rpEp and Rs ¼ rsEs: (10:52)
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Figure 10.32: Experimental configuration to measure C and D in ellipsometry.
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Figure 10.33: Oblique reflection and transmission of a plane wave at the planar inter-

face between two semiinfinite media 1 and 2.
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We can define normalized reflection coefficient r and phase angle D by the
relationship

r �
rp

rs

¼ Rop=Eop

Ros=Eos
ei [( bp�bs)�(ap�as)] ¼ tan C exp (i[ b� a]) ¼ tan C exp (iD):

(10:53)

The parameter D is the difference in phase angle that occurs upon reflection and
can assume any value from 0 to 3608. Without regard to the change in phase the

amplitude of both parallel and perpendicular components can change on re-
flection and is given in the form of a tangent angle, which measures the change

in the amplitude ratio.
The quantities C and D are functions of n, k and d so that we can write the

equation of ellipsometry in the form

r ¼ tan CeiD ¼ f (n, k, d ): (10:54)

The specific nature of the function f and its relationship to n, k and d can be
obtained theoretically and can be related to the measurable parameters of
ellipsometry C and D. These expressions are simple for an ambient one-layer

substrate system and gets more involved if more than one layer is involved on
the substrate. The difficulty in utilizing ellipsometry is related to the compli-

cated expression for f (n, k, d), which has to be compared to assumed values of
the parameters. The parameters giving the best fit are then taken to be the

measured values. Multiple films, inhomogeneous films, rough surfaces often
occur which complicates the analysis considerably. Nevertheless, it is possible

to gather compositional and thickness control at the nm scale by ellipsometry
(Azzam and Bashara, 1977; Irene, 1993).

10.12.5. Transmission Electron Microscopy (TEM)

In order to analyze dislocations and other crystallographic defects, crystallo-

graphic details and also for performing chemical and crystallographic analysis
of sample areas micrometer or less, the TEM holds a preeminent position.

Electrons are emitted by field emission from W or LaB6 and are accelerated
(typically with 100 keV energy) by making them pass through an accelerating

potential. The high energy of electrons allows the electrons to be transmitted
through samples, typically of thickness 10 000 nm or less. The electrons pass

through a complex assembly of magnetic lenses, apertures and a sample holder
and eventually strike an image recording system. Magnetic lenses have the
function of controlling the illumination system between the electron gun and the

sample, and also act as lenses in the imaging system. As the electrons pass
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through the sample, some of them are diffracted. The high energy of electrons
implies that the wavelength of the electrons is in the neighborhood of 0.37 nm,

so that the Ewald sphere has a radius of about 250 nm�1. Compared to the
reciprocal lattice spacing of crystals, the Ewald sphere is essentially a plane

cutting the reciprocal lattice, because the sample thinness assures that the
reciprocal lattice is elongated into rods along the thin axis of the sample. Noting

that the direction of the electron beam is normal to the reciprocal lattice plane,
one identifies the diffraction pattern.

The arrangement of magnetic lenses and the position of the sample in TEM

are such that one can image the sample or the planar section through the
reciprocal space. A parallel beam of electrons is incident on the sample as

shown in Fig. 10.34. A transmitted beam and several diffracted beams emerge

Parallel beam of electrons

Diffraction plane

Image plane

Specimen

Objective lens

A, B, C are three adjacent
areas exposed to electrons
G. Diffracted beams
O. Transmitted beams

A

G

O

O

B C

C¢ B¢ A¢

Figure 10.34: Relationship of diffraction plane and image plane in a typical

transmission electron microscope.
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from the sample. The diffracted beams in a specific direction from different
neighboring areas of the sample are focused by an objective lens at G as well as

the transmitted beam is focused at the diffraction plane. The transmitted and
the diffracted beam from each point of the sample are brought to focus at the

image plane. Thus depending on the plane in which one focuses, one can obtain
either the diffraction pattern or the image of the specimen (Fig. 10.35). The

strength of the intermediate lens can be changed to view either the diffraction
pattern or image of the sample.

The magnification of images observed in TEM can be ascertained for each

machine and is controlled by the intermediate and projector lenses. The placing
of objective apertures in the back focal plane to let either the transmitted

electron beam though or one of the diffracted beams through enables one to
observe the specimen in either the bright field imaging mode or dark field

imaging mode, respectively. The latter mode of imaging can be improved by
slightly tilting the transmitted beam so that the diffracted beam follows the

optic axis of the microscope. The images can be seen either on a fluorescent
screen or recorded on a photographic plate.

The orientation of the samples can be aligned accurately by observing the

pattern of Kikuchi lines which appear as pair of light and dark lines in diffrac-
tion pattern. By utilizing a convergent beam to achieve diffraction patterns,

their interpretation enables one to gain information about the symmetry and
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Figure 10.35: Obtaining diffraction pattern and image of specimen in transmission

electron microscope.
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about the sample. The images of the sample are recorded typically by allowing
one beam (either the transmitted or the diffracted beam) to pass through the

sample. The contrast in the picture arises from the fact that the material
adjacent to the defect scatters electrons with much lower intensity than the

material through the defect. The contrast disappears in certain orientations
relative to the incident and diffracted beams and this is used to obtain the

crystallographic nature of the defect. The precise identification of all the
parameters of the defect requires the analysis of the intensity of the region
under various conditions of observation.

The real space imaging of semiconductor crystals with atomic resolution can
be obtained by high-resolution transmission electron microscopy. The image

that is obtained is from a slab of 50 to 100 lattice constants thick. The informa-
tion gathered from TEM is an average over the column of unit cells that are

along the beam directions in the crystal. One can also achieve high chemical
contrast depending on the specimen thickness and defocus value. One requires

theoretical simulation of the intensities to obtain quantitative information
about the sample stoichiometry. This is easy if the direction of the beam is
along [100] and gets quite complicated if the direction of the beam is along

other directions. One finds significant atomic roughness from the measurement
when heterojunctions are fabricated.

Problems

10.1. Aluminum is face centered cubic with atoms at the corners and the
centers of the faces of the cube. Its lattice constant is 0.404 97 nm.

Calculate the number of atoms per m2 on the (1 0 0) plane. What is
the atomic volume? What is the number of atoms per m3? What is the
height of a monolayer on (1 0 0) surface, (1 1 0) surface and (1 1 1)

surface?
10.2. The misfit between a substrate, s and the over layer, o can be defined

in one of three ways: (a) f ¼ (as � ao)=ao, (b) f ¼ (ao � as)=as and (c)
f ¼ 2(as � ao)=(as þ ao), where a is the appropriate lattice constant.

What are the advantages and disadvantages of each of the above defin-
itions of misfit?

10.3. Compare the crystal structure of CdTe with GaAs(0 1 1) and find the
lattice mismatch on (0 0 1) and (1 1 1). Which orientation is likely to
appear in epitaxial film of CdTe.

10.4. Draw a sketch of the FCC (1 1 1 0) monolayer on a (1 1 0) BCC
substrate. Relate it to (a) Kurdjumov–Sachs (1 1 1) [�11 �11 0]d k (1 1 0)

[1 �11 1]s and (b) Nishiyama–Wasserman orientation relationship.
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10.5. Consider a small island of the film of radius r and thickness t formed on a
substrate. The surface stress on the film surface is f and on the sidewalls g

and between the substrate and the film h. Find by the equilibrium of
forces the equilibrium strain in the crystal.

10.6. The volume of a vacancy in a metal film is Vv. Calculate the strain and
the associated stress in a film, if DC vacancies are annihilated in the film.

Is the stress compressive or tensile?
10.7. A pyramid-shaped island forms on top of a planar layer. The contact

angle is u. Obtain the critical free energy for the formation of such a

barrier of volume V under the misfit stress s that is compressive.
10.8. What composition of Alx ln1�x As is lattice matched to InP?

10.9. Calculate the strain energy of a uniform film. Compare this energy to a
uniform clustered film. When is the clustered configuration favored?

10.10. Calculate the elastic mismatch strain for the system Ga1�x lnx

As=GaAs(100) heterostructure.

10.11. An isotropic film with a thickness h and mismatch strain �o is on a thick
substrate. Calculate the membrane stress in the plane of the interface.
What is the stress normal to the interface? What is the elastic energy per

unit area of the surface?
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Chapter 11

Substrate Preparation

11.1. Introduction

It is unusual to utilize thin films as free-floating films. All thin films are formed
by deposition of atoms onto a substrate. Hence, the thin film and the substrate

should be viewed collectively as a system in evaluating the properties. The
selection of the substrate for deposition is therefore not totally independent

of the film, which is being deposited. For example, the substrate may be the
material on which a coating of a film is needed, or on which an epitaxial film can
be grown, or a material with a certain property such as dielectric properties or a

material with certain thermal properties to control stresses in films or heat
transfer in the substrate. The structure and properties of films are known to

depend upon the state of surface on which they are deposited. A single crystal,
an amorphous material or polycrystalline material substrate of the same com-

position will produce entirely different type of film microstructure. For any
choice of the film and substrate, the initial preparation of the substrate must

ensure that the surface is prepared in an identical condition to assure repro-
ducible properties of the film. The temperature of the substrate also governs the
eventual microstructure of the deposited film.

One hopes to work with simple systems that have an ideal surface that has
predictable properties. However, the real surfaces under atmospheric pressure

are far removed from any ideal system that we can conceive. This is because of
the fact that a fresh clean surface is extremely reactive to its environment and

reacts with all the particles that are impinging on it. It is difficult to characterize
such a surface because of the presence of weakly and strongly adsorbed particles

on the surface. A well-defined, cleanly prepared and uncontaminated surface is
therefore essential in any process of producing films with reproducible proper-

ties. In an analogous fashion when we wish to produce interfaces between two
well-defined crystalline materials as in epitaxy, the ordering and cleanliness of
the topmost layer of the substrate are crucial. Furthermore in devices that
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employ multiple layers, it is essential to have planar layer after each deposition
step so that lithographic and etching techniques can do their tasks properly.

The substrate cleanliness is dependent on the predeposition processing steps.
Generally, substrate preparation techniques are carried out outside the depos-

ition process. However, for preparation of high-quality surfaces, in situ prepar-
ation techniques prior to the deposition operation inside the deposition chamber

appear to be essential. In order for cleaning to be successful, it is imperative that
the various parts of the vacuum chamber, pieces of equipment should also be
cleaned with a high degree of attention. A contaminant is any material on the

surface of the substrate that has an influence on the formation of the film,
properties of the film or the stability of the film. Contaminants like oxygen,

carbon and sulfur, which are generally chemically bound to the surface require
heating of the sample when they may be removed as a volatile oxide, sulphide or

carbide or dissolve into the solid. If the chemisorbed atoms cannot be removed by
heating they may have to be combined with some gas, which produces a volatile

compound, which can then be removed as in the reduction of oxides in a hydrogen
environment. In some cases, the ultrahigh vacuum environment is sufficient to
obtain a clean surface as in the study of cleavage faces of mica and many ionic

solids. Materials that can be cleaved in vacuum can produce pristine surfaces but
are restricted to the study of the surface provided by the cleavage plane. Ion

bombardment can knock off some obstinate impurities but may leave the surface
damaged, which requires annealing after the bombardment process. However,

sometimes the contaminant may resurface by segregating from the bulk to the
surface during the reheating process. It is possible to evaporate the film on clean

conditions to obtain a pure film. Multilayer films deposited in a molecular beam
deposition technique will have to depend upon the cleanliness of the system to

deposit one layer of film after another. The modification of the physical and
mechanical properties of the surface is necessary for some applications. Cutting
and polishing at an angle of several degrees to low index plane can produce steps

on semiconductor surfaces. Carburizing, nitriding, carbonitriding or boriding
typically hardens several steels before any film is deposited on them say for

corrosion protection. Some techniques are available to sensitize the surface
such that nucleation and reaction is facilitated. For example, exposing them to

energetic radiation frequently sensitizes polymer surfaces that generate dangling
bonds that are capable of acting as nucleation sites. On occasions one may form a

different film layer that is essential before the actual film is deposited to enable
adhesion of the film or prevent reaction with substrate. For example, glass is
sensitized by treating the surface with stannous chloride solution leaving a small

amount of tin on the surface, which facilitates the silvering of mirror. Substrate
preparation involves all those steps that are involved in preparing the surface

prior to the deposition of the film so that one can obtain desired substrate/film
properties. It is seldom possible to have a substrate preparation technique that
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produces reproducible results without keeping records of specification, which
define materials, equipment and procedure to be used. In addition travelers,

which contain information as to what has been done to each part and the operator
response in any given situation, is essential. These are particularly relevant as

many substrate preparation techniques are developed empirically. It is important
to remember that procedures for treating the substrate cannot assume that the

initial substrate is the same and arrives in the same precondition, so that knowl-
edge of the history of the substrate is essential. One should therefore pay atten-
tion to the particular way the substrate is stored and handled during the course of

its process flow as well as after the surface finishing operations. A cleaning process
is thus good for the specific case only and cannot simply be transferred to another

situation, and the degree of cleanliness required is determined by the goals set for
each experimental situation. The lack of documentation and traveler information

often results in frustration of trying to repeat the condition of cleanliness that may
have produced a desired result in substrate film combination.

11.2. Contamination

We consider any substance as a contaminant if it interferes with either the

processing or the performance of the surface. A number of contaminants and
their origin are listed in Table 11.1. Each surface preparation is empirically

developed and must have a specification in which the materials, equipment and

Table 11.1: Some typical types of contaminants

Contaminant Origin
Information about
the material

Oxides, sulphides Reaction with ambient

Hydrocarbon, water Adsorption from the ambient

Oils, finger prints Steps used in processing Metals machined using oil

lubricants

Polymers, oils From storage and handling

Particulates Settling or electrostatic

attraction from the ambient

Plasticizers, water,

solvents, plastics

Outgassing or out diffusion

from the bulk

From plastics used during

molding

Plastics absorb solvents and

moisture easily

Silicone oils Contact with contaminated

surfaces
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fabrication process used is recorded. It is also necessary to keep a record of
what has been done to each part. Cleanliness that is adequate for a given

operation may be totally insufficient for a succeeding operation and this has
to be kept in mind in preparing cleanliness procedures.

Metals are typically covered with their own oxide layer that has a high-
surface energy and has a tendency to adsorb low-energy adsorbents such as

hydrocarbons and thereby lowers its surface energy. Metallic shapes that are
formed by mechanical processing of some kind disturb the outer surface layer
by leaving a work-hardened layer. In addition, lubricants used during the

shaping of the metal, solid particulates generated during fabrication may be
incorporated in or beneath the surface. Oxides form on metals with a change in

the volume that results in stress in the oxide that can lead to porous oxides or
spalling of oxide. Some oxides such as Al2O3, Cr2O3, SnO2 and so on can form

a protective layer on the metal. The oxides are semiconducting depending on
the number of native or nonnative point defects. Generally, pure oxides are

insulating if they have limited point defects. Alloys typically exhibit a different
composition at the surface than in the bulk. Metals of different kind in contact
with each other can either form compounds or provide the necessary driving

force for corrosion processes. Some intermetallic compounds are conductive,
stable and mechanically very hard.

Ceramic materials of ionic or covalent compounds are generally quite brittle
at room temperature and can be amorphous or crystalline. The composition of

the amorphous materials such as glass is quite sensitively dependent on the
method of processing. The coating of tin oxide that is invariably present in float

glass, and the hydrated surface region of glass exposed to moisture are typical
situations that must be taken into account in preparing the substrate. Glasses

used as substrates in many applications are treated such that the surface is
in compression, which assists in controlling the fracture process in glass. Some
of these techniques involve the use of nucleating agents such that the material

becomes crystalline in selected regions and forms what is generally known as
glass ceramics. A sintering process generally is used to obtain ceramic sub-

strates. The substrates are generally porous and grinding, and polishing the
ceramic does not always produce a perfectly flat surface because of the small

grain size of particles and often leaves surface flaws. The semiconductors, which
are obtained by melting and cooling, can be cut and polished to provide a clean

and flat surface, and they are the preferred substrates for many applications.
Polymer surfaces are dependent on the functional groups present on the

surface. The nature of the surface also depends upon the environment. The

extent of cross-linking of the polymer determines the mechanical properties at
the surface.
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The major concern in the electronic and storage products industry is the
contamination by particulates. Particles cause yield loss. A particle can itself

be a defect or it may cause a defect even after the particle has left the surface.
Since the minimum feature size of electronic and storage devices are constantly

shrinking, the sizes of the particles that can contribute to failure by physical or
mechanical causes have also decreased and can be lower than 0:1 mm. Examples

of failures due to particulates are when the particle masks an area that should
be left open in the photolithographic process, or when particles cause shorts
between two conducting regions. When particles react with film on which they

occur, the identity of the particle is also important. Since particulates can never
be completely removed, it is essential to have statistical models that predict the

yield of a product as a function of controllable variables of the particles.
(Beadle et al., 1985).

Particles are present in the gaseous environment and are referred to as
an aerosol. The properties of an aerosol are a function of the properties of

gas as well as that of the particle. The principal property of interest of particles
is its size expressed as a diameter. The concentration of particles in an
aerosol determines its behavior and is expressed as numbers per unit volume

or mass per unit volume of gas. Two properties of crucial interest are the
motion of particles in aerosol and the force with which particles adhere

to surfaces on which they deposit. The forces that are responsible in deter-
mining the characteristics of particles are drag forces, gravitational force,

inertial force, diffusion, electrostatic force, interparticle forces and adhesion
forces and are generally well known in mechanics. The concentration of par-

ticles in a gas, the distribution of particle sizes is useful in the design and
deployment of appropriate instrumentation to control particles and reduce

their number.

Example 11.1

Obtain an expression for the terminal velocity of particles in air at 20 8C at

1 atm as a function of particle diameter. Plot the result.

A particle moving in a fluid experiences a drag force opposing its motion.

This force arises because the particle has to push the molecules of the fluid away
from its path and furthermore, there is friction between the surface of the

particle and the fluid molecules. According to Stokes, the force acting on the
particle called the drag force, Fd, is given by

Fd ¼
3phdv

Cc
,

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch11 Final Proof page 915 17.11.2005 8:50pm

Substrate Preparation 915



where h is the fluid viscosity, d is the particle diameter, v is the relative velocity
between the particle and the fluid and Cc is a slip correction factor. The force of

gravity, Fg, acts on all particles and is given by

Fg ¼
pd3

6

� �
rp � rf

� �
g,

where rp � rf is the difference in particle density, rp, and the density of the
fluid, rf.

By setting the drag force equal to the gravity force we obtain the terminal
velocity of the particle and is

Vt ¼
d 2(rp � rf)Cc

18h

" #
g ¼ tg,

where t is known as the relaxation time. The slip correction factor due to

Cunningham is given by the expression

Cc ¼ 1þ l

d

� �
2:514þ 0:800 exp

�0:55d

l

� �� �
,

where l is the mean-free path of the gas molecules. The terminal velocity as a

function of the particle diameter for air at 1 atm and 20 8C is plotted in Fig. 11.1.
The settling velocity of particles is very low for small particle sizes.

Example 11.2

Estimate the number of particles that collect per unit area on a horizontal

surface by diffusion of particles.

Small particles are bombarded by molecules in the gas and execute Brownian

motion.
The average distance, x, a particle travels is given by

x ¼ (2Dt)1=2,

where D is the diffusion coefficient and t is time. The diffusion coefficient is

given by

D ¼ CckBT

3phd
:

The diffusion flux of particles to a surface is given by

J ¼ n0
D

pt

� �1=2

,
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where n0 is the particle concentration in the gas far from the surface. The
number of particles collected per unit area by diffusion on the surface in time

t is N (t) and is given by

N(t) ¼ 2n0
Dt

p

� �1=2

:

The number of particles collected per square centimeter of horizontal surface

versus particle diameter for collection by gravity and diffusion is shown in
Fig. 11.2.

In order to protect critical components from contamination during process-
ing, handling and storage, the design of clean rooms is essential. Ultra fine

particles are generated primarily by combustion or evaporation at elevated
temperatures, followed by homogenous nucleation and condensation while
the gas cools. All heated surfaces in a room are the source of these particulates.

Ultra fine particles are also much more reactive chemically because of their
large surface energy to volume ratio. Ultra fine particulates are not easily

dislodged from surfaces and require aggressive solvent cleaning for their
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Figure 11.1: Terminal settling velocity in air versus particle diameter. Conditions are

20 8C, particle density 1 g=cm3, and 1 atm.
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removal. Filters of advanced design are generally used to purify gases and
liquids used in processing. Air currents and turbulence and the elimination of

electrostatic charging of insulator surfaces have to be controlled. The measure-
ment of equipment and process contamination requires a careful analysis of

statistical design of experiments. Even when the contamination in the room and
equipment is controlled contamination resulting from human intervention in
processing needs to be also controlled. This is accomplished by the use of

special protective garments and tools developed specifically to lower the con-
tamination or by elimination of human involvement altogether. Particulate

contamination can also come from gases, which are fed through pipes due to
a variety of wear and tear and corrosion mechanisms occurring in the pipes.

Ultra pure gases and liquids are a practical necessity in fabrication of device.
Water with a high resistivity (>15 MV) is routinely used to rinse substrates since

it leaves minimum amount of residues.
Fluids are used in removing particulates and one must ensure that the fluid

baths are continually filtered and monitored so that decisions can be made as to
when to replace the fluid. There are several techniques of bringing the fluid in
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Figure 11.2: The number of particles collected per square centimeter of horizontal area

versus particle diameter collected under the influence of gravity and diffusion.
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contact with the substrate such as soaking, scrubbing, spraying, ultrasonic
cleaning or megasonic cleaning. Soaking clearly takes time and is not suited

to manufacturing environment but is essential for removing stubborn contam-
inants. Mechanical disturbance of the fluid is needed to take the contaminant

away from the solution. Scrubbing removes large particles when a brush rotates
across the substrate surface. The brushes are made from hydrophilic material

and it never touches the surface as the scrubbing solution always remains
between the two hard surfaces i.e. the substrate and the brush bristle. High-
pressure fluids can be sprayed on the substrate and are suitable for removing

large particles. Air can only remove particles larger than 10 mm whereas liquids
can remove smaller particles. The mechanical action of the liquid jet is caused

by the change in velocity of the particle relative to the surface. However, the
full force of the jet is not felt by the particle because of the presence of the

boundary layer of the fluid on the surface of the substrate. A major problem is
with static electricity, which is a function of the pressure and resistivity of the

water. Ultrasonic method uses energy above 20 kHz and dislodges particles
from the substrate. High-intensity sound waves produce fluctuations above and
below the ambient pressure forming cavitation bubbles. In the reduced pressure

cycles the bubbles tend to form and grow, and in the increased pressure cycles the
bubble growth stops and bubbles either oscillate or collapse. The collapsing

bubble releases sufficient energy to overcome the force of adhesion of the
particulate and removes it. The liquid in contact has to remove this particle

before it attaches to the surface again. Compounds used in polishing and large
particulates can be removed by ultrasonic cleaning. Damage to the substrate and

the inability to process large number of substrates at a time and the difficulty of
using reactive solutions are some of the disadvantages of this technique. In

megasonics the operating energy is higher than 800 kHz. Particles are physically
forced from the substrate by the very high-frequency sonic pressure waves
generated in the bath liquid. Megasonic cleaning is ideal for smooth surfaces

but does not work very well on configured surfaces.
After any wet cleaning process the substrates must be thoroughly rinsed in

ultra pure water to avoid any residues on the surface. Usually, the resistivity of
the water from the cleaning apparatus is measured and rinsing is continued until

the resistivity of the water reaches values higher than 12 MV. The surface is
dried quickly thereafter. Anhydrous fluid may also be employed in drying when

they displace water and subsequently evaporate from the surface. Drying of
ceramics, which have trapped liquids in capillaries, are more difficult. Spinning
at a high velocity can dry surfaces. They can also be blown dry using a high-

velocity gas stream. Charge build up should be prevented if the gas is ionized.
The science and engineering of measuring, controlling, designing and analyz-

ing data about contamination has been carried to a high degree of sophistication
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in the case of semiconductor device fabrication. Both particulate and film
contamination become increasingly difficult as the size of the particles de-

creases and the dimensions of the devices shrink. The tremendous influence
that contaminants have in influencing the yield of devices shows that increasing

attention has been paid to the methods of controlling contamination. A brief
and incomplete summary of the various source of particulates and some of the

methods of overcoming the same are shown in Table 11.2. Recontamination is
clearly a possibility and should be avoided at all costs. The rate at which
recontamination occurs depends upon time, temperature and the nature of

environment that the substrate encounters. Recontamination can also occur in

Table 11.2: Particle sources

Environmental
factors Some sources Typical methods of control

Particulates Combustion and evaporation

Viruses and tobacco smoke

Control of environment and

clean rooms

Ambient gases Airborne particulates Filtration of air through fibrous

filters

Low velocity gas flow, use of

ionized air

Attraction of particulates by

electrets

Human clothing

and behavior

Mechanical abrasion Control of clothing, skin,

cosmetics, antistatic

measures, behavior

Gas supplies Gas piping from wear, exposure

to ambient, corrosion, leaks,

vibration, thermal cycling,

flow patterns

Filtration at point of use

Elimination of electrostatic

charging

Non-contaminate plumbing

Process induced

defects

Processing equipment Reactor design

Reactive gases Contamination in gases Purified gases

Fluids Contamination Filtration by membrane filters

Surfaces Mechanical rubbing of surfaces Special low contamination

tools, materials, good house

keeping, vacuum tooling
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the deposition chamber itself. Much care and attention has to be devoted to this
aspect and some of the concerns are listed in Table 11.3.

11.3. Cleaning Processes

All activities that are employed to reduce the level of contamination on the
substrate qualify to be called cleaning processes. The desired level of cleaning is
dictated largely by economic considerations and does not necessarily yield a

perfectly scientific clean surface. The purpose of cleaning step is to remove
surface particles as well as organic and inorganic contaminants, and prepare a

clean surface prior to the specific process step. It is not uncommon to have three
or four successive steps to insure a cleaned substrate. It is necessary to avoid

recontamination that can occur due to the processing environment or in the
deposition chamber prior to the deposition step. Cleaning is typically done

externally first and is followed by in situ cleaning in the deposition chamber
when necessary. A simple and effective cleaning process that can economically
produce the desired product in a reproducible way is the desired goal in

cleaning operations.
Gross contamination is generally addressed externally prior to the prep-

aration of the substrate for deposition. Thick oxides are removed by stripping,
which involves their removal by mechanical or chemical means. The parts in the

deposition chamber as well as the substrate are to be treated for removal of
contaminants. Untreated parts of the deposition chamber are a source of

contamination due to flaking that invariably occurs during deposition. Mechan-
ical removal of the more aggressive contaminants is necessary on occasions and

Table 11.3: Recontamination

Source Typical examples

Oxidation of reactive materials Si, Al will oxidize virtually instantaneously

Adsorption of vapors Mostly hydrocarbons

Environment, poor handling, handling between

process steps

Processes used for cleaning Improper rinsing

Storage and handling Function of the environment and surface condition

During the processing in the

reactor

Primarily due to various sources of gases in the

reactor
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brings the material in moving contact with abrasive powders or surfaces in
either a dry or a wet medium. Pickling, which usually involves immersion in

an acid solution chosen to be appropriate to the material in question, can
usually remove the contaminants.

The most effective cleaning process is based on a proper understanding of the
nature of forces that attract the contaminants to the substrate in the first place.

Each cleaning process is particular to the specific type of materials and pro-
cesses that are involved. For example, silicon dioxide particles during depos-
ition from silane require different treatment than iron oxide due to rust that

occur in stainless steel pipes carrying fluids to a process operation. The contam-
inant’s nature spans the entire field of inorganic, organic and organometallic

origin. Only some general guidelines can be given to understand the type of
cleaning processes that are employed in the industry.

There are a number of different types of interactions between particles and
the substrate. The forces that hold the particles on surfaces are strong functions

of the particle’s chemical composition, size, shape and environment. The most
general interaction between particles and the surface is due to Van der Waals
interaction. Several workers have investigated the interaction between a par-

ticle and a surface (Ranade, 1987), and the result is expressed in terms of a
characteristic constant called the Hamaker constant. The constant is a function

of particle and surface compositions, the hardness of the materials involved and
the shape and the surface topography of the interacting bodies. The force of

adhesion depends on the distance of separation between the interacting bodies
and the properties of the medium within which the interaction occurs (Bowling,

1985). For example, there is a tremendous decrease in the force of adhesion
when a liquid medium intervenes than when the medium is a vacuum, which

favors wet cleaning as opposed to dry cleaning processes. Particles that carry a
charge interact with neutral surfaces or surfaces that carry charges by electro-
static interaction. The larger the dielectric constant of the medium, the smaller

is the electrostatic force of adhesion. When two different materials are in
contact they develop a contact potential due to the difference in the work

function and local electronic energy sates. The potential that results from the
tendency of electrons to reach an equilibrium state attempting to make the

Fermi level in the two materials to a constant level results in this contact
potential, which can be up to 0.5 V. This force is larger, the larger the size of

the particle and is sensitively dependent on the adsorbed impurities. Whenever
a particle/surface system is exposed to humid conditions, the presence of a
liquid film draws a particle toward the surface due to capillary condensation.

The capillary force is given by 2pdpg where dp is the particle diameter and g is
the surface tension of the liquid medium. Particles in a liquid can acquire a

specific surface charge due to a variety of reasons: preferential adsorption of
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ions, dissociation of surface groups, isomorphic substitution, adsorption poly-
electrolytes and accumulation of electrolytes. An equal and opposite counter

charge appears in the solution. The counter ions usually are spread over in the
liquid to form a diffuse double layer. The interactions that are observed can be

lyophobic (or hydrophobic when water is the medium) or lyophillic (hydrophilic
when water is the medium). Lyophobic interactions are attractive because the

attraction of two interacting surfaces leads to the ejection of liquid between
them, and result in the coagulation of particles. Lyophyllic groups tend to
strongly repel each other so that the particles will remain in the liquid. The

design of a cleaning process is thus an involved scientific process, even though
most commonly encountered cleaning processes are developed and implemen-

ted on a very ad hoc basis.

Example 11.3

Calculate the force of attraction between 1 mm silica particle and (a) planar

bare silicon surface (b) silicon wafer covered with a thick layer of silicon dioxide.

Assume the medium is (i) air and (ii) water.

The force of adhesion between a spherical particle of diameter dp and a

planar surface is given by

FAd ¼
A132dp

12Z 2
0

,

where dp is the diameter of the particle labeled 1, Z0 is the distance between the
particle and the planar surface labeled 2, and the medium in which the inter-

action occurs is given by the label 3 (Fig. 11.3).
We note,

Aij ¼ Aii Ajj

� �1=2
:

For silicon A22 ¼ 24:8� 10�13 erg, silica A11 ¼ 8:5� 10�13 erg, water A33 ¼
4:4 � 10�13 erg.

The Hamaker constant A132 is given by A12 þA33 �A13 �A23.
For bare silicon surface A132 ¼ 2:36� 10�13 erg.

For oxidized silicon A132 ¼ 0:67� 10�13 erg.
Hence the force of adhesion for bare silicon surface is 0.4 mdyne and for

oxidized silicon surface it is 0.11 mdyne.
It appears that in order to remove particles from surfaces one needs to apply

a force that exceeds the adhesion force of the particle to the substrate. These

forces are provided by a variety of means such as vibratory or mechanical
action, hydrodynamic or aerodynamic drag and wet or dry chemical action.
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The removal of gross contamination or large particles usually requires the action
of an abrasive on the substrate and one has to be certain that the substrate is not
damaged during the process. In order to remove small particles effectively

pressurized fluid gases, ultrasonic or megasonic waves are utilized. The me-
chanical action together with assistance of a low ionic surfactant detergent in

the medium can effectively contribute to the removal of particles. Typical liquids
used are deionized water, solvents such as isopropyl alcohol and methanol to

remove the traces of organic contaminants and speedup the drying process.
Specific type of contaminants requires chemical techniques for their removal.

Etching is one common technique for removing surface contamination. It can
remove oxides, eliminate or blunt cracks in the surface of brittle materials, and
remove strongly adherent contaminants. The product of etching should also

be removed from the surface of the cleaned surface; otherwise a smut remains
on the surface. Materials susceptible to hydrogen embrittlement should avoid

acid etching or the substrate should be baked at high temperature in vacuum
after acid etching. Preferential removal of elements in the substrate by the etch

solution should be avoided as this can change the nature of the surface from
basic to acidic type. Vapor-phase etching is done to avoid problems associated

with wetting of the chemical with the substrate and to etch complex surfaces.
Using appropriate fluxes generally dissolves oxide films, and surface layers are

 A132dp

12Z 2Sphere-planar surface FAd =

dp

Z0

1 3

2

0

Figure 11.3: The attraction of a spherical particle and a planar surface.
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generally dissolved by the liquid medium and floated away. Electrolytic etching
is utilized by making the conducting substrate the anode of an electrolytic cell.

Electroless electrolytic cleaning is possible if one were to exploit the difference
in electromotive potential to remove material from one surface and deposit on

another.
Ionic materials such as salts can be removed by dissolving them in polar

solvents, like water and water alcohol mixtures. Nonpolar contaminants, like oil
can be removed by chlorinated hydrocarbon solvents, which have problems in
depleting the ozone layer of the atmosphere, and are being phased out. The

toxicity and carcinogenic effects induced by these chemicals is another source of
major concern. The effectiveness of the solvent in removing the contamination

is governed by the solubility parameter, which generally increases with increase
in temperature. Petroleum distillate solvents are employed when water contact

with substrate is undesirable. Carbon dioxide in its critical fluid state can prove
to be a good solvent. A typical cleaning sequence of solvent cleaning is trichol-

roethylene, acetone, methanol and isopropanol. Natural or synthetic organic
agents combined with water are often used as cleaning agents and have the
additional advantage of biodegradability and hydrocarbon contaminants are

removed by dissolving them in these solvents.
Organic fats are converted into water-soluble soaps by the use of saponifiers.

Alkaline cleaners dissolve silicates, borates, carbonates and citrates. These are
particularly valuable in cleaning aluminum and magnesium containing mate-

rials. It is typical to utilize alkaline cleaners when they are hot. Alkali salts that
adhere to the surface have to be removed by acid dipping followed by rinsing in

water. Detergents are used in cleaning when only mild cleaning is required.
Detergents surround the contaminants, taking them into suspension (emulsify-

ing) without actually dissolving the material. Wetting agents and surfactants
enable the cleaning by loosening the contaminants from the surface. Surfactants
reduce the interfacial energy of the materials in contact. Insoluble residues left

by metal ions in water reacting with ions in the soap produce inorganic residues.
Residues have to be removed by cleanings with deionized water. Several other

additives such as pH adjusters, deflocculants and corrosion inhibitors are also
commonly added to the chemicals to adjust the chemicals to suit particular

situations.
Reactive cleaning employs liquids, gases to react with contaminants and

produce a soluble product or a volatile product. A number of oxidative cleaning
fluids are employed in the semiconductor industry. Reactive gas cleaning uses a
reaction with a gas at high temperature to form a volatile product. Gaseous

oxidation cleaning is used whenever the surface is not subject to oxidation and
one can remove the carbonaceous material by forming CO and CO2. Hydrogen

or forming gas is often used to remove hydrocarbon contamination.
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The general remarks made above with respect to cleaning should be aug-
mented by the procedures that have been developed for individual materials.

These are available in numerous places and are collected in the Handbook
series published by the American Society for Materials International.

11.4. Cleavage in Ultra High Vacuum

One way to prepare fresh, clean and well-defined surfaces is by cleaving brittle

materials in an ultrahigh vacuum. One must have the means of transferring
mechanical pressure to the specimen. Mechanical feed, through magnetic or

electromagnetic devices that can be controlled from outside the vacuum cham-
ber is thus essential. If the specimen to be cleaved has a notch in it, it is easier to

cleave the crystal. For obtaining several specimens multiple notches in
the sample are helpful. If the orientation of the face is not important in the

experiment, one can produce particles with many differing orientations by the
help of a magnetically operated hammer. Large total areas consisting of many
particles of differing orientations are thus obtained. Cleavage method is pos-

sible only for materials that are brittle (oxides, halides, semiconductors, ionic
solids). It is only possible to study certain orientations of the crystal since

cleavage occurs only on special planes. These planes represent the planes
where the minimum number of covalent bonds is ruptured in covalent solids

or the compensation of electric fields within the cleavage planes occur in ionic
crystals. Some of the materials that cleave in special cleavage planes are as

follows: alkali halides {1 0 0}; ZnO {1 0 1 0}; Si{1 1 1}; GaAs{1 1 0}.

11.5. Ion Bombardment and Annealing

The impingent of energetic ions on a solid surface brings about a number of
effects that may be beneficial to thin film deposition. Ions have mass that are

similar to that of the atoms so that they can transfer kinetic energy efficiently
when they collide with atoms in elastic collisions. Ions can transfer sufficient

energy to move the atoms around in the film. The energy of the incident ions of
a few tens of eV is all that is needed to displace an atom from its site on a solid

or to dissociate a molecule into fragments or to displace atoms at the surface
into the vapor as in sputtering. In general there are four categories of effects by
ion bombardment when the ions have energies in the range of a few eV to a few

keV. These are surface effects, ion implantation, bulk atomic displacement and
sputtering.
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Ions return to the vapor phase after colliding elastically with atoms and
transferring some energy and retaining the remaining portion of the energy. If

the mass of the incident ion is less than that of the target ion then conservation
of energy and momentum requires the reversal of the direction of ion travel, so

that the ion returns to the vapor phase. The energy with which the ion returns,
and the direction of its travel depend upon the details of the interaction

between the ion and the target atom. For example, when the ion is in the
direction of a crystallographic direction along which there are channels the
ion can enter the solid for considerable distance before scattering. Similarly,

ions hitting amorphous solids will not traverse these long distances. Reflected
energetic ions can bombard the depositing films and may be implanted in it. If

the sputtering gas has a high mass then this problem can be minimized.
The incident ion can cause a molecule to dissociate and convert it into

reactive fragments. These reactive species may combine with other ambient
gas to form compounds that are much more stable. Ion activated reaction of

adsorbates with a surface to form volatile compounds is a key factor in plasma
etching of materials. With gaseous precursors one can also utilize chemical
activation to deposit films. The focusing of ion beams can be combined with

chemical activation to write and repair photo masks with a fine resolution.
In the energy range between a few eV and a few tens of eV, the bombarding

ion can move the surface atom around. Ion induced desorption is a key tech-
nique to cleaning the substrate prior to film deposition. When the energies are

higher, adsorbates are also removed by sputtering. Since ions can also be
implanted or create damage at the subsurface it is important to have control

of the energy in preparing clean substrates. However, one has competition with
removing the adsorbates with formation of compounds from dissociated mol-

ecules so that common contaminants, like water, CO2 and hydrocarbons are
very difficult to remove from metal targets or substrates.

Cleaning by ion bombardment involves the removal of the topmost layer of

the substrate by sputtering when inert gas ions strike the surface of the sub-
strate. It is necessary to anneal the substrate after ion bombardment to remove

any embedded and adsorbed noble gases. It is necessary to repeat the process
several times to obtain a reproducible crystallographic surface. It is necessary to

follow the progress of the cleaning by tools, such as low energy electron
diffraction until one gets sharp LEED pattern and with Auger electron spec-

troscopy until one gets reproducible composition. It is important to note that
LEED can only give information about distances of coherent length, which is
typically 10 nm, and AES can detect impurities of about 10�3 monolayers.

Annealing is done either by electron bombardment or by ohmic heating. The
technique, while applicable to all materials is of concern when applied to
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compound materials because of the differing sputtering rates of the elements
and consequent change in the composition of the substrate.

For pressures higher than 10�8 torr, the substrate surface consists of adsorbed
species that saturate the surface bonds and therefore hinder the direct bonding

between the deposited film and the substrate. When one adopts sputter cleaning
to remove the impurities from the surface, the cleaning is not always effective

since the time interval between cleaning and deposition is usually long enough
to guarantee complete monolayer coverage of the substrate. The inert gas used
in sputtering may not be of sufficient purity to prevent such processes as

oxidation of the surface of the substrate. Sputter cleaning in addition may
cause the less stable amorphization of the surface or can induce surface recon-

struction to a more stable surface. If the ion energies are greater than 25 eV,
they can promote desorption of impurities if the process is carried out at higher

temperatures. Therefore, the use of ions can greatly enhance adhesion between
the film and the substrate. In a process known as ion-stitching adhesion can be

improved further if the high-energy ions are used initially in deposition when
the ions penetrate the surface, followed by deposition at lower energies (Baglin,
1991). The ion implantation produces dense trails of ionization and direct

collision displacement of substrate atoms. The randomness with which atoms
are displaced and the disruption of electronic bonding cause the formation of

fresh bonds across the interface. Such an example is the ion stitching of dia-
mond, like carbon with silicon substrate.

The incident atoms on the substrate carry with them kinetic energy and
influence the structure of the film that ultimately forms on the substrate. The

kinetic energy carried by the atoms depends on the method of deposition and
vary from a small value of around less than 0.5 eV typical of thermal evap-

oration to as high as 100 eV typical of ion beam deposition of atoms. The incident
atom can also transfer a fraction (usually one third to full) of the heat of
vaporization per atom depending on the number of bonds it makes on adsorp-

tion.
In thermal evaporation, the kinetic energy of the incident atoms (usually less

than 0.5 eV) is small compared to the heat of evaporation per atom (average of
around 5 eV). Hence, the heat released is due to the condensation process itself.

The size of the cluster of atoms acting as the substrate and the thermal contact
of the film with the substrate determine the local temperature rise of the film. If

the film is sufficiently thick because of previously condensed atoms, then the
incident atom can produce a thermal region that one can assume is hemispher-
ical around the point of contact of the incident atom. Seitz and Koehler (1956)

have explored the thermal features and Dodson (1987) by molecular dynamic
simulations. In particular, they have explored the maximum distance over which

adatom jumps can occur from the point of contact of the incident atom with the
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film due to thermal energy that is deposited and the consequent possibility of
motion of atoms by surface diffusion. They find that in the time it takes to

deposit successive layers, an adatom that originates from an evaporation source
will rest very near to the point of its contact with the film surface, favoring

epitaxial growth of the crystal if the surface is clean, and the substrate is not
amorphous and the bonding is not covalent. In covalent bonding the invariance

of the bonding angle is more important than the position of the adatom.
If the substrate is thermally insulating, the cluster of atoms in the film will

distribute the heat released by the addition of the atom to the cluster by

condensation before it is conducted by the substrate. Small clusters could in
principle change shape due to the temperature pulse induced by the condensa-

tion of one atom onto the cluster.

Example 11.4

Utilize the formula derived by Seitz and Koehler to determine the maximum

distance outside of which no adatom jumps will occur in the case of deposition of

metal atom by thermal evaporation.

Seitz and Koehler gave a formula for the maximum distance r0 outside of

which no adatom jumps will occur by

r 0 ¼ 4

324p

� �1=6
E

Q

� �1=3

rs,

where E is the energy transferred by the incident atom to the film, Q is the

activation energy for surface adatom diffusion and rs is the atomic radius.
The maximum energy that can be transferred by thermal evaporation is 5 eV,

which is roughly the average cohesive energy of atoms. This is the energy that
an atom can release when it condenses from the vapor state to the solid state.

The activation energy for surface diffusion of an adatom is typically estimated
to be 6:5 kBTM, where TM is the absolute temperature of the melting point of

the metal. For TM ¼ 1000 K, r 0 ¼ 2:6 rs, which is typically one atomic spacing.
Hence, the adatom barely moves from the position where it is attached to
the film.

11.6. Evaporation and Condensation of Films

Evaporating materials and subsequently depositing them can prepare clean
films of metals and alloys and semiconductors. The films are generally either

polycrystalline or amorphous. If appropriate substrates are utilized one can also
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obtain monocrystalline films. The vacuum conditions are rarely allowed to
exceed 10�9 torr in order to maintain the purity of the films. Molecular beam

epitaxial methods are particularly suited to prepare clean films. One can also
control films with controlled doping if molecular beam epitaxy methods are

used. In this method the deposited film buries any contamination in the sub-
strate.

11.7. Solid–Solid Interfaces

The interface between two solids is technologically very important. Interface

between semiconductors of different types of doping as in p-n junctions, bound-
ary between a semiconductor and another semiconductor as in hetero structures

GaAs=GaxAl1�xAs, interface between metal and semiconductor as in Schottky
barriers, interface between insulator and semiconductor as in SiO2 in contact

with silicon interface between optical elements and antireflection coatings,
interface between organic and inorganic semiconductor as in sensor applica-
tions. The solids concerned in forming the interface may be crystalline or

amorphous. In the case of crystalline solid, one may encounter either a poly-
crystalline or a single crystal.

It is also important to establish the features associated with geometry of the
interface, the interface could be sharp and may be extending over only a few

atomic layers. The interface could be rough due to the manner in which one of
the surfaces is initially present. The interface of materials with two different

compositions can reach a state where diffusion occurs across each solid phase so
that the boundary composition varies on either side of the boundary. On the

other hand, there may be a chemical reaction between the solids encouraging
the formation of compound at the interface. Unlike in the case when bulk solids
are joined with one another, if compound forms in thin films, it is found that

only one compound predominantly forms rather than forming all the phases in
the phase diagram of the two solids. Thermodynamic and kinetic interpret-

ations can be given to predict the type of compound that forms at the interface.
Abrupt interface is desired when one wants to prepare superlattice structures.

Since the layers are generally thin, one frequently has the problem of encoun-
tering the roughness of the surfaces that are present when the film tries to

release the strain energy. This may put a limitation on how thin a layer of
superlattice period can be. Diffused interface occurs in most alloy materials
when each constituent dissolves in the other in the solid state forming solid

solution. Time and temperature determine the extent of the inter diffusion
across the interface. In polycrystalline films the rate of diffusion depends upon

the structure since grain boundary diffusion dominates the process. In epitaxial
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materials the diffusion is by interstitial or substitutional mechanism. The latter
is influenced by vacancy concentration in the sample. Interdiffusion rate can

also be increased by the applied electric field or mechanical strain. Al will not
diffuse in Si, but Si will diffuse in Al. The space vacated by out diffusing silicon

will be filled by Al, which results in the development of pits or spikes in the
silicon. Pitted interface arises from interdiffusion when one of the diffusing

constituents moves by diffusion and is not replaced by the other constituent.
This happens either because of differences in diffusion coefficients or from the
solubility differences. Corrosion mechanisms between adjoining metals that

form galvanic couples are also a source of pit formation. Reacted interface
occurs in many combinations of constituents either purposely deposited or

present by lack of information on binary or ternary phase diagram information.
It is important to keep the reaction boundary planar rather than random so that

rough interfaces may be avoided. Many elements and also compounds react
with the substrate forming new compounds at the interface. GaAs reacts with

most metals to form intermetallics MmGan and MmAsn. The best choice for a
diffusion barrier layer is a compound with a highly negative Gibbs free energy
of formation so that it will not react and will also provide a barrier for diffusion.

For Al/Si, the diffusion barrier that is found to be excellent is TiN. Many metals,
silicides, borides and nitrides are conductors and are more stable than the

metals themselves. The diffusion rate can be limited by the thickness of the
compound formed, which acts as barrier for atom motion preventing the indi-

vidual atoms from seeing each other and reacting. Voided interface are com-
monly found due to agglomeration of vacancies resulting from vast differences

in diffusion rates between constituents or by differences in volume changes
when reaction products are formed.

11.8. Chemical Mechanical Planarization

The necessity of having multilevel metal and dielectric layers for fabrication of

semiconductor devices requires the planarization after each deposition of
films to allow the use of high-resolution optics for photolithography processes.

Chemical and mechanical planarization (CMP) combines chemical and mechan-
ical interactions to planarize metal and dielectric surfaces using slurry com-

posed of chemical and submicron sized particles. A schematic diagram of a
simple CMP operation is shown in Fig. 11.4. Slurry is fed on to a polishing pad,
made out of porous polymer. The pad moves relative to the wafer to be

polished. The medium between the wafer and the pad is supplied with uniform
slurry that is transported from the source to all across the polymer pad.

The slurry typically contains particle based abrasives and chemical additives.
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A uniform pressure is also applied to the wafer during polishing. The process
must also be capable of removing the products of chemical and mechanical

polishing. The chemicals used serve the purpose of modifying the surface of the
wafer that is to be planarized and the mechanical interaction with the slurry

facilitates the removal of the material from the modified surface.
One should distinguish CMP process from material removal process by

chemical etching or by mechanical polishing. In chemical etching, the material
is removed by a chemical reaction at the surface, which produces a product that

is soluble in the etchant and is subsequently transported from the material being
polished. The chemical etching rate is constant and is independent of time and

depends on the material and the etchant and the conditions under which etching
is done. In mechanical polishing, direct interaction of the particles removes the
material that is to be polished. The mechanism of material removal involves

indentation of the surface by the particles in the slurry and the subsequent
removal of the material by a scratching process. In the CMP process, reaction

between the material to be planarized and the chemical used results in a thin
chemically passivating film for metals and alloys. For a dielectric surface, the

chemical reaction results in the formation of a soft hydrated gel-like layer on
the surface. This film is removed by the mechanical action of the particles in the

slurry. The formation and removal of the passivating film occurs sequentially
and the process repeats itself to eventually produce a planarized surface.

A detailed understanding of the CMP process requires the consideration of a

number of input variables and their relationship to the ultimate output variables
required in the CMP process. It is useful to consider the input variables that

affect the CMP process in terms of a number of system level variables. One may
consider the variables that are dependent on the slurry, which include its

particle and chemical characteristics. For example, one needs to consider the
size, size distribution, shape and mechanical properties of particles in the slurry.

The chemistry, dispersion, concentration, agglomeration and presence of over-
sized particles in the slurry have an influence on the CMP process. Oxidizers,

Pressure

Slurry feed

Polishing pad Platen

Carrier

Wafer

ws

wp

Figure 11.4: A schematic diagram of CMP operation.
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pH stabilizers, complexing agents, dispersants, concentration and drift of pH
can manipulate the slurry chemistry. The mechanical properties, topography

and the conditioning of the pad are the variables that govern its characteristics
to the CMP process. The variables that govern the tools in CMP process are

concerned with the pressure applied and the velocities of the tools. The nature
of the substrate as regards its feature size, feature density have an influence on

the CMP process. These variables need to be understood as to how they
influence the CMP process in relationship to the removal rate, planarization,
surface finish and selectivity of material removal.

In order to effectively implement the CMP process for a given application
and to expand its use to more chemically complex materials and mechanically

fragile structures, fundamental understanding of the wafer–pad–slurry inter-
actions is essential. The complexity of the process is evident as it involves the

chemical–surface interactions that result in surface modifications, the particle-
wafer interactions that involve shear and normal stresses, the interactions

between particles that involve nanoscale particles as well as micron size par-
ticles, fluid flow–surface interactions, corrosion and etching with chemicals,
mechanical polishing and modification and surface degradation of polymer

pads and the synergetic effects of all these phenomena.
The CMP process is generally carried out on films deposited on patterned

surfaces whose roughness can vary from nanometers to several millimeters. The
surface topography as measured by the pitch of the pattern as well as its density

varies significantly across the die. Consequently, local polishing pressure varies
across the patterned surface. Hence, the material removal rate varies initially

before one can hope to work toward achieving global planarity. Significant
planarization can be achieved if the passivated layer produced in CMP is

thinner than the difference in height between the highest and lowest regions
in the surface topography of the die. Clearly formation of a thin passivated
surface layer is the desired goal in slurry formulation. Some examples of how

this is achieved will illustrate the wide divergence that exists between materials
to material that must be considered in the formulation of slurry. Tungsten has

its own natural oxide. Metal polishing requires the presence of oxidizing
agents in the slurry, such as hydrogen peroxide, potassium ferricyanide, ferric

chloride, potassium iodate, etc. Controlling pH can produce a thin hydrated
surface layer on silica. Special chemical additives, such as benzotriazole must be

added to the slurry to passivate the oxide layer on copper. One can express the
removal rate, R, of the material to be planarized as a function of variation in
surface height by

dR

d(Dz)
¼ dR

dP

dP

d(Dz)
, (11:1)
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where Dz is the distance between the highest and lowest regions, P is the
local pressure on the polishing surface. One can increase dR=dP by having

a thin layer, which slows pressure dependent material removal characteristics.
A harder pad gives larger dP=d(Dz) and would be able to transfer a significant

portion of the applied pressure to the particles. Softer pads are essential to
ensure uniformity across the wafer. So a harder contacting surface with a softer

upper layer is generally desired in CMP processing.
Since a large number of planarization operations are necessary to implement

in current ULSI manufacturing, it is desirable to have high removal rates. The

surface layer formation should be as rapid as possible compared to the time
scale of the particle–particle interaction. Hard abrasives, such as silica and

alumina particles provide the mechanical interaction. The material removal
process involves indentation of particles to the surface layer and their subse-

quent removals by either wear or fracture mechanisms. The removal of the
surface layer is governed by factors, such as hardness, size, morphology of

particles, and the hardness, adhesion and ductility of the modified surface
layer. The total pad contact area and the fraction of the pad surface covered
by the particles influence the removal rate. The indentation depth and stresses

are related to the mechanical properties of the interacting materials. We may
assume that the removal rate R is proportional to the fraction of the pad surface

covered with particles that contact the wafer, the contact area of the pad on the
wafer surface, the relative velocity between the particle and the wafer, and the

depth of removal by the particle.
The presence of defects in the planarized layer will negate the value of

planarizing. Consequently, one must avoid these defects generally by the ap-
propriate design of slurry. The length and breadth of scratches on the planar-

ized surface can be controlled through the size and size distribution of particles
as well as their concentration in the slurry. One must also protect the formation
of aggregates in the slurry by suitable additions. If one can form the film surface

on the sample quickly, then one can avoid the problem of scratching. The other
defects associated with use of abrasives in the slurry are: particle residues left on

the wafer, the loss of oxide, dishing and erosion, which are schematically
illustrated in Fig. 11.5. This has enabled the search for solutions that do not

use abrasives.
It is necessary for the CMP process to stop once the top layer is removed.

Consider a nitride layer that has been patterned and on top of which is
deposited an oxide layer. The oxide and nitride have different removal rates.
Hence, one can encounter a number of situations: an oxide layer that has not

been removed completely, or removal of excessive nitride layer, or the removal
of oxide (dishing) within a trench.
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The stability of the slurry is an important issue and requires extensive

development work. Singh and coworkers (2002) outline the wide variety of
approaches used in controlling the stability of slurries.

A technique of polishing the material when the work piece is rubbed against a
hard polishing pad in the presence of a suitable active fluid without abrasive

particles is called tribochemical polishing (TCP). The mechanism of material
removal is by chemical dissolution that is promoted by friction at the contacting
asperities. The technique claims to produce defect and stress free ultra smooth

surfaces since no mechanical processes, such as plowing and fracture or plastic

Before CMP

~1−100 µm

Si

Oxide

Oxide trenches

Oxide dishing

Failure to clear oxide

Nitride erosion

Ideal result after CMP
Nitride active areas

(a)

(c)

(d) (e)

(b)

Figure 11.5: Some typical defects involved in the CMP process.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch11 Final Proof page 935 17.11.2005 8:50pm

Substrate Preparation 935



deformation are involved (Fisher, 1988). The mechanism of tribochemical
reaction is attributed to the energy dissipated in friction to stimulate the

chemical reaction. Several mechanisms have been proposed to account for the
increased reaction rates: increased temperature owing to frictional heat, expo-

sure of clean surfaces when wear removes the old surface, emission of low-
energy electrons emitted from fresh surface during friction and its role in the

ionization of reaction intermediates, direct mechanical simulation of a chemical
reaction due to quasi static stretching of chemical bonds. The coefficient of
friction can be influenced by changes in temperature, concentration, load and

sliding velocity. The mechanism of TCP depends on how the wear rate depends
upon these variables, which depends upon the system under investigation. It is

found that TCP is especially useful to polish ceramic materials, which by
conventional techniques results in surface scratches, asperities or holes from

missing grains. In TCP the removed material is dissolved in the liquid so that no
wear particles float in the liquid. It is suitable to superfinish polishing for

different materials when no subsurface damage is to be tolerated.

11.9. Substrate Surface Termination

The substrate terminating layer and lattice mismatch determine the growth

mode to a large extent. For example, perovskite oxides with formula ABO3

have two possible atomic layers-AO sites (A-site layer) and BO2 (B-site layer)

on the {0 0 1} surface. The surface preparation techniques to obtain a purely
single termination layer on the surface involve a combination of etching and

annealing steps. The importance of this preparation can be gauged by the fact
that in growing high-temperature superconductor of YBCO films, a smooth
surface can be grown on A-sites, but on B-sites CuOx it precipitates (Tsuchiya

et al., 1997). The arrangement of dangling bonds on the (0 0 1) and (00�11) surface
of GaAs that has been cleaved is shown in Fig. 11.6.

11.10. Substrate Temperature

The substrate temperature is one of the most important parameters that
govern the film microstructure. Substrate temperature controls the compo-

sition, structure and morphology of the film by affecting the adatom mobility
on the substrate as well as the rate of any chemical reaction occurring on the

substrate. We will consider a number of issues that are related to the substrate
temperature.
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A typical situation in a thin film deposition system consists of a platform at a
temperature, Th, which transfers heat to a film at a distance, t, which acquires a

temperature, Tf (Fig. 11.7). The medium for the transfer of heat depends upon
the gas that exists between the two plates and the pressure of the system. One

[00 1]
[110]

[110]

[001]
[110]

[110]

(001)

(001)(110)

(111) (111)

54.74°

Figure 11.6: Schematic arrangement of dangling bonds on the (a) (0 0 �11) surface and

(b) (0 0 1) faces of GaAs before surface reconstruction.

Ts

Trs
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t

Trh

(a) Kn <<1 (b) Kn >>1

Figure 11.7: Heat transfer between two parallel plates, at (a) low

and (b) high Knudsen numbers.
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can consider two situations when the Knudsen number is much less than one,
when the transfer of heat occurs through the medium of the fluid. The second

situation occurs when the pressure is so low and the Knudsen number is slightly
greater than one such that the heat transfer is taking place across the interface.

When the pressure is high and Kn� 1, the flux of heat is given by

F ¼ �KT
dT

dx
¼ �KT

t
(Th � Tf), (11:2)

where KT is the thermal conductivity of the gaseous medium. One notes that

KT is independent of pressure since the thermal conductivity of the gas does
not depend on pressure. Large distances between the heated source and the

substrate will reduce the heat flux. When Kn > 1, or at lower pressures, the flux
of heat is given by

F ¼ h(Th � Tf), (11:3)

where h is the heat transfer coefficient. We can obtain h from

h ¼ Fig
0CV

N0
, (11:4)

where g0 is the thermal accommodation factor, Fi is the molecular impingement
rate.

It is important to control the temperature of the substrate or the source in any
deposition system. Control of a process is achieved by means of a closed loop
circuit. This means the power fed to the heater is regulated according to

feedback obtained by the thermocouple. The controls that are commonly
employed are the PID type control, which stands for proportional, integral

and derivative control. In this type of control the heater power is simply
switched on or off according to under or over temperature condition respec-

tively. The desired temperature is often referred to as set point. In PID type
control, adding a term proportional to the time derivative of the error signal can

mitigate the stability and overshoot problems that arise in other techniques of
temperature control. The integral term can provide automatic and continuous

elimination of any offset. The speed of response of the system to any tempera-
ture set point that is desired is of interest especially when one has to form
multilayer films. The power to the heater in a PID control is obtained from

W ¼ P� (Ts � T0)þD� d

dt
(Ts � T0)þ I

ð
(Ts � T0) dt

� �
(11:5)

where P is known as the proportional gain of the controller, D is called the

damping coefficient and can be adjusted to achieve a critically damped response
to change in the set point temperature, I is the integral gain parameter and
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changes the heater power until the time averaged value of the temperature is
zero, T0 is the set temperature and Ts is the temperature of the specimen.

The substrate temperature is one of the critical process variables that influ-
ence the way the structure of the film evolves. However, the measurement of

temperature of the substrate is beset with many difficulties in a vacuum envi-
ronment. The direct contact of the substrate with a thermocouple presents

problems of contamination. Indirect noncontact measurement of temperature
is beset with many difficulties. Measuring the temperature of the platform on
which a substrate is placed is also difficult because the atomic contact between

the substrate and the platform is made only at a few points (Fig. 11.8). Clamping
the substrate can help, but cannot eliminate the problem. Use of conducting

fluids, such as indium between the platform and the substrate is practiced but is
once again subject to contamination problems and in many cases such solutions

are not recommended because of interaction problems. Therefore, heat transfer
by conduction occurs across only the points of contact between the heated

platform and the substrate, and the rest of the heat transfer must occur by
radiation. We thus need to explore theoretically the difference in substrate
temperature and the heater platform under conditions when there is only

radiation transfer and when there is an intervening gas medium between the
heater platform and the substrate.

11.11. Characterization of Surface

Characterization of substrates involves finding out answers for a large number
of questions. Is the substrate amorphous or crystalline? If the substrate is

crystalline, is it single crystal or polycrystalline? What is the orientation of the

Substrate

Platform

Gas
conduction

Contact point

Radiation Ts

Th

b

Figure 11.8: Contact between the substrate and platform resulting in poor heat transfer.
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crystal or the texture of the polycrystalline substrate? How does one character-
ize the density of defects on the substrate, such as point defects, line defects and

boundaries and precipitates? What is the nature of gases adsorbed on the
surface of the substrate? What is the arrangement of atoms on the substrate

surface? How do atoms move on the substrate? It is clear that the list of
experimental tools that one needs to utilize for the complete characterization

of the substrate can be very large. The minimum number of features that one
can obtain for repetitive reproducible production of film determines the extent
to which one has to attempt characterization.

Physical techniques of characterization generally involve directing particles
(waves) onto the surface of the solid to be investigated. The particles (waves)

have well-defined energy, momentum and flux. Once they interact with solid,
a number of particles (waves) can emanate from the solid. If one determines the

flux, the momentum and the energy of the particles (waves) emanating from the
solid, it is possible to infer information about the substrate. A large number of

techniques have been explored to gain information about the surface of a solid,
and some of them are listed in Table 11.4. We shall however briefly consider
only some of those techniques.

Consider first those techniques that are concerned with the composition of the
surface of the substrate. The constituent elements present on the surface and

their amounts are of utmost interest to assure reproducibility of results and to
learn the nature of bonding these atoms have on the surface. Conventional

techniques of chemical analysis developed for bulk samples do not have enough
sensitivity to be applicable to surface composition studies. This is because the

mass that is available for sensitive surface analysis is so small (typically
10�9 g=cm2) that most bulk analysis techniques are not capable of giving accurate

results with the exception of mass spectrometry. Besides all these techniques
require destruction of the sample. The surface specific techniques that are avail-
able are Auger electron spectroscopy (AES), photoelectron spectroscopy (PS),

secondary ion mass spectroscopy (SIMS) and these are briefly considered below.

11.11.1. Photoelectron Spectroscopy

In photoelectron spectroscopy, the material is bombarded with photons (Siegbhan

et al., 1967). The process of photoionization may be represented as follows:

Aþ hv ¼ Aþ þ e�: (11:6)

Since energy has to be conserved, we obtain

E(A)þ hv ¼ E(Aþ)� E(e�): (11:7)
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The energy of the electron is purely kinetic and may be written EK. The

difference in the energy between ionized and neutral atom is the binding
energy, EB, of the atom. Therefore, if the incident photon has sufficient energy,

hv, the electron which is bound to the atom with energy, EB, is ejected from the
atom into the vacuum and carries with it a kinetic energy EK given by

EK ¼ hv� EB: (11:8)

If the incident photon is monochromatic and when one measures the kinetic

energy EK, then one can deduce the binding energy, EB. When photon energies

Table 11.4: Surface science characterization techniques

Acronym Name Comments

Adsorption Surface area, adsorption site

concentration

AD Elastic scattering of helium atoms Surface structure

AES Detection of Auger electrons when

core hole excitations are created

Surface chemical composition

AFM Topography of surface by

measuring the forces exerted

by surface atoms

Atomic structure

FTIR Infrared absorption Composition and oxidation state

of inorganic and organic

molecules

ISS Elastic scattering by ions Surface structure and composition

LEED Elastic scattering of electrons Surface structure

RHEED Elastic scattering by glancing angle

electrons

Surface structure of thin films

during deposition

SIMS Mass spectra analysis of sputtered

ions on ion bombardment

Sensitive chemical analysis of

surface

STM Imaging of surface atoms by

measuring field emission current

between surface atoms and

probe

Structure at atomic level

TEM Imaging and diffraction of sample

by electrons penetrating a

sample

Defect structure of film and

imaging of solid–solid interfaces

XPS Electrons emitted from sample

exposure to X-rays

Composition and bonding state of

surface atoms

XRD X-ray diffraction at glancing angle Ideal for super lattice structure

determination.
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are in the ultraviolet range (10–45 eV), the source of ultraviolet light is the
resonance lines of helium discharge lamp that have energies 21.2 eV and

40.8 eV (width of energy is about 1 meV). The photon spectroscopy is termed
ultraviolet photoelectron spectroscopy (UPS) and the ejection of photoelectron

is from the valence levels. When X-rays are the source of photons, they have
energies 1487 eV and 1254 eV (width of energy is about 1–1.4 eV) when the

source of X-rays is aluminum or magnesium target respectively and the electron
is ejected from core levels of atoms. The technique is then known as X-ray
photoelectron spectroscopy (XPS). Both of these techniques can be integrated

when one utilizes synchrotron radiation with a monochromator (energies from
200 –2000 eV), which enables one to tune the wavelength one desires as well as

define the polarization of the incoming photons (Prince, 2003). A typical
photoelectron spectrum is shown in Fig. 11.9. Each element has a characteristic

biding energy associated with each core orbital. The peaks are identified by the
designation of the energy level from which the incident photon liberates an

electron. The maximum in the spectra correspond to the kinetic energy of
the electron that escapes from a given level in the atom without loss of energy
as it emerges from the solid. The surface sensitivity of the electrons is illustrated

best with a plot of inelastic mean free path versus electron kinetic energy,
which shows a broad minimum around 50 eV. The probability that an electron

emanating from the solid does not suffer any loss of energy is greatest when
the energy of the electron is in the range 50–200 eV. The electrons in the

XPS Sample: Pd MgKα 1253.6 eV
3E + 05

Signal
(cps)

0

1000 800 600 400 200 0

Binding energy (eV)

Figure 11.9: X-ray photoelectron spectrum of palladium.
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appropriate range of energies escaping from the solid without subsequent
energy loss arise only from the surface of the solid. The exact binding energy

of the electron in the atom depends on its bonding due to other atoms. Specif-
ically the different oxidation states and chemical environment of atoms may be

ascertained in the XPS technique. In UPS, because of the high flux of photons
available and the narrow line width of radiation, the electronic structure of

solids permit the complete band structure to be mapped in k-space. One can
also infer the adsorption of relatively simple molecules. Therefore, shifts in the
energy of the peaks occur because of differences in the bonding energy of the

atom on the surface of the solid. Hence, sometimes the acronym ESCA (for
electron spectroscopy for chemical analysis) is often used to describe this

technique. The technique is suitable for conductors as well as insulators. Mea-
suring the areas under the peaks can result in quantitative analysis. Photons with

energies of up to 10 keV interact with atomic electrons by photoelectric absorp-
tion process. The technique of using vacuum ultraviolet radiation (10–45 eV)

from discharge lamps to examine the valence levels is called ultraviolet photo-
electron spectroscopy (UPS). When soft X-rays are used (200–2000 eV) to
excite the core level electrons, the technique is labeled X-ray photoelectron

spectroscopy (XPS) and ESCA is used when the focus is the chemical bonding
of atoms at the surface. The development of synchrotron sources has enabled

high-resolution studies to be carried out with radiation spanning energies
5–5000 eV.

A photo of energy hv falls on sample that emits an electron called the
photoelectron. In XPS one of the core electrons is removed whereas in UPS

one of the valence electrons is removed. The kinetic energy of the emitted
photoelectron is given in a very simple approximation by Eq. (11.8). Mg or Al

targets provide a convenient source of characteristic X-rays. Ultraviolet gener-
ation is from light sources, such as He discharge lamp. For each and every
element there is a characteristic binding energy for the level from which an

electron is ejected by the photoelectric absorption process. The energy of the
photoelectron is determined by their deflection in electrostatic and magnetic

fields. Hence, the determination of the kinetic energy of the photoelectron is in
essence determination of the binding energy level of the atom or molecule. The

presence of peaks in kinetic energy at particular levels indicates the presence of
particular elements in the sample. The number of electrons detected in

a particular energy will yield the concentration of the element. A single energy
level often does not contribute to the kinetic energy of the emitted photoelec-
tron, which often reveals the presence of multiplets due to spin orbit coupling of

the state from which the electron emerges. The exact energy of the photoelec-
tron depends not only on the energy levels but also on the chemical oxidation

state of the atom as well as the local chemical and physical environment. Small
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shifts in the energy are observed and these are generally termed chemical shifts.
These shifts are much more readily observed in XPS because of higher reso-

lution as well as simple one electron process involved. The ability to gain
information about bonding in different states is limited by the resolution that

enables one to distinguish chemical shifts from different situations. This is
governed by the width of the peaks, which are a function of the intrinsic

width of the initial level and lifetime of the final state, the line width of the
initial radiation and the resolving power of the electron energy analyzer. By
collecting the photoelectrons at different emission angles to the surface plane,

one may perform composition analysis as a function of depth in a nondestruc-
tive manner. In UPS the focus of investigations is the study of the electronic

structure of solids. Detailed angle resolved studies permit one to map out the
complete band structure in k-space. The adsorption of molecules on metals can

be easily deciphered in this technique.

Example 11.5

In the X-ray photoelectron spectroscopy of Pd, the incident wavelength is

1253.6 eV and the peak in the photoelectron spectrum corresponds to energies

330, 690, 720, 910 and 920 eV. Identify the origin of each peak.

The binding energy is obtained by noting EB ¼ hv� EK.
Therefore, the binding energies in the photoelectron spectrum are given by

923.6, 563.6, 533.6, 343.6 and 333.6 eV.

Pd atom of atomic number 46 has the electron configuration 1s22s22p63s2

3p63d104s24p64d10.

The valence band emission (4d, 5s) at a binding energy of about 0–8 eV.
The emission from the 4p and 4s levels gives peaks at 54 and 88 eV.

The intense emission at 335 eV is due to emission from 3d level.
3p and 3s levels give peaks at 534, 561 and 673 eV. The spectrum also has

Auger peak at 330 eV.

11.11.2. Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is routinely used to check cleanliness of a
freshly prepared surface in ultrahigh vacuum conditions. One can determine the
surface composition of the sample. With alternate sputtering and spectroscopy,

one can determine the composition as a function of depth in the film. With
ability to focus the electron beam, analytical volumes of the size 3� 10�19 cm3

can be examined to give clues as to the unusual compositions that may have
contributed to failure of a device in a localized region.
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A primary electron beam (100–2000 eV) from an electron gun is directed
toward the specimen surface. Electron beams typically disperse about one

cubic micron in volume in the material. The X-rays that are emitted arise
from this volume whereas the Auger signals arise from volume of about

10�19 cm3. The volumes from which X-ray signals appear depend on the atomic
number and the energy of the incident electrons. The Auger analytical volume

depends on the diameter of the electron beam and the escape depth of Auger
electrons. The electrons that are detected and having characteristic Auger
energies emanate from about 1–3 nm layers of the surface of the sample. The

smallest depth from which the Auger electron emerges without loosing its
energy appears to occur at about 80 eV. The Auger electrons emitted from

the surface of the sample are energy analyzed and detected in a standard
cylindrical mirror electron analyzer (CMA) (Fig. 11.10).

The primary electron incident on the surface of the specimen has sufficient
energy (1–30 keV) to remove one of the core electrons from the atom. The

Sweep
supply

Data acquisition

Electron gun

Magnetic shield

Sputter ion gun

Target Electron
detector

Figure 11.10: Schematic sketch of Auger electron spectroscope.
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incident electron and the emanated core level electron escape from the atom
with an energy that is ill defined due to the complexity of the scattering process.

The atom, which has lost its core electron, is in a very unstable state and tries to
return to the stable state in one of two ways. An electron from the nearby

higher energy levels in the atom may make a transition to fill the vacancy
created in the inner core level, and emanate X-rays with a characteristic

wavelength of the atom. In the Auger emission process, rather than emission
of X-rays, a nonradiative transition occurs where the energy is transferred to an
electron from another level of the atom from which it escapes with a definite

kinetic energy as shown in Fig. 11.11. Thus the atom is left with two vacant sites
and is thus highly ionized. The emitted Auger electrons have definite energies

(in the range few tens of eV to 2000 eV) that are characteristic of the core level
energies of electrons and are therefore good for labeling the atoms from which

they come from, provided one detects these electrons before they loose their
energies on their way out from the sample.

The Auger transition may be conveniently represented by a nomenclature
that reflects the core levels that are involved in the transition. The first symbol
consists of the core level in which the initial vacancy was created. This is

followed by a second symbol that represents the core level from which the

Auger electron

Fermi level

3d M4, 5

3p M2, 3

3s M1

2p L3

2p L2

2p L1

1s

Figure 11.11: An Auger electron emission process (L2M4M2).
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electron makes a transition to fill the first created core level hole. The third
symbol denotes the level from which electron escapes from the atom. Thus, the

KL1L2 denotes that an electron being ejected from the K level of an atom
created a vacancy. A L1 level electron subsequently filled it. The difference in

energy was transferred to an electron in L2 level, which leaves the atom as
Auger electron. If an electron from the same shell fills the initial hole, it is

known as Coster–Kronig transition (e.g. L1L2M1). It is also possible to have the
electrons coming from valence band of the solid, in which case the designation
V is used (e.g. L3VV). The characteristic energy of an ABC transition is thus

given in the simplest one electron approximation by

E ¼ EA � EB � EC: (11:9)

The correct energy is to be modified slightly from the above relationship

because of the interaction between two final state holes in the atom. Generally,
the principal electron energies of Auger electrons of atoms is determined

experimentally and are sufficiently distinct to characterize all elements, which
have more than three electrons in them. For light elements the Auger emission

is more probable than X-ray emission, so that AES is well suited to determine
the composition of impurities that are generally light atoms. The total Auger
current that is observed is given by

I ¼ NI0r
V

4p
(t sec f)(1� v)F, (11:10)

where N is the number of atoms exposed by the electron beam, I0 is the incident
current, r accounts for the portion of the incident electrons that are back

scattered, V=4p is the fraction of the emitted Auger electrons accepted by the
detector with a solid angle V, t is the thickness along the normal to the surface

and f is the angle with respect to the normal at which the electron beam is
hitting the surface, F is the cross section for ionization by the incident electron

and v is the X-ray fluorescence yield. The intensity of Auger transition is
determined essentially by Coulomb interaction and is roughly independent of

the atomic number of the element.
Electrons from an electron gun are typically produced to have energy in the

range 2000–5000 eV. A CMA or a hemispherical analyzer detects the electrons.

When depth profiling is necessary an ion gun system is also combined with AES.
The intensity of the Auger lines is small compared to the background. Hence,

Auger signals are usually processed in the derivative mode to suppress the large
background of secondary electrons and other electrons that have lost some of

their energies on their way out of the sample. The characteristic spectrum
for each element is thus given in terms of the derivative spectra as shown

in Fig. 11.12 (see insert in Fig. 11.12). A typical Auger spectrum is given in
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Fig. 11.13. A sample experimental result of composition versus depth profiling
is shown in Fig. 11.14. The AES is sensitive only to 1% of monolayer so that

contamination below this level is hard to detect by AES. The quantitative
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Figure 11.12: Auger electron intensity versus energy and the derivative spectra.
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Figure 11.13: A typical Rutherford back scatter spectrum.
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analysis of AES spectra is beset with many difficulties related to instrumental,
chemical and sample related factors and is described by Briggs and Seah (1990),

Vol 1, and can be effectively carried out if standard samples are available. In
semiconductors high defect density is created due to electron bombardment.

Insulating surfaces create charging effects and are not suitable for AES analysis
due to the formation of space charge layers.

The use of electrons enables one to focus the beam so that small spots on the

surface of the sample can be analyzed. The scanning Auger microscope (SAM)
has provided invaluable data in many areas of semiconductor technology where

the regions to be explored are very small so that images can be made in which
contrast depends upon the variation from place to place of the composition of

individual component of interest to the analyst. The incident electron beam
charges a nonconducting sample, so that AES and SAM are not readily usable

with insulating samples.

Example 11.6

The energy levels of an atom are designated by K, L1, L2, L3, M1, M2;3 M4;5

and are 4966.4, 563.7, 461.5, 455.5, 60.3, 34.6 and 3.7 eV. An incident electron

knocks of an atom from the L2 level. What is the energy of the Auger electron

corresponding to the transition L2M4M3. If instead of Auger electron, radiation

was to be emitted what would be its wavelength.
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Figure 11.14: Depth profiling of 1000 Å nickel deposited on InP.
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The energy levels of atoms are shown in Fig. 11.15.
The Auger electron energy is given by

EAuger ¼ EL, 2 � EM4 � EM3 ¼ 423 eV:

The energy of X-rays given out would be Ehv
¼ EL2 � EM4 ¼ 461:5� 3:7

¼ 457:8 eV.

11.11.3. Secondary Ion Mass Spectroscopy (SIMS)

In secondary ion mass spectroscopy (SIMS) ions bombard a sample surface and
the emitted secondary ions are analyzed in a mass spectrometer (Benninghoven
et al., 1987). A primary ion beam with energies in the range 1–20 keV falls on

the sample to be analyzed. The beam can be focused to less than 1 mm in
diameter. The kinetic energy of the incident ion is transferred to the sample,

which results in the emission of secondary ions by sputtering. The surface atoms
are removed in this process by collisions between the incoming particles and the

atoms in the near surface layers of the solid. The energy lost in elastic collisions
with the atomic cores, known as nuclear energy loss, determines the energy

transfer to and eventual ejection of surface atoms. The number of emitted
particles for an incident particle is called the sputtering yield and depends on
a number of factors, such as the composition and structure of the target material,

parameters of the incident beam and the geometry of the experiment. In the
energy ranges involved, the sputtering yield is typically between 0.5 and 20.

Sputtered species are emitted as neutrals in various excited states, as ions both

X-ray process
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level
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2p L2
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Figure 11.15: Energy levels of a titanium atom.
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positive and negative, singly and multiply charged, and as clusters of particles
(Fig. 11.16). The sputtered ions are analyzed for their mass to charge ratio by

passing them through a quadrupole mass spectrometer. Thus, the composition
of the surface is measured by identifying the ions that are removed from the

surface when ions bombard the surface. The technique is destructive in nature.
Due to the high sputtering probabilities and very high sensitivities of mass

spectrometer, the technique can provide very high surface sensitive analysis
(Briggs and Seah, 1990, vol 2, Benninghoven et al., 1987). For slow sputtering
rates the entire chemical analysis can be performed while consuming less than a

tenth of a monolayer. The SIMS primary beam can be focused to less than 1 mm
in diameter permitting measurement of lateral distribution of elements on a

microscopic scale. Continuous analysis while sputtering can result in depth
profiling information. In order to obtain concentration as a function of depth

one has to convert the secondary ion yield to concentration and the time of
sputtering to depth below the surface of the specimen (Fig. 11.17).

The ions are produced by a discharge source. The primary ions include
Csþ, Oþ, Arþ and Gaþ that are accelerated to energies of 1–30 keV and are
energy selected and focused by passing through a magnetic separator. The

primary ions with a homogeneous current density at least over a region
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Figure 11.16: Emission of particles when an ion beam encounters a sample.
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0:1 cm2 whose current can be controlled in the range 10�24 to 10�10 A=cm2 falls
on the sample. The bombarding primary ions produce monatomic and poly-

atomic species by sputtering from the sample together with reflected primary
ions as well as electrons and photons. The sputtering produces roughness in the

sputter craters whose shape is influenced by the defects in the sample. Ridges,
furrows, ribbons, cones and agglomeration of cones are among the types of
roughness one produces on sputtering. The emitted secondary ions have a

distribution of energies and only a fraction of the sputtered atoms are ionized
(Fig. 11.18). The fraction of sputtered atoms that are ionized is called ion yield

and depends upon the element and the sample matrix as well as the nature of
the incident ions. For example, oxygen bombardment increases the yield of

positive ions whereas the bombardment with cesium ions increases the yield of
negative ions. An applied voltage accelerates the secondary ions emitted from

the surface before they enter the quadrupole mass analyzer. An electron
multiplier detects the mass separated ions. Detailed quantitative analysis
requires the knowledge of the cracking pattern (that is the ratios of dissociation

products, which are well-defined ratios), which is available from detailed an-
alysis of mass spectra.

The sputtering rate is important for the analysis with SIMS. If the primary
current densities are in the range 10�9 – 10�10 A=cm2, the sputtering rates
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Figure 11.17: Depth profiling with SIMS.
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are correspondingly low, and the outer layers of the sample are analyzed in
the so-called static SIMS. In favorable case one can detect composition that

corresponds to 10�6 of a monolayer. When high sputtering rates are needed as
for depth profile analysis, dynamic SIMS is used. The ion current densities in

this case are in the range 10�4 – 10�5 A=cm2. More than one mass signal is
recorded versus time in this method. The time elapsed for constant current

conditions are related to the depth of specimen. Optimum erosion rate and
sensitivity to detect the composition level are of major interest in selecting the

optimum conditions for dynamic SIMS operation. Problems arise because a
single heavy atom cannot easily be distinguished from a cluster of other atoms of
the same mass. The relative abundance depends upon a detailed knowledge of

the sputtering rate and the erosion rate, which is not known very accurately.
Quantitative analysis relies on the use of standards that are typically produced

by ion implantation. Several techniques are used in treating nonconducting
samples so that charging effects may be circumvented.

Ion beams can be focused and this was taken advantage of an ion beam
imaging. A finely focused ion beam raster over a sample and the secondary ion

intensity from a particular element is saved as a function of beam position.
Gallium ion sources provide micro beam diameters of 20 mm with resolution of
both mass and lateral distance. If one combines the sputtering with continuous

monitoring one can also provide three dimensional depth profiling.
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Figure 11.18: Distribution of energies of emitted ions.
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11.11.4. Fourier Transform Infrared Spectroscopy

When electromagnetic waves fall on matter, the incoming energy excites the
atoms and molecules to a higher energy level. The type of excitation depends on

the energy of the incoming radiation. For example, with ultraviolet light and
visible light, electrons are promoted to a higher orbital in the molecule. If the

wavelength of electromagnetic radiation corresponds to infrared wavelength,
the vibrations of molecules are excited. With wavelength in the microwave
region, the molecules are excited to higher rotational levels. If the incident

radiation is infrared, the atoms and molecules absorb radiation depending on
the vibration levels of the atoms and molecule. The measurement of absorption

of infrared light as a function of wavelength enables us to obtain the absorption
spectrum of the sample. The wavelength of light absorbed is characteristic of

the chemical bond and is utilized to infer the nature of bonding as well as
identification of the sample. Both organic and inorganic compounds can be

identified, even though the absorption spectra of organic molecules are rich in
detail. Since the strength of absorption is proportional to the concentration, one
can also perform quantitative analysis.

In infrared spectroscopy energy from a heated element or glower is collimated
and directed toward a beam splitter, which consists of a thin film of germanium

on potassium bromide substrate. The splitter transmits half of the light beam
and reflects the other half. A fixed position mirror back to the splitter reflects

half of the incident photons where it is partially transformed in the direction of
the source and the remaining portion is proceeding toward the detector (deu-

terated triglycine sulfate pyroelectric detector). In the other portion of the light
beam, a moving mirror reflects the beam. The mirror moves parallel to itself.

This mirror also shed light back to the splitter where part of it is directed towards
the detector (Fig. 11.19). If both the mirrors are kept at the same distance, the
optical path traversed by both the beams is identical. If one of the mirror is

moving by a distance x, then light has to travel a distance d ¼ 2x before it
reaches the detector where d is called the optical path length. The two beams

interfere and the resulting interferogram can be described by

I(d) ¼ B(v) cos 2p
d

l

� �
¼ B(v) cos (2pdv), (11:11)

where I(d) is the intensity of the detector signal as a function of optical
retardation distance, B(v) is the intensity of the source as a function of fre-

quency. The interferogarm is a sum of the cosine waves of all the frequencies
present in the source and may be written in summation as well as integral form

as given below:
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I(d) ¼
Xvn

v1

B(vi) cos (2pdvi) ¼
ð1
0

B(v) cos (2pdv) dv: (11:12)

The technique of Fourier transformation enables one to obtain B(v) as follows:

B(v) ¼
ð1
�1

I(d) cos (2pdv) dd: (11:13)

The technique Fourier transform infrared spectroscopy derives its name from

the fact that the spectrum and the interferogram are related to one another by a
Fourier transformation.

If there is no sample, the spectrum that is recorded is that of the source if not
with the specimen introduced it is as shown in Fig. 11.20. All the characteristics
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Figure 11.19: A schematic arrangement in FTIR.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch11 Final Proof page 955 17.11.2005 8:50pm

Substrate Preparation 955



absorbance bands of the specimen are superimposed on the spectrum of the

radiation from glower. A dedicated computer essentially calculates the Fourier
transformation by an algorithm developed by Cooley and Turkey (1965[m6])

and utilized by Forman (1966). Usually two spectra are recorded: one with
sample placed in the light and another one without the sample. The two spectra
are ratioed point by point, and the result is Fourier transform to obtain the

frequency dependent transmission of the sample. From this plot one can deter-
mine the identities, surrounding environments and concentrations of chemical

bonds in the sample.
Molecules have various frequencies at which they vibrate. The incident

energy must match exactly with frequency difference that excites a given type
of molecular vibration from one vibration level to another. The infrared spec-

trum of every molecule is generally unique and serves as a fingerprint to identify
the molecule.

11.11.5. Surface Profiling

The shape and finish of the surface of the substrate is important not only for the

preparation of film that has to be deposited but also for the performance of the
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finished product that is made on the substrate. In surface profiling one measures
the variations in the surface height of the object. It is ideal if the measurement is

made with both vertical as well as lateral resolution.
The classical method of measuring surface height variations is by the use of a

mechanical stylus. A stylus probe is passed across the surface and its movement
as it follows the surface is recorded electronically representing the surface

profile of the sample investigated. The size of the probe tip sets the limit on
lateral resolution. One typically records peaks that are narrower than the probe
tip as broader than they really are. If the probe is physically unable to reach the

bottom of the narrow trough, surface height information is lost in the measuring
process. The probe can only be moved along a line, so that only information of

surface height variations and depth along the line is measured. Hence, if one
wants the entire surface to be mapped, it is necessary to take the probe along

many lines. The bottom line in this technique is that contact is established
between the probe and the surface, which may not be desirable in many

applications since the stylus probe can damage the surface.
Better resolution of surface variations can be obtained by optical techniques.

The analysis is nondestructive and rapid and the entire surface area of the

substrate can be probed. There are several different types of optical techniques,
which differ from one another in the data acquisition set up and analysis.

Depending on the nature of the light source used we can distinguish those
that use white light and those that use coherent laser light. We will describe

briefly only two techniques. In the so-called speckle technique the surface is
illuminated sequentially by a master wave front at two wavelengths l1 and l2,

which differ from one another by about 10 nm. One records the image with first
and then subtract from it the result produced by the second. The result is

utilized to produce an interferogram and so the technique is called electronic
speckle pattern interferometry (ESPI). The interferogram depends on the
difference in phase along the viewing direction between the surface and the

master wave front. The surface profile is recorded if the master wave front is a
plane wave. The height difference greater than the wavelength of the light

source between two adjacent points cannot be measured accurately. The tech-
nique requires the use of two coherent light wavelengths so that a tunable laser

is desirable for this method. Using white light one utilizes classical phase
shifting interferometry (PSI) to measure heights of optically smooth surfaces.

They are suitable for a continuous surface since discontinuous surface intro-
duces a phase shift of 2P, which leads to phase ambiguity errors. A number of
alternative techniques have been introduced to overcome some of the difficul-

ties that are involved in measuring stepped and discontinuous surfaces.
The atomic force microcopy overcomes two of the main problems with

mechanical stylus profilometry: superior resolution and the elimination of
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sample damage. The atomic force microscopy is one of about several types of
scanned proximity probe microscopes. Each of these microscopes measures

some properties, such as height, optical, absorption, magnetism etc., with a
probe that is placed very close to the sample. The small probe separation

makes it possible to measure property over a very small area. Scanning the
probe over the sample can produce an image of the property that is measured.

The atomic force microscopy was invented by Binnig et al. (1987) and utilizes a
probe, which is a tip at the end of cantilever, which bends in response to the
force between the tip and the sample. Angular deflection of the cantilever

causes a twofold larger angular deflection of the laser beam. The light from
the laser is reflected onto to the split diode, which by measuring the difference

signal can measure the changes in the bending of the cantilever. The force
between the tip and the sample can be found by the usual elastic force analysis.

An extremely precise positioning device that utilizes piezoelectric transducers
accomplishes the movement of the tip or sample. Sub angstrom resolution is

possible along the x and y-direction whereas the z-direction is perpendicular to
the surface. Micro lithography processes fabricate the cantilevers with their
attached tips. Three-dimensional positioning is possible because of the use of

piezoelectric ceramics when they are subjected to a voltage gradient. The use
of feedback loop allows not only measuring the forces on the sample but also

regulates it. Thus, images can be acquired at very low forces. Atomic resolution
is possible only for flat periodic samples.

Problems

11.1. A rectangular parallelepiped of zinc sulfide cubic crystal is prepared
such that the cleavage plane parallel to one of the faces is (a) (1 1 0),
(b) (0 1 1), (c) (1 �11 0). In each case, what are the directions that border

the edges of the parallelepiped? If the cleavage plane is {0 1 1} which
orientation of the crystal is most likely to yield successfully the desired

crystal with cleavage plane of {0 1 1}. Explain your reasoning.
11.2. From the knowledge of the structure of crystals explain the most likely

cleavage planes for NaCl, Si and GaAs.
11.3. Estimate the distance an atom can migrate on a surface as a temperature

spike is imposed on a surface according to the formula developed by
Seitz and Koehler for 100 eV ions. Assume the melting point is 2000 K.

11.4. Prepare a list of problems caused by particles in integrated circuit

manufacturing by referring to literature (Cooper, 1986).
11.5. Obtain a relationship between particle concentration and mass concen-

tration assuming a shape of the particle. Compare the mass and number
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concentration of aerosol particles with same number concentration, if
the particle diameter is (a) 0:1 mm and (b) 1 mm.

11.6. Estimate the volume of a typical laboratory room that is familiar to you.
Let us suppose the atmosphere in this room has particulates of all one-

size 0:5 mm diameter. A flat substrate that you are preparing is stored in
the open air in the room. Estimate the time it will take before the

substrate collects particles of a number concentration 0:01 cm�2, when
the substrate is stored (a) horizontally and (b) vertically.

11.7. Calculate the depth of penetration of X-rays in beryllium for X-rays of

wavelength (a) 2.50 Å and (b) 0.71 Å. The mass absorption coefficient is
6.1, and 104 for the two wavelengths respectively.

11.8. Write briefly about the role of the following deposition parameters in
influencing the growth and properties of films: (a) rate of generation of

vapor species, (b) partial pressure of all species, (c) gas flow rate, (d)
substrate temperature and (e) substrate bias.

References

Agarwal, B. K. (1991), X-Ray Spectroscopy (2nd ed.), Springer, Berlin.
Baglin, J. E. E. (1991), Interface design for thin film adhesion, In: L. H. Lee (Ed.), Funda-

mentals of Adhesion, Academic Press, New York.
Beadle, W. E., Tsai, J. C. C., and Plummer, R. D. (Eds.) (1985), Quick Reference Manual for

Silicon Integrated Circuit Technology, Wiley, New York.
Behrisch, R. (Ed.) (1981), Topics, Applied Physics, Vol. 47: Sputtering by Particle Bombard-

ment I, Springer, Berlin.
Benninghoven, A., Rudenauer, F. G., and Werner, H. W. (1987), Secondary Ion Mass

Spectrometry, Wiley, New York.
Binnig, G., and Rohrer, H. (1987), Rev. Mod. Phys., 59, 615.
Bowling, R. A. (1985), An analysis of particle adhesion on semiconductor surfaces,

J. Electrochem. Soc. Solid State Sci. Technol., Sept., 9, 2208.
Briggs, D., and Seah, M. P. (1990a), Practical Surface Analysis, Vol. 1: Auger and X-ray

Photoelectron Spectroscopy, Wiley, Chichester.
Briggs, D., and Seah, M. P. (1990b), Practical Surface Analysis, Vol. 2: Ion and Neutral

Spectroscopy, Wiley, Chichester.
Carlson, T. A. (1975), Photoelectron and Auger Spectroscopy, Plenum Press, New York.
Cooley and Tukey (1965), in Discrete Cosine Transform, Ramamoha Rao, K., and Yip, P.,

(1990), Academic Press, Inc., New York.
Cooper, D. W. (1986), Aerosol Science and Technology, 5, 287.
Czanderna, A. W. (Ed.) (1975), Methods of Surface Analysis, Elsevier, New York.
Davis, L. E., McDonald, N. C., Palmberg, P. W., Riach, G. E., and Weber, R. E. (1976),

Handbook of Auger Electron Spectroscopy, Physical Electronic Industries, Eden Prairie, Mn.
Dodson, B. W. (1987), Phys. Rev., B36, 1068.
Donovan, R. P. (1990), Particle Control for Semiconductor Manufacturing, Marcel Dekker,

Inc., New York.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch11 Final Proof page 959 17.11.2005 8:50pm

Substrate Preparation 959



Fiermans, L., Vennik, J., and Dekeyser, W. (Eds.) (1977), Electron and Ion Spectroscopy of
Solids, Plenum, New York.

Fisher, T. E. (1988), Annu. Rev. Mat. Sci., 18, 303.
Massey, H. S. W., and Burhop, E. H. S. (1969), Electronic and Ionic Impact Phenomena,

Vol 1, Oxford University Press.
Mattox, D. M. (1998), Handbook of Physical Vapor Deposition (PVD) Processing, Noyes

Publications, Park Ridge, NJ.
Forman, M. L., Steel, W. H., and Vanesse, G. A. (1996). J. Opt. Soc. Amer. 56, 59.
O’Connor, D. J., Sexton, B. A., and Smart, R. St. C. (Eds.) (1992), Surface Analysis Methods

of Materials Science, Springer, Berlin.
Oechsner, H. (Ed.) (1984), Topics, Current Physics, Vol. 37: Thin Film Depth Profile Analy-

sis, Springer, Berlin.
Prince, K. C. (2003), Photoelectron Spectroscopy of Solids and Surfaces, World Scientific

Publishing Co., New Jersey.
Ranade, M. B. (1987), Adhesion and Removal of Fine Particles on Surfaces, Aerosol Sci.

Technol., 7(2), 161.
Siegbahn, E. M., et al. (1967), Atomic, Molecular and Solid State Structure Studied by Means

of Electron Spectroscopy, Almquist and Wiksell, Upsala.
Seitz, F., and Koehler, J. S. (1956), Solid State Physics, Vol 2, 1, Academic Press, New York.
Singh, R. K., Lee, S. M., Choi, K. S., Basim, G. B., Choi, W., Chen, Z., and Moudgil, B. M.

(2002), MRS Bulletin, 10, 752.
Steigerwald, J. M., Muraraka, S. P., and Gutmann, R. J. (1997), Chemical-Mechanical

Planarization of Microelectronic Materials, John Wiley & Sons, New York.
Tsuchiya, R., Kawasaki, M., Kubota, H., Nishino, J., Satao, H., Akoh, H., and Koinuma, H.

(1997), Appl. Phys. Lett., 71, 1570.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch11 Final Proof page 960 17.11.2005 8:50pm

960 Substrate Preparation



Chapter 12

Structure and Properties of Films

12.1. Introduction

The range of thin film applications is very broad and spans virtually all types of
properties of materials. Thin films and layered structures have become critical

in many areas of technology especially in the manufacture of electronic, mag-
netic and optical devices. The ability to achieve certain desired properties in

thin films is crucial to the success or failure of a particular product. The
understanding of thin film properties naturally relies on our understanding of
bulk properties of materials. All the bulk properties of solids are determined in

principle by the number and type of atoms they contain and by the manner of
their arrangement with respect to each other. The most successful explanation

of the properties of solids due to the mutual interaction of atoms with one
another is in terms of the energy band theory of solids. We shall utilize the basic

principles of this theory to extend it to the understanding of the properties of
thin films.

Thin films have revolutionized the way one manufactures products as well as
the wide variety of products that one manufactures. The drive to miniaturiza-
tion of products has entered the level of a few atoms, and tolerances can be

checked only with the most powerful electron microscopes or tunneling micro-
scopes. The areas of application are expanding daily and have permeated all

walks of life with expanding functionality of products that can be generated
with thin film structures. The manufacturing methods of thin film devices permit

cost reductions since the products are manufactured by planar technology
where thousands of devices are fabricated at the same time. The control of

the microstructures of the films deposited has enabled one to produce these
devices reproducibly and reliably. The materials that are employed as thin films

encompass metallic, ceramic, polymeric and biological materials. It is therefore
possible to discuss the important properties required of thin films only in a
cursory manner. It is hoped that individual reader will appreciate the dramatic
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influence of the properties in a wide variety of applications and is encouraged to
do additional exploration in these areas.

The ability to deposit compound thin films of controlled composition and
microstructure has expanded the suitability of physical deposition processes to

manufacture many types of devices including a variety of sensors and actuators.
The primary features of compound materials that have to be controlled are

structural in nature, which includes chemical composition, crystalline phase and
crystallinity, microstructure, the surface and interface structure and stresses in
thin films. The ultimate utility of these films will of course depend upon the

ability to successfully achieve the desired properties in the film and prepare
them in an economical manner.

There are a vast variety of microstructures formed when a thin film is deposited
depending upon the materials involved, deposition method used and the envir-

onmental constraints imposed. The microstructures observed range from single
crystal films, polycrystalline films with columnar and equiaxed grains to largely

amorphous films. It is often possible to obtain a film in each of these conditions.
Dislocations with a density of 1010---1011 lines=cm2 are the most frequently
encountered defects in polycrystalline films. These defects are largely incorpor-

ated during the network and hole stages due to displacement (or orientation)
misfits between different islands. They can also arise due to substrate lattice

misfit, the presence of large stresses in thin films and continuation of dislocations
from the substrate to the film. Stacking faults and twin boundaries occur less

frequently in thin films. Volume defects, such as pits, hillocks and precipitates are
also observed in films.

12.2. Conductors

Thin film conductors are employed as interconnections between devices with

each other and with the outside world. The conducting film may be of pure
metals, alloys, silicides, nitrides, doped polysilicon or conducting ceramics. In

order to achieve high speeds and to minimize certain parasitic effects and
increase process reliability, multiple levels of interconnect system are

employed. The requirements imposed on conductors differ from one situation
to another so that one can discuss only some common features of conductors.

A current flows in a material if there is a net flow of charges under the action
of a potential gradient. The most common means of setting up this potential
gradient is to subject the material to an electric field. The electric field E~ exerts

a force qE~ on the charge q. The free electrons in a metal are supposed to
accelerate, but in view of the collisions with other particles in the material (like

phonons, impurity atoms, defects, etc.), they move only with an average velocity
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known as the drift velocity h~vvi. The electric field and the potential, F are related
to one another as

E~¼ �r~F: (12:1)

Therefore, if a charge q moves from a given point ‘‘a’’ to another point ‘‘b’’

under the action of the electric field, the work done in carrying the charge is
given by

F(a)�F(b) ¼ qV, (12:2)

where V is the voltage. If charge is in coulombs and voltage is in volts, then the
work done will be in joules. If we consider an area DS at a given place in a solid

defined by its normal n̂n, then the amount of charge flowing across a given area in
unit time per unit area is given by~jj . n̂ndS, where ĵ is the current density. The

current density may be related to the charges flowing by

~jj ¼ nqh~vvi, (12:3)

where n is the number of charges per unit volume. Since charge is indestruc-
tible, we have the law of conservation of charges given by

r~ .~jj ¼ � @r

@t
, (12:4)

where r is the charge density (¼nq). It is observed that for many substances,

Ohm’s law is accurately obeyed and is given by

~jj ¼ sE~, (12:5)

where s is called the electrical conductivity of the material. The inverse of
conductivity is called resistivity, r. In a solid of known dimensions, one usually

measures the resistance R. The work done when a current I (coulombs
per second ¼ ampere) is flowing in the material is I 2R. The electrical resistance

of the solid can be interpreted as how well the orderly movement of electrons is
interrupted by their interaction with other particles as they travel in the struc-

ture of the material. Resistivity, r, of a material is a property of the material in a
given condition that measures the response of the material in terms of current
flowing through it to an applied voltage. It is related to resistance R, by the

relationship given below, where the length of the object is L, width W and
thickness t is as shown in Fig. 12.1,

R ¼ rL

Wt
¼ rL

A
, (12:6)

and A is the area equal to Wt. The conductivity is expressed in siemens/m or the
resistivity is expressed in V m. In writing the above formula, we have assumed
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that the contact resistance of the sides of the rectangular parallelepiped is
negligible compared to that of the bulk of solid. Resistance measurements are

done by four-point probe to overcome the difficulties with the contact resist-
ance contribution of the sides. Measurements of conductivity of solids at room
temperature have shown that the conductivity measured varies over a range of

more than 25 orders of magnitude. For example, the conductivity of silver is
around 108 V�1m�1 and that of polystyrene about 10�17 V�1m�1. Those solids

whose resistivity increases by rr linearly with change in temperature rT are
said to show metallic behavior, so that we can write

rr

r
¼ arT, (12:7)

where a is called the temperature coefficient of electrical resistivity. This

property is made use of in the design of thermometers and switches. However,
at temperatures much lower than room temperature, the resistivity is propor-

tional to T5.
The number of carriers and the sign of charge carriers contributing to the

current flowing in a solid can be measured by Hall effect. In this measurement, a
magnetic field ~BB (webers=m2) is imposed on the material perpendicular to the

electric field in the direction, as shown in Fig. 12.2. The force acting on the
charge is given by

F~¼ qE~þ~vv� ~BB: (12:8)

The forces acting on the charges are therefore,

Fy ¼ �evDBz; Fy ¼ �eEy, (12:9)

where we have assumed ~BB ¼ (0, 0, Bz) and E~¼ (0, Ey, 0). Under steady state

condition these two forces on the charges must be balanced, so that

Ey ¼ vDBZ ¼ EH ¼ Hall Field: (12:10)

V

W

L

t
I

Figure 12.1: Resistance of a conductor by measuring the current I flowing for an applied

voltage V. The sample has length L, width W and thickness t.
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Since we have vD ¼ �Jx=en, we obtain

EH ¼ �
1

ne
JxBz ¼ RHJxBz, (12:11)

where

RH ¼ �
1

ne
: (12:12)

The simultaneous measurement of conductivity and Hall coefficient provides us

the values of n and hvi. The polarity of the Hall voltage indicates the sign of
charge carriers.

On the basis of the energy band theory, one recognizes different classes of
materials, which explains the vast range of conductivities exhibited by solids.

Metals and alloys have finite and nonzero density of energy states at the Fermi
surface. There is also no gap in the energy band structure at the Fermi surface.
Hence, valence electron from each atom can participate in the conduction

process. Increase of temperature has only a very small contribution to increas-
ing the number of carriers to participate in conduction, since the Fermi energy

of metals is large compared to thermal energy. The Fermi function as a function
of temperature is shown in Fig. 12.3. The number of carriers that are excited

into unoccupied states in the conduction band with increase in temperature is
very small. In semiconductors, there are no free carriers at T ¼ 0 that are

available for conduction, since the Fermi energy is within the energy gap.
However, at higher temperatures, the number of electrons increases with tem-

perature, both from the impurity levels, such as donors and acceptors, as well as
from valence band to conduction band. Hence, the conductivity increases with
increase in temperature in an exponential manner. Ionic solids conduct by ions

and have large energy gaps. Oxides and other ceramics control the charges
present for conduction through the charged point defect impurities they posses.

Vx, Ex

Ey

Bz

I, Jx

Figure 12.2: The setup for measuring Hall effect.
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This is accomplished by controlling the doping of these materials and under-

standing how the stoichiometric deviations of these compounds are accom-
modated as point defects. For example, conduction can occur when electrons

can jump from Fe2þ to Fe3þ in magnetite (Fe3O4). In many oxides, oxygen
ion diffusion using lattice vacancies is a dominant mechanism of conduction

(Chiang et al., 1997). Polymers can be made to conduct by doping them with
controlled amount of specific impurities. The conjugated carbon ring structure

in polymers allows the movement of electrons along the carbon backbone under
electric field as in polyacetylene to which is added arsenic pentafluoride. Several
polymers when mixed with conducting materials, as in a composite, also prove

to be good conductors.
The mobility m of charge carriers is given by

m ¼ h�vvi
E

, (12:13)

so that, we can write the conductivity in the form

s ¼ nqm: (12:14)

In all situations, the mobility of electrons is decreased by any disruption
that occurs to the ordered crystalline structure. Defects in the materials are
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Figure 12.3: The Fermi function that represents the probability that an electron

occupies an energy level E is shown at two temperatures 0 and 3000 K.
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manipulated so that the properties of the material with respect to electrical
conductivity and other desired properties could be optimized. Alloying, intro-

ducing a second phase in a metal while strengthening the material can increase
the resistivity of the material. For noncrystalline conductors, the mobility is

controlled by a hopping mechanism, which influences it in an exponential
manner with activation energy. In semiconductors, doping controls the conduct-

ivity, and the dopants remain in the semiconductor in a charged state after
contributing carriers to the conduction and influences mobility negatively. In
thin films, one has to consider the effect of the surface as an additional con-

tributor to the scattering of electrons, which implies that surface/interface
roughness has an effect on the resistivity. In addition to the usual defects that

are found in bulk specimens (point defects, dislocations, stacking faults, grain
and twin boundaries, impurity atoms), thin films can also have voids because of

the discontinuous structure of many deposited films. The barrier at the grain
boundaries in films is increased by the presence of adsorbed impurities. Systems

in which grain boundary oxidation occurs can severely impact the conductivity
of films. The literature is full of attempts to estimate and experimentally verify
the contribution of each of the defects to resistivity of a conductor (Machlin,

1998). These theories shed light on how much the resistivity of a conductor can
be improved by annealing treatments that may be carried out to reduce some of

the defects.
Because of the dimensions of the film, one can expect to find high-field

phenomena in thin films. It is necessary to work at low temperatures to quench
the effect of temperature in order to identify the role of different defects

on resistivity. Room temperature resistivity is affected if the distance between
defects is less than the mean free path between scattering events for electron

in single crystals at this temperature (typically in the range of 40–60 nm). In
general, the material with more defects in the film has higher resistivity
(Fig. 12.4). The rule proposed by Matthiessen separating the resistivity as a

function of temperature into a thermal part and a nonthermal part may be
utilized to separate the contribution to resistivity from defects rather than those

of atom vibrations if we measure resistivity at low temperatures such as 77 K.
The As-deposited films generally have higher resistivity than the corresponding

bulk specimens. Nordheim examined the variation of resistivity with compos-
ition in solid solutions and found that resistivity is proportional to x(1 � x)

where x is the mole fraction of the solute. Experiments done with gold–copper
alloys revealed that on quenching, the alloys form a solid solution and the
Nordheim rule is followed. However, on annealing when an ordered solid

forms at composition Cu3Au and CuAu, there is sudden dip in the resistivity
showing perfect order reduces the resistivity of the sample. When the metallic

films are used as contacts to semiconductors, the effect of crystal structure on
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resistivity is also observed. The contact material has to be thermodynamically
stable and CoSi2 (CaF2 structure) and TiSi2 (C-49 structure) are two of the most

commonly used contact materials, which meet this criterion.
Resistors are used to drop voltage, limit current, attenuate signals, act as

heaters, act as fuses, furnish electrical loads and divide voltages. Ceramic
conductors can be applied to ohmic, voltage dependent, and thermally sensitive

resistors, fast ion conductors, humidity and gas sensors. We shall consider only a
few examples.

Materials that are conductors and transparent at the same time are an

essential part of technologies that require both large area electrical contact
and optical access in the visible portion of the light spectrum. Large flat screen

high definition television, flat panel displays, hand-held smart displays, thin
film solar cells, functional glass for window applications are a few of the areas

that require transparent conducting oxides (TCO). The first transparent thin
film was recorded when Cd oxidized and became transparent and conducting

CoSi2/Si(III) UHV
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Figure 12.4: Temperature dependence of resistivity of CoSi2 films.
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(Badeker, 1907). One of the most widely used transparent conducting oxides is
tin-doped indium oxide (ITO). The potential TCOs include Al, Ga-doped ZnO,

CdO, GdIn2O2, SnO2 F-doped In2O3; and some of them are useful for specific
applications. The industrial needs for TCO require the development of mater-

ials with increased conductivity and high transparency, ability to work in ad-
verse environments, interface properties and stability with reference to the

materials with which there is contact, the ability to dope to obtain either p-
type or n-type TCO, or search for nonoxide transparent thin film conducting
materials. Currently one can achieve 1:1� 10�4 V cm with a transmissivity of

>85% in the range of wavelengths between 400 and 1100 nm.
A wide band gap (>3 eV) material, such as an oxide that is rendered degen-

erate by the introduction of native or substitutional defects is the main feature of
TCO. The transparency spans the range of frequency corresponding to the band

gap at one end and the plasma absorption frequency on the other end. The
carrier density is related to the oxygen stoichiometry where each doubly

charged oxygen vacancy contributes two free electrons. These defects create
an impurity band that overlaps the conduction band thereby creating a degen-
erate semiconductor. Increasing the carrier density also leads to widening of the

band gap due to Burstein–Moss effect. Impurities, singly charged Sn on an In
site and an excess of doubly charged vacancies in ITO reduce the mobility of

charge carriers.
ITO is one of the principal TCO that is manufactured by DC magnetron

sputtering. The targets are generally ceramic ITO in a dilute atmosphere of
oxygen/Ar gas mixture. Oxygen partial pressure, total pressure, residual water

vapor, substrate and target temperature, sputter power, target composition and
its configuration are among the variables that have to be optimized to obtain

acceptable films. At low temperatures, low oxygen pressures and low sputter
power ITO film is amorphous and the fraction of the tin dopant that is substi-
tutional for indium is reduced so that the quality of the film is poor. However,

ITO crystallizes above 150 8C. The target utilization in magnetron sputtering
is poor because of racetrack erosion patterns, and this leads to instabilities in

the plasma and much more serious results in the formation of nodules in the
target surface. These nodules are regions of sub-stoichiometric indium oxide

and have low sputtering rate because of their charge state. The debris resulting
from these nodules adds to the considerable down time of the sputtering process

or decreases the yield. Targets with higher density and higher purity and better
process control avoid the formation of nodules.

Most of the currently available TCOs are n-type semiconductors. It would be

useful to develop p-type transparent semiconductors, which can open up new
areas of applications for transparent-oxide electronics, as well as provide con-

tacts for p-type semiconductors. Recently, transparent p-type semiconductor
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oxides, such as CuAlO2, CuGaO2 and SrCu2O2 have been synthesized in
thin film form. It would be interesting to develop both types of semiconductors

by doping process alone in the same semiconductor transparent oxide.
Aluminum has served well the need to electrically connect individual ele-

ments of an integrated circuit since the beginning of integrated circuit fabrica-
tion. Its success is largely due to its protective oxide, adhesion to silicon, low

electrical resistivity, low cost and the ability to form volatile halides facilitating
dry etching. As the dimensions of devices shrank over the years, in ultra-large-
scale integration (ULSI), it became increasingly obvious that aluminum had to

be replaced. This is because of its propensity to electromigration failure and
stress voiding at high current densities. The compelling reason for an alternative

conductor stems from the fact that the lower is the electrical resistance of the
interconnect material in integrated circuits, the faster the ability to transmit

signals between devices and smaller the power dissipation. Copper has been
explored as an alternative to aluminum for this purpose. Copper has lower

resistivity and higher melting point and is less susceptible to electromigration
failures. However, it does not form a protective oxide layer, does not adhere
well to silicon dioxide, and diffuses rapidly in silicon ruining its electrical

properties and does not form volatile halides permitting dry etching. The
solution to utilize copper has prompted the development of damascene process

as an alternative to dry etching. In this process, shown schematically in Fig. 12.5,
trenches are etched in an insulator, such as SiO2 that corresponds to the

dimensions of copper metal lines that is desired. Electroplating may be used
to fill up the trenches with copper. Barrier material is needed if one uses

copper to prevent copper from diffusing and ruining the device. An adhesion
layer of TiN is coated to cover the trenches to prevent copper from oxidizing

and diffusing into adjacent layers. The excess copper can be removed by
chemical mechanical polishing so that the process can be repeated to accom-
modate the next layers.

TiN adhesion layer Trench

Oxide insulator Oxide insulator Oxide insulator

Dry etching of trenches
in SiO2  and deposition
of diffusion barrier TiN

(a)

Cu

(b) (c)

Deposition of copper
and plugging the
trenches

TiN

Chemical−mechanical polish

Chemical and
mechanical polishing
of copper

Figure 12.5: Damascene process.
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Example 12.1

Find an expression to compute the resistivity when a four-point probe is used to

measure the resistance.

The flat wafer is touched with four probes, where the current, I enters

through the probe 1 and exits through the probe 4. The voltage is measured
between the probes 2 and 3. All the probes are placed equidistant from one
another at a distance d (Fig. 12.6).

The current density is given by

j ¼ I

2pR2
:

The voltage measured is related to the current flowing by

V23 ¼
ð2d

d

I

2pR2
rdR ¼ � Ir

2pR

����
2d

d

¼ Ir

4pd
:

Hence,

r ¼ 2pd

I

� �
V23:

12.3. Semiconductors

Semiconductors are characterized by an energy band structure where the con-

duction band and the valence band are separated from one another by an
energy gap that is typically less than about 3 eV. The pure semiconductor has

its Fermi energy in the middle of the energy gap that assures that the valence

I I
d d d

V

R + dR 

x

Figure 12.6: Measurement of resistance in a four-point probe.
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band is full and the conduction band is empty of electrons at 0 K. The small
energy gap permits free carrier generation by three mechanisms. The semicon-

ductor can absorb incident photons if their energy is greater than the energy
gap, so that the electrons are transferred from the valence to the conduction

band. Thermal energy can promote an electron from the valence band to
conduction band creating a free electron in the conduction band and an

empty energy level in the valence band. Impurities intentionally put in the
semiconductor will occupy energy levels within the energy gap. If these energy
levels are sufficiently close to the valence band or conduction band, thermal

energy can facilitate the transfer of electrons from the valence band to the
impurity energy level creating a vacancy in the valence band, or promote an

electron to the conduction band from the energy level of the impurity creating a
conduction electron. These processes are illustrated in Fig. 12.7. Carriers that

make it to the next band act like free carriers with an effective mass.
In order to track the electrical conductivity of a semiconductor, it would be

easier if one tracks missing electrons in the valence band, called holes rather
than electrons in the valence band. Hence, we examine the contribution to
conductivity from holes in the valence band and electrons in the conduction

band. We can write for the conductivity the expression,

s ¼ nqmn þ pqmp, (12:15)

where n represents the electron density in the conduction band and p represents
the hole density in the valence band, m is the appropriate mobility. One should

note that when electrons and holes are created by photons or by thermal
energy, equal number of holes and electrons are created, whereas with impur-

ities either holes or electrons can be created in excess.

E

Ec Ec Ec

EA

ED

Ev Ev

k k k

(a) Incident photon creates
a hole in the valence band
and an electron in the
conduction band.

(b) Thermal energy creates
an electron in the conduction
band and hole in the valence
band depending on temperature.

(c) Donor which has an energy
level at ED contributes an electron
to the conduction band. An acceptor
which has energy level at EA
accepts an electron from the valence
band.

E

Figure 12.7: Three methods of creating carriers in a semiconductors.
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In a pure semiconductor without any impurities in it, in the so-called intrinsic
semiconductor, the number of electrons per unit volume in the conduction band

is given by

n ¼
ð1
Ec

F(E)g(E) dE, (12:16)

where F(E) is the Fermi function, and g(E) the density of electron states per
unit volume. The Fermi function represents the probability that a given energy

state E is occupied at a particular temperature and is given by

F(E) ¼ 1

e(E�EF)=(kBT)þ1
� e�(E�EF)=(kBT) when E� EF � kBT: (12:17)

The density of electron states per unit volume is given by

g(E) ¼ 1

2p3

2m*
e

�h2

� �3=2

(E� Eg)1=2: (12:18)

Carrying out the integration in Eq. (12.16) by substituting from Eqs. (12.17)

and (12.18), we obtain

n ¼ 2
m*

ekBT

2p�h2

� �3=2

eEF=(kBT)e�Eg=(kBT) ¼ Nce(EF�Eg)=(kBT), (12:19)

where Nc is the preexponential factor and represents the density of states in the
conduction band. A similar derivation using the density of states for holes can
be obtained. We write

p ¼
ð0
�1

F(h)gh(E) dE ¼
ð0
�1

(1� F(E))gh(E) dE

¼
ð0
�1

[1� F(E)]
1

2p3

2m*
h

�h2

� �3=2

(Eg � E)1=2 dE:

(12:20)

We have therefore,

p ¼ 2
m*

hkBT

2p�h2

� �3=2

e�EF=(kBT) ¼ Nve�EF=(kBT), (12:21)

and NV is the density of energy levels in the valence band. Since in an intrinsic

semiconductor, the number of electrons in the conduction band must equal the
number of holes in the valence band, we can write,

n ¼ p � ni: (12:22)
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Therefore, we obtain equating Eqs. (12.21) and (12.19):

ni
2 ¼ NCNVe�Eg=(kBT) (12:23)

and

EF ¼
Eg

2
þ 3

4
kBT ln

m*
h

m*
e

� �
: (12:24)

Since the effective masses of the electrons and holes are very close, and they

appear in the logarithmic term, it is evident that the Fermi energy of an intrinsic
semiconductor should be approximately in the middle of the energy gap. A

convenient method of representing these results is by considering the formation
of electrons and holes as a reaction in an intrinsic semiconductor and write

Null ¼ electronsþ holes: (12:25)

The equilibrium constant K for the above reaction can be written in the form

K ¼ np

NCNV
¼ ni

2

NCNV
¼ e�Eg=(kBT), (12:26)

where NCNV are the density of the reactants. Therefore, photon absorption and

thermal excitation can create only an equal number of electrons in the conduc-
tion band and holes in the valence band. The electrical conductivity of an

intrinsic semiconductor is therefore given by

s ¼ neme þ pemh ¼ nie(me þ mh) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NCNV

p
e�Eg=(2kBT)e(me þ mh): (12:27)

One can increase the carrier of one type over that of the other if we dope
the semiconductor with impurities. We can consider four types of impurities in a

semiconductor based upon how it will influence the energy band structure of
the semiconductor (Fig. 12.8). The impurity that is isoelectronic will substitute

for the elemental semiconductor by merely altering the energy gap of the
semiconductor. Germanium dissolved in silicon will alter the energy gap from

that of silicon to that of germanium depending upon the amount of germanium
dissolved. The solid solution of compound semiconductors can also alter the

energy gap, and in addition can alter the nature of the energy gap from indirect
to direct. The two situations are shown in Fig. 12.9. If the impurity has an

electronic structure that is close to that of the host, then the impurity can either
donate an electron to the conduction band or accept an electron from the
valence band. In the former case the impurity will be called a donor and in the

latter an acceptor. Impurities with very different electronic structure than the
host will provide energy levels deep within the gap, and they can act as traps for

electrons or holes depending on the location of the Fermi level.
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The addition of impurities can lead to a controlled amount of one type of
carrier over that of the other. For example, a semiconductor which is dominated

by electrons is called an n-type semiconductor, whereas if it is dominated
by holes, it is called a p-type semiconductor. The number of carriers can be

calculated by reference to a simple mass action law. For example, in a p-type
semiconductor, the density of holes is given by

p ¼ pi þ pe, (12:28)

where pi is the contribution to holes by thermal energy called the intrinsic
contribution to holes and pe is the contribution to hole density by the acceptor
impurity and is called extrinsic contribution to hole density. The generation of

holes can be represented by the equation,

A ¼ A� þ hþ, (12:29)

Ge isoelectronic

Si

P donor

Excess electron

B acceptor

Deficient electron Deficient electron

Au

+ hole−e

Ec Ec Ec
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Ex

Ex Ex

ED

Ex
EdeepEA

Figure 12.8: Four roles for impurities in a semiconductor.
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Figure 12.9: Energy gap versus composition of alloy semiconductors.
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where A stands for an acceptor atom. If the acceptor atoms are ionized, as it is
usually the case at room temperature, we note that

pe ¼ A�: (12:30)

We note that pe is proportional to exp (�EA=kBT), whereas pi is propor-
tional to exp (�EG=2kBT), so that pe is for all practical purposes the same as p,

since EA � EG. From the law of mass action, we write for a p-type semicon-
ductor

np ¼ n2
i , (12:31)

so that

n ¼ n2
i

N�A
and p ¼ NA, (12:32)

where NA is the number of acceptors, where we can usually assume that all the
acceptors are ionized. In a similar fashion we can obtain for n-type semicon-

ductor, assuming that all the donors are ionized

p ¼ n2
i

NþD
and n ¼ ND: (12:33)

Impurities at the ppm level are sufficient to change the conductivity of
semiconductors by six orders of magnitude. Charge carrier densities are

affected in many semiconductor compounds due to deviation from stoichiom-
etry and the production of antisite defects. Deep level trapping point defects
can alter the charge carrier densities substantially. In fact they are used to

produce the so-called semiinsulating compound semiconductors. Hydrogen
can reduce the charge carrier densities by passivation of donors.

An important property of the semiconductor that limits the performance of
many of the devices is the mobility of the charge carriers in the semiconductor.

Generally, one requires higher mobility to make sure that less time is required
for a device to perform an operation. The scattering of charge carriers by

acoustic and optical phonons sets an upper limit to the mobility that can be
attained in a semiconductor (predominant mechanism when the impurities are

less than 1015 cm�3 (Sze, 1981)). However, ionized impurity atoms (Conwell and
Weisskopf, 1950) and charged dislocations form a significant source for scatter-
ing of charges and reduce the mobility of charge carriers. The mobility is

inversely dependent on density of charged dislocations and decreases with
decrease in temperature. In polycrystalline semiconductors, the mobility

reaches much lower values than for single crystals at much lower impurity
levels. The reduced mobility in polycrystalline semiconductors is attributed to
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a potential barrier at the grain boundaries, which affects the mobility of the
majority carriers. However, there are other defects like stacking faults, twins

that form, especially in silicon, that are a function of the processing conditions.
In general, grain boundaries lower the mobility in semiconductors, even though

the origin of this is not fully investigated in many compound semiconductors.
The electrical conductivity of a semiconductor is controlled largely by the

manner in which the carrier density is generated. The plot of logarithmic of car-
rier density versus inverse temperature shows three regions. A high-temperature
region where the thermal creation of carriers predominate and these temperat-

ures serve to give the temperatures, above which a given semiconductors
cannot be used so that high-energy gap semiconductors are preferred for high-

temperature applications. Diamond, SiC and GaN are candidates for such appli-
cations. At very low temperatures, the donors or acceptors are only partially

ionized, so that their contribution increases exponentially with temperature as
they ionize more and more and contribute to conduction. However, since the

number of donors and acceptors are governed by solubility limits, a situation can
be reached where all the soluble donors or acceptors are ionized and no more
carriers are generated as one increases the temperature. This represents the

saturation limit where the conductivity remains unchanged with increase in
temperature. These three regions are illustrated in Fig. 12.10.

An important property of semiconductors is the carrier diffusion length,
which is a function of the density of effective recombination centers. In amorph-

ous semiconductors the positive-charged dangling bonds or neutral dangling
bonds are the main candidates for recombination centers. All other defects,

such as dislocations in crystalline semiconductors also provide recombination
centers. Recombination centers due to grain boundaries are important to

In(n)

ED/kB

Eg/2kB

Intrinsic Extrinsic

Freeze-out

I/T

Figure 12.10: Electron density versus inverse temperature in an n-type semiconductor.
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control in fabricating solar cells in polycrystalline semiconductors, such as
silicon, CdTe and CuInSe2. The product of absorption coefficient of light and

diffusion length controls the short-circuit current and efficiency of a solar cell.

Example 12.2

Obtain an expression for the temperature dependence of mobility of a semi-

conductor due to thermal vibration of atoms.

The mechanism responsible for scattering of electrons and holes in a semi-
conductor may be taken to be from phonons or from thermal vibration of

atoms.
The scattering length depends upon two factors: the scattering cross section,

sth and the mean free path for phonons lph.
The average energy for a harmonic oscillator of frequency v is

khx2i ¼ �hv

e�hv=(kBT) � 1
,

where k is the spring constant. For kBT � �hv, we have hx2i / T.
The average distance lph before collision is proportional to 1=hx2i / 1=T .

Since carriers in the band edges in a semiconductor behave like classical
particles, their average velocity is given by

vth ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3kBT

m*

r
:

Hence, the mobility of charge carriers in a semiconductor should depend on

temperature as:

m ¼ lph

vth
/ 1=Tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3kBT=m*
p / T�3=2:

The contacts of metals with semiconductors are used in many applications,

such as ohmic contacts, doping profile, as shunt diodes, as gates in field effect
transistors (FET) and as photodiodes for ultraviolet light. The basic character-

istics of metal semiconductor contacts depend upon their current voltage char-
acteristic or capacitance–voltage characteristic. A simple metal semiconductor

contact is illustrated in Fig. 12.11. In order to understand the nature of the semi-
conductor metal contact we refer to the energy band diagram of the two solids.

The isolated metal and semiconductor energy band diagram before contact is
shown in Fig. 12.12a, where we have assumed the vacuum levels are equal.
When the two materials are connected electrically, charge flows from the

semiconductor to the metal until the Fermi level in the two materials are the
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same. The metal becomes negatively charged and the semiconductor positively
charged (Fig. 12.12(b)). At the interface, the semiconductor is slightly depleted

in the charges, so that the bands bend slightly upward near the interface, or the
energy level moves farther from the Fermi energy. As the distance between

the metal and the semiconductor decreases to zero, the depletion region in the
semiconductor grows. The final situation is as shown in Fig. 12.12(c), and

the depletion width that is needed has to support the built-in potential
fb( ¼ fm � xs). Even though the total structure is neutral, there exists a dipole

layer between the metal and the semiconductor. In actual metal semiconductor
contact, we need to take into account additional states that exist on the surface of
the semiconductor. The perfect periodicity of the semiconductor is destroyed at

the surface and this results in a very high density of narrow distribution of energy
levels within the band gap. Usually the states associated with the surface are

clustered together near the Fermi surface so that the surface is depleted of
carriers or the bands bends even when there is no contact with a metal. The net

result is that the potential barrier at the junction is not strictly determined by
the work function of the metal. The location of the surface states in the band

gap have the major influence in determining the band bending rather than
the metal with which the semiconductor is in contact (Fig. 12.13). The metal–

semiconductor junctions are primarily majority carrier devices, since the current
that one focuses on is that of the majority carriers from the semiconductor to
the metal. Sze (1981) gives the device applications of such semiconductor–metal

structures.

Example 12.3

Estimate the number of surface states and its effect on the Fermi level in

semiconductor silicon.

−
B

VAB

Semiconductor

Contact

Metal

iD

+

Figure 12.11: A metal semiconductor contact.
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Silicon has a lattice constant of 5:343Å. Hence the area of unit cell ¼ 29:48Å
2
.

Hence in 1 cm2, there are 3:39� 1014 cells.

Each cell contains four unsatisfied bonds per cell on the surface.

qfm

qcs

qfm

qfm

qfb = qfm − qcs

qfs = qcs

qcs

qcs

Ef

Ef

Ef

Ev

Ev

Ec

Ec

Ec

Ev

(a) Separate

+kT In (Nc/ND)

(b) Metal − semiconductor near each and connected

(c) Intimate contact of metal and semiconductor

Figure 12.12: Metal semiconductor contact at various stages of contact.
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Hence the number of surface states, assuming that they are within 0.1 eV of one
another, we obtain the surface states as 3:39� 1014=0:1 ¼ 1015 states= cm2=eV.

Assuming fm � xs ¼ 0:5 eV.
If the separation between the metal and the semiconductor is 25 nm, the sheet

charge density induced is given by

Q ¼ «rV

d
� 10�12 � 0:5

2:5� 10�6
¼ 2� 10�6C=cm2:

The energy state density corresponding to this is given by

Q

q
¼ 2� 10�6

1:60218� 10�19
� 1013cm�2:

qcs

qcs
qfm

fEg

qfsd  [= qfb]

(a) Conduction band bending due to surface states
even when there is no contact

(b) Metal and semiconductor in contact

qfsd = FEg − kT In(NC/ND)

Figure 12.13: Metal semiconductor contact with surface states.
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The amount by which the Fermi surface will change depends upon how many
of these surfaces are electrically active. If we assume they all are, then we have

the change in Fermi level given by 1013=1015 ¼ 10�2 V.
In order for the Fermi level to be unpinned, we need to have very few surface

states active.

12.4. Superconducting Films

Superconductivity was observed by Kamerlingh–Onnes (1911) while investigat-

ing the electrical resistivity of metals as temperature decreases. Normally, a
metal decreases its resistivity with decreasing temperature. At very low tem-

peratures, the resistivity settles down to a residual value, which is usually
attributed to the imperfections in the metal. However, on exploring the resis-
tivity of mercury, which could be prepared in a very pure form compared to

other metals, the resistivity showed a sudden drop to an imperceptibly small
value at 4.15 K. It is not expected that any imperfections that the material has

can suddenly change at such low temperatures. Hence, a new phenomenon was
discovered that drew the attention of all the scientists and was named super-

conductivity. The promise of applications of superconductivity in a wide variety
of areas has drawn the attention of many workers to the point that many more

applications are known than are actually implemented commercially. For
example, in the energy sector, potential applications include storage and gen-

eration of electricity, its transmission and distribution, and its eventual use in
high energy consuming equipments, such as motors. Superconductors find
applications in the medical field, in nuclear magnetic resonance, for building

high-energy magnets, SQUID (superconducting quantum interference device)
for detecting low signals that appear in the brains of people, separations

processes in biology and so on. In information and communication area, they
can be used as filters and high-speed digital and data processing devices. The

promise of high-speed transportation of trains floating on magnetic fields has
always been a peculiar attraction of superconductors. It is also useful in research

for building accelerators by providing high field magnets.
The resistivity of the superconductor goes to zero and this implies that the

current I, through the superconductor dissipates no power (I2R ¼ 0), or a wire

with no voltage across it dissipates no power (VI ¼ 0). The resistance is zero
because all the electrons are collectively in the same state. Disturbing one

electron from others is very hard, since because of the Bose particle nature of
a pair of electrons, they have a tendency to go into the same state. Alterna-

tively, current once started will go on forever. The onset of superconductivity
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depends upon temperature (T < Tc), current density (J < Jc) and magnetic
field adjacent to the material (B < Bc). The current density–temperature–

magnetic field critical boundary, within which the superconducting behavior is
observed is illustrated in Fig. 12.14.

Superconductors exhibit other properties that distinguish them from what one
might imagine them as an ideal conductor with zero resistivity. Another import-

ant distinguishing behavior of a superconductor is the expelling of magnetic flux
resulting from either external fields or from its own currents (Meissner and
Ochsenfeld, 1933). In other words, superconductors do not allow magnetic fields

to penetrate below a certain critical field. A piece of material through which a
magnetic field is established will expel this field when the material is cooled when

it becomes superconducting. The superconductor is thought to consist of an
electron system as consisting of two fluids: one of which is a superconducting

component and the other a normal component (Gorter and Casimir, 1934). In a
phenomenological theory, F. London and H. London altered Ohm’s law without

altering the Maxwell’s equations by adopting the two-fluid theories. They arrived
at a characteristic length called the London penetration depth, which governs
how the magnetic field at the surface of a superconductor decays. The current in

the superconductor is generally confined to a small surface layer, where it
decreases exponentially with penetration distance lL (London and London,

1935). The expulsion of the magnetic field is accomplished by shielding currents,
which flow at the surface of the superconductor without any ohmic losses. The

J

Jc

f2 (J, T, H0) f3 (J, H, t0)

f1 (H, T, J = 0)Tc

T

H
Hc

Figure 12.14: Current density–temperature–magnetic field critical boundary within

which the superconducting behavior is observed.
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superconductor thus shows the properties of a perfect diamagnet (Fig. 12.15).
The magnetic properties are as unique as the electrical resistivity, since one

cannot account for the magnetic property by merely assuming that the resistivity
is zero.

The behavior of the magnetization vector with the applied magnetic field
reveals two types of superconducting behavior as shown in Fig. 12.16. In the

normal type I superconductor (e.g. Nb, V and most elements), super-
conductivity is destroyed abruptly when H � Hc. In type II superconductivity,

Normal

Type I

Type II

H

Figure 12.15: Meissner effect.

S

(a) Type I superconductor

S

(b) Type II superconductor

Superconducting state

Applied magnetic field

Normal
state

HC1
HC2

HC

Figure 12.16: Type I and type II superconductors.
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superconductors show two critical fields: Hc1
and Hc2

(e.g. Nb3Sn, Nb3Ge,
MgB2(Tc ¼ 39 K) and most practical superconductors). Between Hc1

and Hc2

the superconductor is said to be in a mixed state (i.e. superconductor state
is penetrated by the flux in the special tubes or vertices showing normal state

besides superconducting regions) (Fig. 12.17). Above Hc2
, superconductivity

is destroyed in type II superconductors. Ginsburg, Landau, Abrikosov and

Gorkov provided a theory (GLAG theory), which predicted that type I or
type II behavior is predicted by the ratio k ¼ lL=j (where lL is the penetration
depth and j is the coherence length). The ratio k is less than 21=2 for type I

superconductivity and greater than 21=2 for type II superconductivity (Tinkham,
1975). The magnetic field above the critical field Hc1

in a type II superconductor

forms flux tubes (also called fluxoids or vertices or flux lines). These tubes form in
a triangular lattice and the tubes are parallel to the magnetic field. The distance

between the fluxoids decreases with increasing magnetic field and ultimately at
Hc2

, the entire superconductor loses its superconducting property.

Superconductivity is attributed to a special type of electron–phonon–electron
interaction. A net effective attractive interaction between electrons is known to
exist at low temperatures through the vibrations of atoms in the lattice. This

attractive pair of electrons is known as Cooper’s pair (1956). The coupled
electrons show opposite spin and momenta and therefore the bound pair acts

Magnetic flux lines

Grain boundaries/
Structural defects

Pinned
vortex current

Supercurrent

Figure 12.17: Pinned vortices in superconductor.
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as a Bose particle. In an ideal Bose gas at sufficiently low temperatures, the
lowest energy state becomes occupied by a macroscopic number of particles.

The energy of interaction is very small, so that thermal energy can convert the
pair to normal electrons unless the temperature is very low. This attractive

interaction between electrons can lead to a ground state of the entire electronic
system, which is separated from the excited state by an energy gap at very low

temperatures. The energy difference between normal and superconducting
states is small and lies below 2D of the former state and can be estimated
from 3:5 kBTc. Hence at 0 K, all the Cooper pairs are condensed into the same

energy state. At higher temperatures, the bond may be broken and some energy
is taken from the thermal reservoir (Bardeen et al., 1957). A measure of the

average maximum length at which the phonon-coupled interaction between
electrons occurs is known as the coherence length j. The critical field that can

sustain superconductivity depends upon temperature as follows:

B ¼ B0 1� T

Tc

� �2
" #

, (12:34)

where B0 is the asymptotic critical field at T ¼ 0 K. Because of long-sought
desire to push Tc beyond at least the boiling point of nitrogen, Mueller and

Bednorz (1986) discovered superconductors that have high Tc (35 K) in La–Ba–
Cu–O system. Hor and coworkers (1987) discovered in the system Y–Ba–Cu–O
superconductors with Tc ¼ 93 K. Maeda found that there are two forms, one

with Tc ¼ 85 K and another with Tc ¼ 110 K in Bi–Sr–Ca–Cu–O. The
Tc ¼ 125 K was discovered by Sheng and Hermann (1988) and Tc ¼ 135 K was

discovered in Hg–Ba–Ca–Cu–O. The evolution of superconducting materials
with respect to Tc is portrayed in Fig. 12.18.

In type II superconductors when a current flows in the mixed state, it
experiences a Lorentz force which acts in a direction perpendicular to both J

and B. Hence this force moves the fluxoids and creates an electric field E and
produces a resistance in the superconductor. Oneway to avoid this resistance is

to prevent the fluxoids from moving. Therefore, microstructure features that
pin the fluxoids occupy an important position in the use of superconductors to
achieve high critical currents.

Electrons tunnel through a thin (<5 0) insulating barrier by quantum mechan-
ical tunneling. Giaever discovered that if the electrodes are superconducting,

the current versus voltage curve becomes highly nonlinear with the currents
remaining zero for voltages up to V ¼ 2D=e, where D is the superconducting

energy gap as shown in Fig. 12.19. Normally, one expects only single particle
electrons to tunnel through the dielectric barrier. However, Josephson

postulated that quasiparticles can also tunnel through the insulating behavior.
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Figure 12.18: Progress in superconducting materials with high critical temperature.
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Figure 12.19: Single particle tunneling at 0 K.
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Josephson (1962) discovered that if two superconductors are separated by a
small insulating gap that is thin enough (barrier is small compared to the

decay length of the wave function which is typically less than 10 ’), then super-
conducting electrons could tunnel through the insulator. This phenomenon has

been labeled Josephson effect and was experimentally confirmed by Anderson
and Rowell (1963) and is exploited in making many superconducting devices.

If one considers a superconducting ring with a magnetic field, the current in
the superconducting state is confined to a small outer sheath. According to
quantum mechanics the wave function of the Cooper pair is given by

c ¼ n1=2 exp (iu), (12:35)

where n is the density of Cooper pairs and u is the phase. Because the super-
conducting condensate is very coherent we can take the phase to be constant.

According to quantum mechanics we can writeð
m*~vv ¼ �hr~u� q~AA, (12:36)

where m* is the mass of the Cooper pair and ~AA is the vector potential. Noting
the pairs have no momentum, we obtainð q

�h
~AA . d~ll ¼

ð
r~u d~‘‘ ¼ 2np, (12:37)

where n is an integer. Hence, we find the expression for flux quantization as:

F ¼ nh

2e
, (12:38)

where n is an integer. By writing the equation of motion for the wave function in
each of the superconductor and introducing the fact that a tunneling current

flows between them, we can deduce that if an external voltage V is applied to
the junction causing a difference in energy qV between the superconductors, we
can obtain the tunneling current density J in the form

J ¼ 2K

�h

ffiffiffiffiffiffiffiffiffi
r1r2

p
sin d, (12:39)

where K is the tunneling constant, r1 and r2 are the density of Cooper pairs in
the superconductors 1 and 2, respectively, and d is the phase difference in the

wave function of the two superconductors and is given by

_dd ¼ _uu2 � _uu1 ¼
qV

�h
: (12:40)

Integrating with respect to time, we obtain

d(t) ¼ d0 þ
q

�h

ð
V(t) dt, (12:41)
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where d0 is the original phase difference between the electron pairs on either
side of the junction at time t ¼ 0. We can write for the current density through

the Josephson junction under DC conditions

J ¼ J0 sin d, (12:42)

where J0 is the maximum zero current that can be passed by the junction. Under
AC conditions we write

J ¼ J0 sin
eVt

�h
þ d0

� �
: (12:43)

Thus in DC Josephson junction, a current proportional to the phase differ-
ence of the wave function can flow in the junction in the absence of a voltage. In

the AC Josephson effect, a Josephson junction will oscillate with a character-
istic frequency, which is proportional to the voltage across the junction.

Superconductors in thin films differ from their bulk counterparts. The de-

pendence of Tc on thickness of the film is complicated by the role of impurities
and stress levels in the film. Some films show higher Tc than bulk material.

Impurities generally appear to decrease Tc.
The critical field dependence on size is different for type I and type II

superconductors. For type I superconductors, the critical field increases with
decreasing thickness thus,

Hcf ¼ Hcb

ffiffiffi
6
p

l

d
for d < l and Hcf ¼ Hcb 1þ l

d

� �
for d > l, (12:44)

where l is the extinction distance. For a perpendicular field

Hcf ¼ Hcb
d

b
, (12:45)

where b is the width of the film and the subscripts f and b stand for film and bulk,

respectively. The behavior of type II superconductor with size of the film is much
more complex.

The critical current depends upon thickness as:

Icf ffi jcdb ¼ Hcb
d

l
for d� l and Icf ¼ Hcb tanh

d

2l

� �
for d� l:

(12:46)

For high Tc superconductors, the thin film usually has a higher Tc than the bulk
specimen.

Superconducting properties can be exploited in making devices provided we

are able to prepare high quality superconducting films. Low-temperature super-
conducting films of niobium (Tc ¼ 9:2 K) and niobium nitride (Tc ¼ 16 K) have
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been grown by evaporation and sputtering. Niobium films are susceptible to
oxygen interaction, which adversely affects its critical temperature so that a

critical deposition rate has to be exceeded to avoid impurity incorporation. The
temperature of deposition should be low enough to avoid grain growth in films

and to assure a smooth film surface. The stress in niobium films has to be
controlled to a level that results in zero stress, otherwise stress in the film

contributes to degradation of properties or de-cohesion of films from the
substrate. Niobium forms various oxides that are very difficult to control for
use as a barrier material, so that an over layer of aluminum is usually employed

rather than rely on niobium’s native oxide. Niobium nitride is usually deposited
in the reactive sputtering mode with nitrogen as the reacting gas. The surface of

NbN is not smooth at higher values of thickness due to its granular growth
mode and for this reason NbNC is preferred, but this can be obtained only at a

high substrate temperature. In bulk niobium–titanium, the precipitates and
grain boundaries and cell boundaries have to be controlled to produce high

critical currents. In alloy superconductors and in A15 compounds, such as
Nb3Sn, V3Si and Nb3Ge disordered regions, grain boundaries and point defects
appear to control the critical current. MgB2 with a critical temperature of 39 K

is undoubtedly going to replace many of the A15 compounds in the future
applications.

High-temperature superconductors that have been explored are YBa2Cu3 O7

(YBCO) (Tc ¼ 90 K), Bi–Ca–Sr–Cu–O system (Tc ¼ 110 K), Tl–Ba–Ca–Cu–O

system (Tc ¼ 126 K) and Hg–Ba–Ca–Cu–O system (Tc ¼ 134 K). Deposition
from multielement source requires high substrate temperature and large

pressures of oxygen that makes the control of process and attainment of large
areas of deposit extremely difficult. The issue of stoichiometry becomes ex-

tremely severe and in particular one has to control the oxygen stochiometry.
Many of these problems are alleviated by the use of composite source and laser
ablation deposition technique. Device fabrication demands in situ thin film

deposition processes so that multilayer structures can be grown. Several oxide
substrates are used to grow epitaxial high-temperature superconducting films.

Some of them include LaAlO3, SrTiO3 and MgO. The epitaxial arrangement of
growth is determined by the type of substrate used, the lattice and thermal

expansion mismatch, and the nature of substrate surface (e.g. the kind of
terminating layer exposed). A combination of annealing and etching can result,

for example, if the oxide ABO3 has AO or BO2-type surface layer. The micro-
structural features that play a role in determining the critical current in
these superconductors include grain boundaries, the alignment of grains along

c-axis, oxygen content, porosity, twin boundaries, point defects and impurities,
stacking faults, precipitates and second phase particles, voids and microcracks.
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In addition, the materials show flux creep when used at higher temperatures and
magnetic fields.

The processing of superconducting circuits is beset with many challenges
even as they promise one to achieve low-power high-speed devices. The fabri-

cation of large area dense superconducting integrated circuits involve the
introduction of stable and reproducible processes which have to balance the

ease of fabrication with the requirements of applications. The coherence length
varies from one superconducting material to another (Nb 30 nm, NbN 5 nm and
YBCO which is 2 nm in the ab plane and 0.2 nm in the c plane), which sets the

criteria for the distance over which disorder may occur at the interfaces of
superconductor with other materials used in fabrication. In fabricating niobium

based superconducting circuits one of the critical steps is the fabrication of the
barrier thickness, which for the typical aluminum oxide used amounts to three

monolayers thus making it susceptible to film roughness and microshorts.
Insulators that are desired in circuitry have to be deposited at temperatures as

low as possible. Dielectrics that are used to isolate structure include
Nb2O5, SiO and SiO2 and are deposited in the amorphous condition alleviating
the problems of leakage when they are in polycrystalline form. A variety of

materials and approaches are utilized to incorporate resistors in the cir-
cuitry (e.g. Pd, Mo, NbNx, MoNx, Pd–Au, Mo/Ti, superconductor/metal/super-

conductor junctions, etc.). Reactive ion etching combined with lithography
enables design features to be implemented, but the control of the end of the

reactive etching process and its selectivity in etching are of primary concern.
Advanced design requires planarization procedures to be implemented. NbN

based circuit fabrication shares many commonalities with Nb based processes.
Surface roughness is a problem with textured polycrystalline films. MgO is used

for the insulating film that should be astutely protected from water contamin-
ation to improve the quality of junctions, even though AlN is an alternative. In
the fabrication of high-temperature superconducting circuits, the defects are

propagated into the epitaxial film from the substrate so that maintaining film
quality is increasingly difficult. The anisotropy of coherence length in many of

these high-temperature superconductors has resulted in the fabrication of junc-
tions with currents flowing parallel to the substrate, since the superconducting

films are readily grown normal to the c-axis. A variety of approaches have been
tried to facilitate the junction formation, which are still in a state of develop-

ment. Near atomic level smoothness on the base electrode has to be achieved.
Dielectric films have to be lattice matched in high-temperature superconducting
film circuits so that some of the materials used are SrTiO3, SrAlNbO, SrAlTaO,

PrBaCuO, CeO2, etc. Lithography techniques need modification since YBCO
reacts with trace chemicals dissolved in water and may require protection by TiN
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or SrTiO3. Argon ion beam etching rather than reactive etching is the predom-
inant method used to remove material. Furthermore, planarization techniques

are much more important in YBCO structures. The high-temperature supercon-
ducting circuits have still not yet reached a state of maturity for applications

involving large-scale integration.
In high-temperature superconducting films, the coherence length is aniso-

tropic. For example, the coherence length perpendicular to the CuO2 plane is
much smaller than parallel to these planes. Therefore, much effort has gone to
orient the films. Since Cu–O layers are the paths for the paired charge carriers

in high-temperature superconductors, oxygen deficiencies degrade the critical
current density especially at grain boundaries. Cation disorder appears to

decrease Tc and may also be responsible for pinning of magnetic flux in
YBCO films. In order to integrate superconducting films with other devices,

much work has been done to understand the superconducting behavior when
the films are grown on silicon and silicon dioxide.

Example 12.4

The London equation relates the current density to magnetic field by the

expression

r~ �~JJ ¼ � 1

m0l
2

L

~BB:

Show how this leads to penetration depth for the magnetic field in a supercon-

ductor.

The Maxwell’s equations that one starts with is

r~ � ~BB ¼ m0
~JJ:

We obtain by taking the cross product

r~ �r~ � ~BB ¼ �r2~BB:

Inserting the London equation for the curl of current density, we obtain

r~ �r~ � ~BB ¼ r~ � m0
~JJ

� �
¼ � 1

l
2

L

~BB:

Hence,

r2~BB ¼
~BB

l
2

L

:

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 992 18.11.2005 12:04pm

992 Structure and Properties of Films



According to Maxwell’s equations, we must have

r2~BB ¼ 0:

Unless the penetration depth is infinite, the value of B must be zero. Thus, the

Meissner effect is phenomenologically explained.

Example 12.5

Consider two Josephson Junctions connected in parallel. A magnetic field

passes through the interior of the loop. Calculate the total current through the

junction.

Let the terminals 1 and 2 separating two Josephson junctions that are con-

nected in parallel. The phase difference for current following one path is da.
When taken through the second path the phase difference is db. If there is no

magnetic field, the two phases are equal.
When a magnetic flux passes through the interior of the circuit, there is a

phase difference F given by

db � da ¼
2e

�h
F:

We have

da ¼ d0 þ
e

�h
F; db ¼ d0 �

e

�h
F:

The total current density is

JT ¼ J0 sin d0 þ
e

�h
F

� �
þ sin d0 �

e

�h
F

� �#
¼ 2J0 sin d0 cos

eF

�h

� �
:

"

The current varies with F and shows a maximum when eF=�h ¼ np, where n is
an integer.

12.5. Magnetic Films

The motion of charges produces a magnetic field. In materials, the contribution
to magnetism arises chiefly from the orbital motion of electrons and the spin

of the electron about its own axis of rotation. Different magnetic materials
arise from the extent and nature of interaction between the magnetic moments
of electrons on different atoms in the solid and their response to the applied
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magnetic field. The motion of electron produces a magnetic moment whose
magnitude is given by m, where

m ¼ IA, (12:47)

where A is the area of the current loop and I is the current in that loop. The
magnetic flux density vector ~BB describes an external magnetic field (as meas-

ured by the number of magnetic field lines per unit area). A magnetizing field ~HH
is associated with currents in wires (i=2pr when a current i flows through a loop

of radius r), and also at the ends of magnetized material. The two fields are
related to one another in vacuum by the expression

~BB ¼ m0
~HH, (12:48)

where m0 is the permeability of vacuum and is 4p� 10�7 Henry/meter, ~BB is in
webers=m2 or tesla, and ~HH is in A/m. A material becomes magnetic when it is

subjected to an external magnetic field. The magnetization vector ~MM quantifies
the extent to which the magnetization occurs in the material and is expressed

as A/m. The relationship between these vectors is given by

~BB ¼ m0
~HH þ m0

~MM: (12:49)

It is generally known that in isotropic materials

~MM ¼ x~HH, (12:50)

where x is known as the magnetic susceptibility. Hence

~BB ¼ m0(1þ x)~HH ¼ m~HH ¼ mrm0
~HH, (12:51)

where

m � m0(1þ x), (12:52)

and m is known as the permeability of the material, mr the relative permeability

and x the magnetic susceptibility. One can define the relative permeability, mr by

mr �
m

m0

¼ 1þ x: (12:53)

For most materials mr is independent of ~BB and is small and close to unity. For
diamagnetic materials, mr is less than 1 whereas for paramagnetic materials mr is

greater than 1 but small. For permanent magnetic materials ~MM is a function of
~HH. The behavior observed in materials is shown in Fig. 12.20. mr and x are

dimensionless quantities. All of the above expressions assume that the frequen-
cies are so low that we can ignore the effect of propagation of electromagnetic

waves (Table 12.1). Hence, the displacement vector terms in Maxwell’s equa-
tions are omitted from consideration.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 994 18.11.2005 12:04pm

994 Structure and Properties of Films



The source of magnetization is within the atoms of the permanent magnetic

material. Once each atom has made its total contribution to magnetization to
the entire magnetic material, one cannot achieve any further magnetic moment

in a permanent magnet. Therefore, one can write

~BB ¼ m0(~HH þ ~MMs) ¼ m0
~HH þ ~BBs, (12:54)

M

M

M MS

MT

M = χΗ

M = χΗ

χ < 0

χ

χ

χ

χ > 0

H

H

H

HC

T

T

(a) Diamagnetism

(b) Paramagnetism

1.00

(c) Permanent magnetism

Paramagnetic
region

χ = constant

d (I/T )

T/Tc

Figure 12.20: Magnetization curves and magnetic susceptibility as a

function of temperature.
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Table 12.1: Electromagnetic waves in vacuum

Mathematical symbols and
equations Comments

E~(~rr, t) and ~BB(~rr, t) Electromagnetic waves comprise of electric and

magnetic fields

r~ . E~ ¼ r

«0
; r~ � E~ ¼ � @

~BB

@t

r~ . ~BB ¼ 0; c2r~ � ~BB ¼
~jj

«0
þ @E~

@t

Maxwell’s equations in vacuum. r ¼ 0; ~jj ¼ 0: r is

the charge density ¼ 0:~jj is the current density

due to free charge carriers

r2E~(or ~BB) ¼ 1

c2

@2E~(or ~BB)

@t2
Wave equation for electric field and magnetic

field in vacuum. r ¼ 0, ~jj ¼ 0

E~ . ~BB ¼ 0 The electric and magnetic fields are perpendicular

to one another

E~(z, t)
��� ��� ¼ c ~BB(z, t)

��� ��� The magnitude of electric and magnetic field are

not independent

E~� ~BB ¼ ~VV The electric and magnetic fields are perpendicular

to the direction of propagation
Vf ¼

v

k
¼ c

Vg ¼
dv

dk
¼ c

The group velocity and phase velocity of

electromagnetic waves is the velocity c and is

constant and same in all directions

Ex(z, t) 6¼ 0, Ey(z, t) ¼ 0 Linearly polarized along the x-axis

Ex(z, t) 6¼ 0, Ey(z, t) 6¼ 0 Elliptically polarized wave

~BB ¼ r~ � ~AA

E~þ @
~AA

@t
¼ �r~f

~AA is vector potential. f is scalar potential

r2~AA� 1

c2

@2~AA

@t2
¼ �

~jj

«0c2

r2f� 1

c2

@2f

@t2
¼ � r

«0

Wave equation in terms of vector and scalar

potentials

r~ .~jj ¼ � @r

@t
The conservation of charge. There is never a net

loss or gain of charges

� @u

@t
¼ r~ . ~SSþ E~ .~jj Conservation of energy of electromagnetic fields

u is the energy density in the field and ~SS

represents the energy flux

Continued
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where Ms is the saturation magnetization arising from the material, and Bs is

called the saturation flux density. The properties of a permanent magnet may be
displayed by its relationships with ~BB and ~HH or ~MM and ~HH as shown in Fig. 12.21.

The curves show hysteresis. In other words, increasing ~HH produces values of ~BB
or ~MM that is different from those when ~HH is decreasing. Once the magnet is
magnetized to saturation Ms the magnetization does not increase further. When

the magnetic field is reduced to zero after the magnet has been saturated, a
remnant flux density Br is present. This is the situation when the material

displays permanent magnetism or the material is a magnet in the absence of
an applied magnetic field. One can reduce the flux density to zero, if a demag-

netizing field, called the coercive field, Hc (or intrinsic coercivity), is applied to
the material. Generally, one recognizes magnets as hard or soft depending on

how difficult or easy it is to demagnetize, or by the magnitude of the intrinsic
coercivity (Fig. 12.22). Soft magnets require a B–H loop, which has a small area

because each time the magnet is taken around the B–H loop, energy is expended

Table 12.1: Electromagnetic waves in vacuum—Continued

Mathematical symbols
and equations Comments

~SS ¼ «0c2E~� ~BB ~SS is the energy flux of the field and is the flow of

energy per unit time across an area per

perpendicular to the flow. Is the energy flux of

the field and is the flow of energy per unit time

across an area per perpendicular to the flow. ~SS

is called the Poynting’s vector

u ¼ «0

2
E~ . E~þ «0c2

2
~BB . ~BB U is the amount of energy per unit volume in

space and is the sum of electrical energy density

and magnetic energy density

~gg ¼ 1

c2
~SS ~gg is the momentum vector

c ¼ («0m0)�1=2

¼ 2:997925� 108 m=s «0 ¼ permittivity of free space

¼ 107=(4pc2):m0 ¼ magnetic

permittivity of free space ¼ 4p � 10�7 H=m

r~ . ~DD ¼ rother; r~ � E~ ¼ � @
~BB

@t

r~ . ~BB ¼ 0; «0c2r~ � ~BB ¼
~jjother

«0
þ @

~DD

@t

rother refers to bound charges.~jjother refers to

polarization charges
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and appears irreversibly as heat. Permanent magnetic films have intrinsic coer-
civities at room temperature higher than 25 kA/m. The area enclosed by the

hysteresis loop is equal to the energy per unit volume, which is expended
whenever the material is made to traverse the B–H loop as in alternating

current applications. Strong magnets are characterized by the maximum value
of the product BH when B > 0 and H < 0. The high magnetic density films with

values of energy density greater than 140 kJ=m3 generally require preferentially
aligned crystallographic films, a high degree of magneto-crystalline anisotropy,

a high remnant flux density and a Curie temperature that is at least 300 8C. If
the coercivity is greater than one-half the remnant flux, then the energy
density will not be limited by the intrinsic coercivity. Permanent magnets

films are prepared by sputtering in three different forms: amorphous deposits

M M (T ) ∝ (Tc−T)b

c (T ) ∝ (Tc−T )−y

b ≈ 0.33−0.37

g ≈ 1.3−1.4

Tc T

B = mH

Br, Ms Domain rotation

Irreversible boundary displacement

Reversible boundary displacement

Hc H
“normal” paramagnet

Easy induction, “Softer”

Figure 12.21: B versus H and M versus H for a ferromagnetic material.
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that are subsequently crystallized, films crystallized on heated substrates

and films using substrate film epitaxy for alignment. PLD deposition has
succeeded in growing thick permanent magnetic films. With the availability of

permanent magnetic films, one can incorporate magnetic fields into the
design of electromagnetic components giving new design flexibility. The thick-

ness of the magnetic film required is small (<0:1 mm) for magnetic storage
applications and thick (several microns) for device-biasing applications. Soft

magnets require a small hysteresis loop and are useful in alternating current
applications.

Example 12.6

Show that the area of the B–H loop gives the energy expended in taking the

specimen around the hysteresis loop.

M
Mr

Hc

(a) Hard magnetic material
Retains a large fraction of saturation magnetization when
field is reversed. Large field Hc is necessary to demagnetize.
Large area of the hysteresis loop.

M

H

(b) Soft magnetic material
Retains only a small fraction of the saturation magnetization
when field is reversed. Very easily demagnetized. Area
of hysteresis loop small.

Figure 12.22: M versus H curves for hard and soft magnetic materials.
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Consider toroid of magnetic material with a single turn of wire around it
in which a current i flows. The current i is associated with a magnetic field H

given by

H ¼ i

2pR
,

where R is the radius of the toroid. The current flowing for a time Dt is
associated with a change in the flux density (DBA) where A is the area of
cross section of the toroid.

Hence according to Faraday’s law, the voltage induced is

V ¼ ADB

Dt
:

The power required to supply a current against a voltage V is P ¼ iV. Hence

the power supplied to change the flux density by DB in time Dt is

PDB ¼
2pRHADB

Dt
:

The volume of the magnet is 2pRA.

Hence, the energy supplied per unit volume is HDB for a change in DB.
The total energy is obtained by integrating the above expression over the

entire loop, taking proper account of the signs of B and H.
Ferromagnetism arises in solids when unpaired spins on atoms show a strong

coupling torque on magnetic moments of atoms between adjacent atoms. The

strong coupling that exists is not due to classical interaction between two mag-
netic moments, but is attributed to exchange energy. The exchange energy is a

correction to classical electrostatic energy when quantum mechanics is applied
to the calculation of the interaction energy of electrons when they have spins.

The exchange energy should result in a strong magnet even in the absence of an
external magnetic field as long as the temperature is sufficiently low. The align-

ment of spins on atoms is disturbed by temperature (contributing to the random-
ization of the orientation of the spin magnetic moments), so that thermal energy

eventually destroys permanent magnetism at the Curie temperature, Tc. The
variation of saturation magnetization with temperature is shown in Fig. 12.23.
One can therefore estimate the magnitude of the exchange energy contribution

by giving an equivalent Hmol field by

Hmol mB ¼ kBTc, (12:55)

where mB is the magnetic moment unit known as the Bohr magneton and Tc is

the Curie temperature, which is the temperature at which the spontaneous
magnetization vanishes.
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The saturation magnetization per unit volume of the magnetic material can

be estimated from

Ms(at 0 K) ¼ nmB

N0r

W
, (12:56)

where r is the density of the material, W its molecular weight, N0 is the

Avogadro’s number and n is the effective number of electrons that are contrib-
uting to the magnetic moment of the atom.

Example 12.7

The saturation flux density of iron is 2.18 tesla. How many electrons per atom

are involved in contributing to ferromagnetism?

Amount of ferromagnetism per atom ¼ nmB.

Assuming N atoms per unit volume in Fe, the amount of magnetic moment
per unit volume is ¼Ms ¼ NnmB.

The flux density at saturation is

Bs ¼ m0Ms ¼ m0NnmB:
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Figure 12.23: Variation of saturation magnetization with temperature.
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For Fe, N ¼ 0:85� 1029 atoms=m3, m0 ¼ 4p � 10�7 Henry=m, mB ¼ 9:3� 10�24

A m2.

Since Bs ¼ 2:18 tesla, we obtain

n ¼ Bs

m0NmB

¼ 2:18

4p � 10�9 � 9:3� 10�24 � 0:85� 1029
¼ 2:19 electrons per atom:

The magnetic moment of an atom due to the orbital motion of the electron is
given by the expression

~mml ¼
e�h

2m

� �
~ll, (12:57)

where ~mml is the magnetic dipole moment and ~ll is the angular momentum
quantized along the direction of the applied magnetic field. The magnetic

moment of the atom due to the spin of the electrons is given by

~mms ¼ gs
e�h

2m

� �
~ss, (12:58)

where g is the spectroscopic splitting factor and~ss is the spin angular momentum.

The convenient units to express the magnetic moment of an atom is by the use
of the Bohr magneton mB, which is defined by

mB �
e�h

2m

� �
, (12:59)

and represents the contribution to the magnetic moment of one electron and is
9:27� 10�24 A m2. The quantization of the magnetization of atoms was shown

experimentally by Stern and Gerlach (1922) and Zeeman 1913.
Permanent magnetism is not seen in all materials even though many transi-

tion metals (unfilled 3d, 4d and 5d orbitals) and rare earth metals (unfilled 4f

orbitals) have a large net spin. However, in order for these spins to be coupled,
they must also satisfy distance requirements between atoms. The combination

of these requirements is satisfied only in Fe, Co and Ni and a few rare earth pure
elements. Several oxides also show permanent magnetism. The origin of mag-

netism in oxides owes to the type of bonding one finds in transition metals
atoms. In these atoms, electrons share their time between localized covalent

type orbital and nonlocalized metallic type orbital. Between atoms, there is a
quantum mechanical exchange, which is essentially the result of swapping
electrons between neighboring atoms. This feature makes them aware of each

other’s spin. In oxides, the structure is typically ionic and ions can have un-
paired spins. However, the magnetic interaction between ions is more compli-

cated since an oxygen ion, which is nonmagnetic, intervenes. Even then, ions
interact with each other by what is known as superexchange, which promotes
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ions to have their spin moments, aligned in opposite directions. Since the ions
that participate in the superexchange are different, there is no net cancellation

of magnetic moments. A net magnetization therefore result and the materials
are known as ferrimagnetic.

Example 12.8

The manganese zinc ferrite is expressed by giving the formula Zn2þ
x

Fe3þ
1�x(Mn2þ

1�xFe3þ
1þx)O2�

4 . Calculate the saturation magnetization as a function of

composition.

Zn prefers to occupy the tetrahedral site A in the perovskite structure.
Mn prefers the octahedral site.

The magnetic moments of Fe3þ ¼ 5mB; Fe2þ ¼ 4 mB; Mn2þ ¼ 5 mB; and
Zn2þ ¼ 0 mB.

Zn2þ
x Fe3þ

1�x(Mn2þ
1�xFe3þ

1þx)O2�
4 has the magnetic moment

x(0mB)þ (1� x)5 mB in the A sites ¼ 5(1� x)mB:

(1� x)5 mB þ (1þ x)5 mB ¼ 10 mB:

The net magnetic moment is ¼ 10 mB � 5(1� x)mB ¼ 5(1þ x)mB.
Permanent magnet cooled from above the Curie temperature to room tem-

perature does not reveal any magnetization. The material consists of individual
domains and the magnet as a whole consists of many domains whose arrangement
of magnetic moments is such as to produce a net magnetization of zero. A domain

wall separates two domains from each other whose magnetization is in different
directions. Within the domain wall, the spins of atoms transition from the situ-

ation in one domain to the situation in the adjoining domain. The transition
between one domain to the next occurs over many atomic layers. The occurrence

and the distribution of domains in a permanent magnet require us to appreciate
the role of different contributions to energy of a permanent magnet.

The energy associated with the magnetization vector ~MM in the presence of an
external magnetic field ~HH is given by

Ems ¼ �m0
~MM . ~HH: (12:60)

This energy will cause the magnetic moment to align with the local magnetic

field and thereby minimize the energy. A permanent magnet has magnetization ~MM
in the absence of an external magnetic field. However, associated with this mag-

netic moment, there are magnetic fields external to the magnet. Since the magnet
has boundaries because of its finite size, the termination of the magnetic moment
at the boundaries gives rise to surface magnetization current, since

r~ � ~MM 6¼ 0: (12:61)
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The magnetic field, Hd, inside the permanent magnet due to surface magnet-
ization current is called the demagnetization field. The demagnetization field

acts on ~MM so that the potential energy is given by

Emag ¼ �
m0

2
~HHd . ~MM (12:62)

The demagnetizing field is both opposite and proportional to the magnetiza-

tion and is

~HHd ¼ � Ndj j~MM, (12:63)

where Nd depends upon the geometry of the permanent magnet and is known as

the demagnetization factor. A very important term in the demagnetizing energy
is a macroscopic effect caused by the shape of the sample and derives from
magnetic self-energy. A long thin object has less magnetostatic energy if it is

magnetized along its length, compared to across its length. The self-energy is
usually expressed as the interaction of the demagnetizing field inside the sample

with magnetization.
The exchange interaction depends upon the direction of magnetization vector

with respect to the crystal axes in the single crystal, which is due to the
anisotropic charge distribution in the crystal field, and orients the magnetic

moment along specific crystallographic directions. The electron spins are not
totally free to act independent of their host atoms and their arrangement in a
crystalline order. The effect is known as magnetocrystalline anisotropy. One

can write the magnetocrystalline anisotropy energy in the form

Ea ¼ Kf (a1, a2, a3), (12:64)

where K is a constant called the anisotropy constant (typically 105 J=m3), and f a

function of the cosines of the angles that magnetization vector makes with each
of the coordinate axes. The directions for which Ea is a minimum are known as

the easy axis of magnetization and the direction for which Ea is a maximum are
known as the hard direction of magnetization. These are shown in the case of iron

in Fig. 12.24. Magneto-crystalline anisotropy energy represents the energy
needed to pull the magnetization away from the preferred axis.

A permanent magnet changes its length when its magnetic moment changes

in response to an external magnetic field. This is known as magnetostriction and
it can be expressed as a change in length of the sample per unit length for a

given state of magnetization. The consequence of magnetostriction is the vari-
ation of strain with direction or magnitude of the magnetization. The maximum

strain (ls is typically 10�6 to 10�5) is reached when the magnetic material
reaches saturation. Furthermore, anisotropy in the magnetic material can be

induced by the presence of stress. The magnetostrictive energy (	10 J=m3) is a
function of the direction cosines of magnetization as well as the direction

cosines of the stress with respect to the coordinate axes.
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Figure 12.24: Easy and hard axis of magnetization in iron single crystals.

The alignment of spins on neighboring atoms is due to exchange energy. The

total electrostatic interaction energy involves electronic wave functions of two
electrons and contains a term in which the identity of the two electrons is

exchanged. If the spin angular momentum of electrons on the ith and jth
atoms are ~SSi�h and ~SSj�h, respectively, then the exchange energy can be approxi-

mated by

Eex ¼ �2Jex
~SSi . ~SSj, (12:65)

where Jex is known as the exchange constant determined by the overlapping
wave functions of the two electrons on neighboring atoms. For Jex > 0, the

electrons on neighboring atoms when they are parallel gives the lower energy
and this is the situation with materials showing ferromagnetism. When Jex < 0,
the spins on neighboring atoms are antiparallel resulting in ferrimagnetism or

antiferromagnetism. In the latter case, the neighboring atoms with opposite spin
are identical. The exchange energy for antiparallel orientation may be ex-

pressed in the form

Eex �
A

M
r~ . ~MM
��� ���2, (12:66)
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where A is called the exchange constant. The magnitude of the exchange energy
can be estimated from thermal energy, kBTc, necessary to destroy permanent

magnetism at the Curie temperature.
When a permanent magnet is cooled from above the Curie temperature to

lower temperatures, domains nucleate and grow since the material would like to
reach a state of lowest energy. If the entire material is one domain, there is

considerable magnetostatic energy due to the magnetic field surrounding the
magnet. If there are domains in the opposite direction, the magnetostatic energy
is reduced considerably since it cuts down on the magnetic field that permeates

outside the magnet. Therefore, there is a tendency to minimize the magnetostatic
energy by having domains pointing in different directions so that there is no

external magnetic field. However, one has to allow for the energy that it takes to
form a domain boundary. Depending on the crystal structure of the material, the

magnetic domains align along the easy axis of magnetization. The domains can be
so constituted within the material that they can virtually eliminate all the mag-

netic field outside the magnet and thereby eliminate the magnetostatic energy
altogether. This situation arises when the domains are so configured such that the
magnetic field forms a closed loop within the magnet (Fig. 12.25). One has to take

into account the magnetoanisotropy energy and magnetostrictive energy in
considering domain structures. It is possible to estimate the size of domain

walls and the size of the domains in a permanent magnetic material by making
simple approximations. One estimates the domain walls are hundred of atoms

thick and domain sizes are about 100 mm. The domain wall sizes are determined

B

N

S

Magnetic domain
Domain wall or boundary Flux closure

No external field

S

S S

SN

N N

N

Figure 12.25: Domains in ferromagnetic materials.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 1006 18.11.2005 12:04pm

1006 Structure and Properties of Films



by the competition between magnetoanisotropy energy and exchange energy.
The domain size determination requires one to minimize the domain wall energy

and the stresses resulting from the magnetization in closure domains, which favor
fewer domains, and stresses arising from the magnetization in closure domains

that form small enclosures and volumes.

Example 12.9

Estimate the thickness of domain wall for iron.

Consider the domain wall between two 1808 domains in a bulk permanent

magnet.
Across the boundary, the magnetic moments of atoms change progressively

from that of one domain to another.
Let us suppose the atoms are separated by a distance a and there are N planes

in the wall.
The number of atoms per unit area ¼ 1=a2.
The exchange energy per unit volume

Eex ¼ �2JexS2 cos f ffi �2JexS2 1� f2

2

� �
:

The net increase in exchange energy is

DEex ¼ JexS2f2:

The exchange energy per unit area of the domain wall is therefore

gex ¼ JexS2f2 N

a2
:

The angle between adjacent spins in a 1808 domain wall is f ¼ p=N.

Hence,

gex ¼
JexS2p2

Na2
:

The crystalline anisotropy energy due to the fact that the magnetic moment
rotates away from the direction of the easy axis of magnetization is given by

ga ¼ KNa:

Writing d ¼ Na, we can write for the total energy of the domain wall

g ¼ gex þ ga ¼
JexS2p2

ad
þKd:
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The equilibrium wall thickness, dc is given by the condition

dg

dd
¼ 0,

so that

dc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JexS2p2

aK

r
:

Assuming

Jex ffi 0:3 kBTc;

where Tc is the Curie temperature, we can write

dc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:3 kBTcp2

Ka

r
:

For Fe, Tc ¼ 1043 K, K ¼ 4:8 and a ¼ 8:66 nm.
Hence dc ¼ 3000 nm.

The permanent magnetic material can be magnetized in one direction by an

external magnetic field, and when the magnetic field is removed, it will not revert
back into zero magnetization. It is necessary to apply a magnetic field in the

reverse direction in order to drive the magnetization back to zero. The property
of hysteresis is a feature of permanent magnets and is due to the domains in the

material. This property is exploited in recording information on a magnetic film.
Starting from a permanent magnet, which shows zero magnetic moment, one can

magnetize the material. Initially the material follows a nonlinear magnetization
curve when magnetized from a zero field value. Here the magnetic susceptibility
is not constant. The domains that are oriented in the direction of the magnetic

field expand. Eventually the domains that are oriented favorably grow in size by
moving the domain walls and consuming the domains that are not favorably

oriented to the magnetic field. Eventually when all the domains are oriented, the
direction of the magnetization turns in the direction of the magnetic field, and

saturation is attained when the entire material is one domain. When the driving
magnetic field drops to zero it is difficult to nucleate and fall to zero magnetiza-

tion condition when the magnetic field is removed. A permanent amount of
magnetism remains and is called remnance. As the reversal of magnetic field

continues, it is not until the magnetic field reaches a coercivity that the domains
are all in place to give a zero magnetic moment. The process is repeated in the
opposite direction as the magnetic field goes through the entire B–H loop cycle.

It is therefore important to note that the features of the B–H loop are sensitively
dependent on the factors that control domain wall motion.
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Bulk materials normally exhibit in-plane magnetism, which is parallel to the
surface of the material. Pt–Co, Pd–Co and NdFeB films have been deposited with

magnetism perpendicular to the film surface. The magnetization of thin films lies
in the plane of the film in some cases as in SmCo films. Otherwise, a large

demagnetizing field would act normal to the film. It is normal to find the domains
to extend through the thickness of the film. The domain walls between them are

of the 1808 type with the direction of easy axis of magnetization roughly parallel
to the film. In thin magnetic films, the domain wall energy is a function not only of
the material but also of the thickness of the film as was first shown by Neel (1955).

When the specimen thickness t is of the same order as the domain wall thickness
d, the field created by these poles contributes an appreciable magnetostatic

energy. Consider the situation where the spin is continuously rotating from the
direction þy to �y as shown in Fig. 12.26. For simplicity we shall assume the

region where the transition of spins is occurring in an elliptical cylinder with axial
lengths a and b. The demagnetization coefficient along the a-axis is

Na ¼
4pb

aþ b
, (12:67)

and when magnetized along the b-axis is

Nb ¼
4pa

aþ b
: (12:68)

The magnetostatic energy density of the wall is given by

Ems ¼
1

2
NtM

2
s ¼

1

2

4pd

t þ d

� �
M2

s : (12:69)

The magnetostatic energy per unit area of the wall, known as the Bloch wall
(Ms perpendicular to the film) is

gms, B ¼
2pd2M2

s

t þ d
: (12:70)
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Figure 12.26: Saturation magnetization directions in thin films.
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One observes that gms is negligible, when t/d is large similar to bulk specimens.
But, if t=d < 1, the contribution cannot be ignored. Therefore, when the thick-

ness is small, one can reduce the magnetostatic energy of the wall if the spins in
the wall rotate about the film normal. Such a domain is called Neel wall, where

we have the situation when the spins in the domain as well as the domain walls are
parallel to the film surface. For such a wall, the magnetostatic energy is given by

gms, N ¼
2ptdM2

s

t þ d
: (12:71)

Hence,

gms, N

gms, B

¼ t

d
: (12:72)

Hence, the magnetostatic energy of Neel wall is less than that of the Bloch
wall when t < d. A more accurate calculation including magnetostatic, ex-

change and anisotropy energy terms reveals the relative energies of Bloch and
Neel walls stated as above, and furthermore, finds that the Bloch wall and Neel
wall energy vary with thickness of the film, the thinner the film the narrower the

Bloch wall in comparisons with the Neel wall. In certain range of film thick-
nesses, it appears to be advantageous to have a different domain wall structure,

called the crosstie walls as shown in Fig. 12.27. In this scheme, the Bloch walls
and Neel walls are alternatively combined. Hence, the crosstie wall is a transi-

tion type of wall from Bloch wall to Neel wall.
The magnetic properties of the material depend on the dimensions of the

material. However, we would expect the saturation magnetization, Ms, ob-
served when the magnetic moments of all the atoms are aligned in the easy

axis of magnetization to be independent of the size of the magnet. On the other

Ms

Ms

Crosstie domain

AA

Ms

Ms

Neel walls

A

(b)(a)

Figure 12.27: Neel and Crosstie walls in thin films.
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hand, the coercivity, Hc, increases by several orders of magnitude for small
particles compared to the bulk. We are particularly interested in small particles

and thin films and examine how their dimensions affect their magnetic properties.
When the size of the particle is below a critical size, the particle consists of

only a single domain. For a uniaxial single domain, the hysteresis loop is a
rectangle as shown in Fig. 12.28. Since a single domain is already saturated, an

applied magnetic field is required to utmost rotate the direction of the magnetic
field from its original direction in the particle to the direction of the applied
field. If the anisotropy is minimal, then an infinitesimally small field can rotate

Ms. The coercivity depends upon the size, and increases with decreasing size of
the particles. The dependence of coercivity on particle size is shown in

Fig. 12.29. At large particle sizes, there are multidomains in the particle.
Changes in magnetization occur by domain wall motion. It is known experi-

mentally that the coercivity depends on the diameter of the particle as

Hc ¼ aþ b

d
, (12:73)

where a and b are constants. When the particle size is small, so that there is only

a single magnetic domain, the maximum coercivity is reached at a critical size,
Dc. Below this size, the coercivity decreases as

Hc ¼ g� h

D3=2
, (12:74)

where g and h are constants. The decrease is due to thermal effects, which tend
to randomize the alignment of spins. When the size of the particle reaches a

certain value, Dp, thermal energy overpowers the tendency of exchange energy

M

Ms

H

−Ms

Figure 12.28: Hysteresis loop of single-domain particle.
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to align the spins and the sample is said to be superparamagnetic. The magnetic
hardness of small single domain particle arises from the anisotropy to shape of

the particle or crystalline anisotropy. For example, when small particles are
embedded in a nonmagnetic binder, the contribution of shape anisotropy due to
interaction between particles decreases with increasing binder, whereas crystal-

line anisotropy remains unaffected.
The rectangular hysteresis loop of single domain particles with uniaxial

magnetization assumes that the spins of all the atoms move in unison during
the reversal of magnetization. Such a rotation is called coherent rotation

(Stoner–Wohlfarth mode). The discrepancy between the theoretically expected
coercivity expected from shape and crystalline anisotropy and observed coer-

civity resulted in the questioning of the validity of the assumption of coherent
rotation. Incoherent modes of rotation were also examined. Two particular

modes are known as fanning and curling and are shown in Fig. 12.30. The
results of extensive calculations in these modes are shown in Fig. 12.31. It is
apparent from experiment that small particles reverse coherently, whereas large

particles reverse by curling.
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Figure 12.29: Intrinsic coercivity as a function of particle diameter.
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Figure 12.31: The type of domain rotation as a function of thickness of film.
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The variation of ~MM with ~HH is not static but dynamic in character. The rate of
change of magnetization is governed by the nature of the motion of the domain

walls or of the type of rotation of spins. Time dependent magnetic fields
result in the damping of magnetic materials associated with the oscillatory

motion of the domain walls. At higher frequencies of oscillations of the applied
field, resonance phenomena are encountered. Changing magnetic fields

induces an electromotive force according to Faraday’s law. In a conductor, this
electromotive force induces a current known as eddy currents. These currents in
turn, produce a magnetic field that acts in a direction opposite to the applied

magnetic field direction. The strength of the eddy current is larger the lower the
electrical resistivity of the material and higher the permeability of the material.

Changes in magnetization can occur by domain wall motion. In a weak
oscillating magnetic field, the domain walls would only oscillate about their

equilibrium positions. The mobility of the domain wall, c, may be written as the
velocity, v, per unit of excess driving field and may be written in the form

v ¼ c(H �H0), (12:75)

where H0 is the field that must be exceeded to overcome imperfections in the
material, before the extensive motion of domain wall occurs. The resistance to
domain wall motion in conductors is due to eddy current damping and in

insulators is due to the retardation of the rotation of electron spins.
A magnetic material displaying rectangular hysteresis relationship shows two

distinct states of remnance, Br and �Br. Switching from one state to another is
important in storage applications. We will examine in particular the switching

phenomenon in thin films displaying rectangular hysteresis loop. We shall con-
sider a thin film single domain and assume its magnetization changes by coherent

rotation. To study the switching speeds, it will be useful to examine the effect of
two fields at right angles on the quasi-static hysteresis loop. For simplicity, we

assume uniaxial anisotropy in the film so that the anisotropy energy is given by

Ea ¼ Ku sin2 u: (12:76)

The anisotropy field is given by

HK ¼
2Ku

Ms
: (12:77)

We introduce variables

he �
He

HK
¼ He

2Ku=Ms
and hh �

Hh

HK
¼ Hh

2Ku=Ms
: (12:78)

The energy density is given by

ET ¼ Ku sin2 u� ~MM . ~HH ¼ Ku sin2 u�HeMs cos u�HmMs cos (90
 � u):

(12:79)
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The equilibrium angle is determined by the condition

dET

du
¼ 0: (12:80)

The critical field for which the magnetization switch has to be determined by

d2ET

du2
¼ 0: (12:81)

If we apply both the conditions above and solve the resulting equations, we

obtain the solutions in the form

hh ¼ sin3 u and he, crit ¼ � cos3 u: (12:82)

The result of these on the static hysteresis curve is shown in Fig. 12.32. It is to
be noted that when hh is zero the square hysteresis loop has the largest

coercivity. The effect of the transverse field is to decrease in the easy axis

M
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Θ H
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ΘH = 135°

H

Ms

2Ku

Ms

Ku
−

Ms

2Ku
−
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Figure 12.32: Dynamic effects on static hysteresis curves.
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coercivity, since it supplies some of the energy to overcome the anisotropy
energy. When the field is in the hard direction, Hc ¼ 0, the loop is merely

a straight line. When the magnetic field does not lie along the easy axis but is
at some angle, one obtains the solution to be represented by a boundary curve

for switching given by

h
2=3
e, crit þ h

2=3
h ¼ 1: (12:83)

The shape of this curve is an asteroid as shown in Fig. 12.33. Outside, the
asteroid magnetization will be reversed by coherent rotation of the magnetiza-

tion over the entire film and inside the asteroid switching will not occur.
Soft magnetic materials are used as inductive head materials characterized by

their large saturation flux density, low coercive force and small hysteresis loss,
low magentostriction and high initial permeability. The Permalloy (81% Ni,

19% Fe) is the favorite material. The zero magnetostriction of these alloys
means that stress in the film is not a major factor. The role of grain size,

dislocation density, texture, thickness, magnetic field have all been investigated
in attempt to reduce the coercivity. The nature of domain wall motion, and

Hx (Easy axis)

Hy (Hard axis)

MB1

MB2

Hk

A

B

Figure 12.33: Asteroid curve.
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the jerkiness with which it moves when it has been pinned by imperfections in
the film contribute in understanding the coercivity of the films as well as the

noise generated when used in applications.
Permanent magnetic films with large room temperature intrinsic coercivities

(5–50 kOe), with high magnetic energy density (15), are typically used in storage
application with thickness less than 100 nm and in device biasing and associated

magnetic circuit applications at higher thickness. These films have been sput-
tered as amorphous deposits and subsequently annealed to become crystalline,
or deposited on high-temperature substrate or grown epitaxially.

In order to realize the high fraction of theoretically possible energy density,
permanent magnetic films must be grown showing a large degree of preferred

orientation. One can avoid disrupting the growth of a particular texture mode in
sputtering by controlling the energy and momentum of the deposited atoms. This

is affected by increasing the sputtering pressure so that the deposited atoms
undergo many collisions before they reach the substrate. The efficiency with

which these collisions can thermalize the sputtered atoms depends on how closely
the mass of the inert gas matches with that of the material deposited. In films that
are deposited as crystalline materials by keeping the substrate temperature high,

several factors can be used to allow textured films to grow. One factor occurs
when the film is still magnetic, that the demagnetization energy plays a role in

determining the relative growth of crystallites. A net magnetization perpendicu-
lar to the film versus that in the film plane determines the texture as in many

cobalt-based permanent magnetic films. The large demagnetization energy fa-
vors the growth of films with the magnetic easy axis aligned onto the film plane.

There should be a minimum area, over which the film has to be coherent in order
to have the unit cell c-axis parallel or perpendicular to the plane of the film

and this can be determined by the lattice parameters. The substrate temperature,
sputtering gas pressure and deposition rate play a key role in determining
whether a particular texture is favored over others. Structures that require large

coherence regions cannot be easily grown as textured films, except by heat
treatment of the amorphous film as is the case with Sm5(Fe, Ti)17. It is difficult

to grow sputtering films for large coherence distances and large stacking distances
with normal sputtering rates. Buffer layers are frequently used to promote the

growth of c-axis in plane crystallites as when Cr buffer layers are used to grow
SmCo films. Buffer layers are also used as a means for controlling stress in films.

With under layers the texturing and growth dynamics are largely separated from
the specific substrate type used. Epitaxial films can also be grown to give good
anisotropic films as when SmCo is grown on MgO substrates with W as a buffer

layer. For applications in which high coercivities but not optimal energy densities
are required, it is preferable to grow amorphous films and heat treat it subse-

quently round 350–500 8C. Such films usually consist of randomly oriented grains
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with grain sizes typically in the neighborhood of 5000 nm. Stable oxide films
cannot be heated, as they are liable to loose oxygen and destroy their magnetic

properties.
Rare earth transition metal amorphous thin films are employed as media for

magneto-optical recording. Tb, Gd and Dy alloys with Fe, Co exhibit ferromag-
netic properties. The films are amorphous, so that there are no grain boundaries

to pin domains. The net magnetization is due to the difference between rare earth
and transition metal atom contributions to magnetic moment. The composition
of the film and the temperature of the film determine the magnetic behavior.

The suitability of alloys for magneto-optical recording implies perpendicular
magnetic anisotropy, high squareness of hysteresis loop, high coercivity and

high magneto-optical Kerr effect. Orientation of the magnetic moments per-
pendicular to the film is a must and requires

Ku > 2pMs
2, (12:84)

where Ku is an intrinsic perpendicular magnetic anisotropy constant and Ms

is the saturation magnetization. Tb–Fe–Co amorphous alloys appear to give
the best performance at present. High coercivity is desired in films to retain the

information that is recorded without subjecting them to external influences.
The Kerr rotation angle is a strong function of the incident wavelength.

The increase in density for recording requires short wavelength. Multilayer
structures, such as XTbFeCo/Y(Pt, Pd), Co/Pt, Co/Pd, (BiDy)3(FeGa)5O12 and

Co–Pt, Fe–Pt compounds have been fabricated to improve Kerr rotation.
Several technological solutions are required to incorporate the high density
opportunities provided by these new films.

Magnetic properties of thin films of ferrites promise potential applications in
microwave devices if their properties include strong magnetic coupling, high

resistivity and low-loss characteristics at high frequencies. The relevant prop-
erties are the permeability (m), loss tangent (tan d), anisotropic field (Ha),

ferromagnetic resonance frequency ( f0) and line width (DH). Potential appli-
cations include perpendicular recording media (barium and cobalt ferrites),

magneto-optical media material (garnets), flux guides and sensors in thin film
recording heads, microwave and millimeter devices. Ferrites are ceramics and
belong to the crystal structure of spinel, garnet or hexagonals. One can tailor

the magnetic properties of ferrites to the specific application because of the
susbstitutional solubility of the transition metal ions in these structures. Garnets

have good magnetic properties and an extremely narrow ferrimagnetic reso-
nance line width, ferrites have high saturation temperature and high Curie

temperatures and hexagonal ferrites have a very large magneto-crystalline an-
isotropy. The spinel structure is cubic and has the chemical formula AB2O4,

where A is the divalent ion and B is the trivalent ion. The oxygen atoms are
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arranged in the form of a FCC lattice. Normally, eighth of the tetrahedral A sites
and half of the octahedral B sites are occupied by the cations. The exchange

interaction between A and B cations is negative and therefore, the magnetic
moment comes from the difference in the magnetic moments of the ions

between A and B sites. Other magnetic ceramics with much more involved
crystal structures include orthoferrites and garnets. Plating, off axis magnetron

sputtering, pulse laser deposition and molecular beam epitaxial techniques have
grown thin films of ferrite in oxygen ambient.

Metallic multilayers consisting of alternate layers of two different materials,

such as ferromagnetic and non-ferromagnetic materials are used as giant mag-
netoresistance sensors (GMR). Magnetoresistance is the fractional change in

resistance of a material in response to a magnetic field. It can be defined as the
change in resistance in the presence of a magnetic field, by

MR ¼ RB � R0

R0
¼ rB � r0

r0

, (12:85)

where R is the resistance, r is the resistivity and the subscript zero refers to the
condition when there is no magnetic field and B refers to the situation in the

presence of a magnetic field. The giant magnetoresistance was observed in a
variety of transition metal and magnetic multilayers (Grunberg et al., 1986;

Baibich et al., 1988). The GMR is oscillatory with space layer thickness. The
GMR has also been observed in granular systems when clusters of ferromag-
netic materials are in a metallic matrix. Colossal magnetoresistance has also

been observed in pervoskites manganites (R1�xAxMnO3) (Sun et al., 1998).

12.6. Dielectric Films

Dielectric films form an important component of electronic devices since they
do not conduct electricity and as such are of critical importance as capacitive

elements and as insulators. For example, microprocessor devices require con-
tinued improvement in device speed, greater device packing density and
increased number of functions that are located on a single chip. One of the

solutions to these requirements has required a large number of interconnects.
As a result, there has been an increase in the use of metal layers and a reduction

in the wiring pitch (Fig. 12.34) to increase the density of metal wires. For devices
with dimensions less than 0:25 mm, delays in the propagation signal, noise due to

cross talk between lines and power dissipation due to resistance capacitance
(RC) coupling begin to affect device performance. The smaller metal

lines means increased resistance and the narrower spacing between metal lines
implies more capacitance between lines. Therefore, both lower resistance metal
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lines and lower dielectric constant materials are needed for future devices. It

has been shown that for device features larger than 1 mm, the gate delay is
important. When the devices are small, the total capacitance is dominated by
the line-to-line capacitance, so that it is essential to reduce the total capacitance.

Decrease in the cross talk and lower power dissipation are additional benefits
(Jeng et al., 1994).

Example 12.10

Consider a schematic diagram of an interconnect system shown in Fig. 12.34.

We will neglect the effect of fringing fields and finite electrode thickness in a

simple estimate of the RC delay. By how much the substitution of SiO2 with air

one can expect to reduce the RC time delay.

If P represents the metal pitch, we have

P ¼W þ S,

where W is the metal width and S is the space between the metal.
We shall assume that the metal thickness, t, above and below the dielectric is

equal.

Interconnect
metal layer

Lower metal layer

Upper metal layer

W S

CLL

CV  = CLGP

T

Figure 12.34: Schematic diagram of interconnect system.
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The total resistance, R, of an interconnection line of length, L, is given by

R ¼ 2rL

Pt
,

where r is the resistivity of the metal. The parallel plate capacitance between

lateral line-to-line is CLL. The vertical layer-to-layer capacitance is CV. Assume
CV ¼ CLG, where CLG is the line-to-ground capacitance. The total capacitance

is therefore, given by

C ¼ 2(CLL þ CV) ¼ 2k«0
2Lt

P
þ LP

2t

� �
,

where k is the dielectric constant, and «0 is the permittivity of free space. The

RC delay is therefore, given by

RC ¼ 2rk«0
4L2

P2
þ L2

t2

� �
:

Hence, replacing SiO2 with k ¼ 4 by air with k ¼ 1 will reduce the time delay
by 75% since RC is proportional to k.

Dielectrics are materials characterized by high electrical resistivity
(>1010 V m) in response to applied electric fields. The poor electrical conductivity

stems from the difficulty of promoting electrons from the filled valence band to
the empty conduction band because of the large energy gap that separates these

two bands in a dielectric. Most dielectric materials arise from strongly bonded
ionic or covalent materials and are therefore, either ceramics or polymers. In

actual situation the dielectric, because of its amorphous structure, in many
instances can have the energy band extend by tails at both the top of the valence
band and the bottom of the conduction band, resulting in a behavior more like that

of a semiconductor. In addition, due to many structural impurities, the charge
carriers may be trapped in energy levels within the energy gap for a long time until

they are released by thermal energy and acted upon by an external potential. The
current that can flow in an insulator depends upon the number of charge carriers

that the insulator has, which are usually ions, the availability of sites in the
insulator to which the ions can jump. The mobility of these carriers however

tend to be very small so that only a small current flows through the dielectric.
The dielectric properties of a material depend on the extent to which a

material can be polarized in the presence of an electric field. When an electric
field is applied, the centers of gravity of the positive and negative charges move
in opposite directions, even though the net charge in the material is zero in the

absence of the electric field. The polarization, P, is given by

P ¼ Nqd, (12:86)
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where d is the displacement between the centers of gravity of positive and
negative charges and N is the number of charges displaced per unit volume.

Polarization is thus, expressed in coulombs per unit volume or cm�3.
There are a number of reasons why a material acquires polarization in the

presence of an electric field. The simplest reason is due to the displacement of
electron cloud with respect to the positive nucleus when an external electric field

is applied to the material (electronic polarization). In ionic materials, the positive
ions and negative ions are displaced in opposite directions creating polarization
(ionic polarization). There are many molecules, which have unsymmetrical

distribution of electrons around the positively charged nuclei resulting in the
presence of permanent dipole moment in the molecule. In the presence of an

electric field, these permanent dipoles, which are ordinarily randomly oriented
because of thermal energy, will tend to align in the direction of the applied

electric field and result in the material acquiring a net polarization (dipole
polarization). Some solids have mobile ionic charges that can move in response

to the applied electric field and collect at physical barriers, such as surfaces and
grain boundaries (interface polarization). The net contribution to polarization in
a material (Fig. 12.35) can include contributions form each of the above four

causes. P=NEloc gives the polarizability a of an atom, where Eloc is the electric
field to which the atom is subjected to, and Eloc may be calculated for simple

crystal structures.
We can describe the macroscopic properties of a dielectric by referring to a

simple capacitor structure. A basic capacitor can be envisioned as two parallel
plates of conducting material separated by an insulator (Fig. 12.36). The

amount of capacitance C is determined by the geometry and the material
properties of the insulator. When a potential difference V is applied between

the conductors, a capacitor holds a charge, Q, given by Q ¼ C=V. If the space
between the conducting electrodes is a vacuum, then to establish a potential
difference some electrons have to move from the conductor to the positive

terminal of the battery, and a similar number of electrons must move from the
negative terminal of the battery to the conducting electrode plate. Clearly, if

the conducting plates are larger, more charges can be pushed over by the same
voltage. On the other hand, if the plates are closer to one another, the attraction

between the opposite charges located on the conducting plates will be larger
and more charges could be held for the same potential difference. Hence, we

can write

C ¼ Q

V
¼ «0 A

d
, (12:87)

where A is the area of the conducting plates, and d is the distance between them.

«0 is expressed in F/m and for vacuum it has been determined experimentally to
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have the value 8:85� 10�12 F=m (where F is C2=(J m) or C/V or C2=J). The
electric field strength is then given by

E ¼ V

d
¼ Q

«0 A
: (12:88)

We note the surface charge density, s, is given by

s ¼ Q

A
¼ «0E: (12:89)
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Figure 12.35: Types of polarizability in materials.
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If we replace the medium between the conducting plates by a dielectric, we

define dielectric susceptibility, x, of the material by

x ¼ P

«0E
, (12:90)

where P is the polarization of the dielectric medium. We now have

C ¼ Q

V
¼ A(s þ P)

«d
¼ «0EA(1þ x)

Ed
¼ «0«rA

d
, (12:91)

where the relative permeability, «r (also called the dielectric constant and de-

noted sometimes by k), is introduced to describe the dielectric behavior. We have

«r ¼ (1þ x), (12:92)

which is a dimensionless quantity. Therefore,

« � «0«r, (12:93)

where « is defined as the permittivity of the medium and is expressed in farad

per meter. Thus, the relative permittivity is the factor by which the capacitance
of a given geometry in vacuum can be increased by putting a polarizable

P

t

+V

d/2 d/2 Charge
density

Electric
field

I = 0 always
in capacitor

Voltage

E

V

Figure 12.36: The capacitor.
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medium between the conducting plates of a capacitor. The connection between
the atomic polarizability and the relative dielectric constant is given in the case

of a simple cubic crystal by Clausius–Mossotti relationship (Kittel, 1971). Thus,
the relative displacement of positive and negative charges may be ascertained

by measurement of dielectric constant of the material.
Even though very few of charged particles in insulators actually may be

transported, all can oscillate in response to applied alternating electric fields.
Therefore, an alternating current can flow and dissipate heat in insulators.
When an alternating voltage is applied to a capacitor, there is a current dQ/dt.

Therefore, we write

dQ

dt
¼ C

dV

dt
: (12:94)

If the applied voltage is given by

V ¼ V0 sin vt, (12:95)

the instantaneous current may be written as:

iC ¼ vCV0 cos vt ¼ V0

1=vC
cos vt ¼ V0

1=vC
sin vt þ p

2

� �
: (12:96)

When there is a resistance R and a capacitance C combination, the resultant

current is not at 908 to the voltage but is displaced by a small angle d given by the
ratio of the magnitude of the currents in the resistor and the capacitor, so that we

have

tan d ¼ V0=R

V0vC
¼ 1

vCR
: (12:97)

Since the voltages and the currents are out of phase, there is a loss of energy.
The energy lost per cycle divided by 2p is the maximum energy stored and is
given by tan d. The dielectric loss is thus, a heating effect. The loss factor is

important in selecting dielectrics for a given application. Permittivity is written
generally in complex notation as:

«* ¼ «r � i«0, (12:98)

where the imaginary part accounts for loss processes. Hence,

tan d ¼ «0

«r
: (12:99)

The relative permittivity is a function of frequency and a typical variation is
shown in Fig. 12.37. The corresponding mechanisms for loss are also indicated

in the figure. The slight conductivity of insulators arises from random thermally
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activated diffusion of ions under a biased electric field. The thermal activation
follows an Arrhenius’s law, which has an activation energy that can vary from

0.1 to 1 eV in insulators. The value of activation energy depends upon the sites
that are available for ions to jump, the number of ions in the insulator. The

power loss represents a waste of energy as well as the attendant heating of the
dielectric. In tuned circuits, the influence of temperature on the dielectric

constant can pose additional problems in the use of dielectrics. Sharper reson-
ance in circuits can be obtained by using dielectrics with low losses.

The dielectrics are in intimate contact with either metals or semiconductors
when they are used in applications. Even though the dielectrics are often used

to isolate conducting components or devices, it serves other purposes. In the
vicinity of a conductor, the dielectrics behave under the influence of an electric
field giving rise to measurable current. When a high electric field is applied for a

metal insulator contact, the work function of the metal has to be overcome in
order for electrons to spill over to the insulator. However, the few electrons that

do overflow to the insulator, collect at the interface of the insulator, and lower
the work function that electrons have to overcome in order to make a transition

to the insulator. This phenomenon is known as Schottky emission and is one
of the principal ways that the interface between the metal and the insulator

controls conduction. In addition, if the lowering of the barrier is such that the
conduction electrons can tunnel through a thin insulator that separates the
two conductors the phenomenon is simply referred to as tunneling. Both

these phenomenon are prevalent when metals are in contact with insulators.
There are a number of bulk related features that limit the ability of the

dielectric to function as a perfect insulator. If the rate at which carriers are
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Figure 12.37: Dielectric constant versus frequency.
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injected from a contact exceeds the rate at which carriers are transported
through the film, one states that the conduction is space-charge limited. Gen-

erally, when temperatures are high, ions in the dielectric can acquire sufficient
mobility to move and contribute to condition. In the mechanism attributed to

Poole and Frenkel, the emission of electrons occurs when the trapped electron
in an impurity can escape by thermal activation. At very high temperatures,

there can be emission of electrons from the valence to conduction band.
Organic and inorganic materials, deposited by vapor deposition and spin

coating, have been investigated as potential candidates for incorporation in an

integrated circuit device. The desired dielectric properties are low dielectric
constant, low dielectric loss and leakage current and high breakdown voltage.

These can be achieved in many inorganic and organic materials. The selection
of suitable material is complicated by the chemical, mechanical and thermal

requirements imposed on the dielectric material. For example, interconnect
temperatures can rise due to Joule heating, heat dissipation from the substrate

and heat dissipation from nearby interconnection lines. The thermal conduct-
ivity of low dielectric constant materials tend to be much lower than that of the
material it replaces (SiO2) so that new design strategies are essential. Reactions

between metal and low dielectric constant materials require a liner to prevent
moisture absorption and subsequent corrosion of the film. Moisture also ad-

versely affects the dielectric constant of the film. The liners sometimes increase
the electromigration resistance of the metal layer and increase the breakdown

strength of the dielectric. The liner should also act as an adhesive layer between
the metal and low dielectric constant material. Oxide liners generally used,

need to be much more perfect at the thickness levels at which they are
employed. Each dielectric material choice requires extensive work on photo-

resist processing and etching to form devices and the associated concerns with
respect to chemicals and solvents. Multilevel structures undergo more than a
dozen temperature excursions during processing in the temperature range 400–

425 8C. Therefore, dielectric materials need to have high thermal stability and
properties that are relatively insensitive to thermal history. Out gassing of

volatile constituents or reactions or decomposition of products can cause dela-
mination, blistering of films. The variation of properties with thermal history is

usually attributable to changes in crystallinity of the film. Stresses also arise due
to thermal cycling because of difference in thermal expansion of layers, which

can also cause loss of adhesion of films.
Lower dielectric constant materials have atoms and bonds that have a low

polarizability, and a low density of atoms. The C–C and C–F bonds have the

lowest electronic polarizability suggesting the fluorinated and non-fluorinated
aliphatic hydrocarbons as potential candidates for low dielectric materials.

Polar substituent groups in molecule, such as hydroxyl and carbonyl groups
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contribute to orientation polarizabilty of the material, which is why moisture
is undesirable. Decreasing the density can reduce the dielectric constant of

any material. Incorporating lighter atoms or more free space have been the
traditional routes explored. Some low k materials that are explored for

consideration are: polytetrafuoroethylene (PTFE), polyimides (PI), poly(aryl)
ethers (PAE), organic thermosets, paralenes, fluorinated amorphous carbon

(FLAC), silsequioxanes, nanoporous materials.

Example 12.11

The effect of porosity on dielectric constant is usually approximated by the

expression

f1
k1 � ke

k1 þ 2ke
þ f2

k2 � ke

k2 þ 2ke
¼ 0,

where f1, 2 expresses the fraction of the two components, k1, 2 is the dielectric

constant of the two components, and ke is the effective dielectric constant of the

medium. Plot the dielectric constant as a function of porosity for the two cases:

SiO2(k ¼ 4) and material with dielectric constant 2.8. What is the advantage of

introducing porosity in the low dielectric constant material?

The effective dielectric constant decreases with increase in porosity as shown
in Fig. 12.38.

For a given dielectric constant, it is possible to incorporate a smaller amount
of porosity in the low dielectric constant material. For example, for ke ¼ 2, 55%
porosity is required for SiO2, whereas 35% porosity is needed for 2.8 dielectric
constant material.

Each insulator can be characterized by a dielectric strength, which represents

the greatest electric field intensity above which the dielectric becomes a con-
ductor. In this region of operation for the dielectric, mobile carriers are so

accelerated by the field that their collision causes atoms to ionize. In ceramics,
it is usually near the pores that ionization begins and starts the process of

creating more ions. In polymers, the current is carried exclusively at the surface
imperfections. Taking care to keep polymers free of excess ions, and reducing

the porosity of ceramics, controlling moisture are some practical means to
control the dielectric strength.

The dominant silicon based technology of complimentary metal oxide semi-
conductor (CMOS) presents the challenge of searching for alternative dielec-
trics with high dielectric constant. This is especially difficult in view of the

excellent properties of the currently employed SiO2 dielectric. Low defect
charge densities (	1010 cm�2), low interface densities (	1010 cm�2 eV�1) and
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superior breakdown properties (10–15 MV/cm) must be exceeded by any other

replacement dielectric. In CMOS technology, reducing the dimensions of the
active device structure has largely accommodated the requirements of high

performance and low static power use. The continued reduction of the dimen-
sion of the gate dielectric SiO2 presents a challenge from the increased leakage

currents one observes in devices. The electron transport mechanism in SiO2 of
thickness less than 300 nm is through tunneling of electrons and holes and this
current increases exponentially with decreasing thickness.

Any dielectric that replaces SiO2 must of necessity have a higher permittivity.
This is to achieve higher capacitance with a larger physical thickness when

compared to SiO2. For example, ZrO2 has a dielectric constant of 25.
Other oxides that are useful are HfO2, Al2O3, La2O3, Y2O3, MgO, SrO, BaO,

Gd2O3, Pr2O3, TiO2, Ta2O5 and Gd2O3. However, the interface state density
can best be achieved only through SiO2. One may have to use a stack of dielectrics,

with SiO2 being the bottom most layer. However, this implies that the dielectric
must be amorphous to avoid high leakage paths through the grain boundaries,
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Figure 12.38: Dielectric constant versus porosity.
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avoid dopant diffusion through high diffusivity paths, must be stable without
reacting with SiO2, withstand the reducing atmosphere annealing treatments in

forming gas that are done to passivate interfacial traps in SiO2 and must be
compatible with metal or silicon, which serve as gate electrodes.

Thicker layers of dielectric will prevent direct tunneling across the dielectric.
However, there are other mechanisms of conduction when electrons or holes

are emitted into the oxide conduction and valence bands. In addition, other
defect assisted transport mechanisms of conduction can also occur. One way to
avoid these contributions to leakage current is to ascertain that the band offsets

of semiconductor/dielectric heterojunction or the metal/dielectric heterojunc-
tion as shown in Fig. 12.37 is greater than about 1 eV. These requirements

constrain the choices of dielectric for gate oxide.
The maximum electric field to which a dielectric can be subjected to, without

breaking down and discharge the capacitor is called the dielectric strength, Emax.
It may be expressed in V/m. Therefore, the dielectric strength sets the practical

limits to circuit voltages in an electric circuit. The breakdown voltage in thin
film insulators is an important aspect of their use in semiconductor technology.
SiO2 being the principal insulator that is used has been studied extensively and

its dielectric breakdown behavior is well characterized. Electrons that have
energy greater than 2 eV (so called hot electrons) above the bottom of

the oxide conduction band are responsible for this breakdown. A critical inter-
face charge at a given field strength exists, above which breakdown occurs. The

defects that trap the charge and lower the breakdown voltage in silica have been
identified. The unpaired electrons in sp3 hybridized orbital of silicon atoms

bonded to three oxygen atoms (termed the E’ center and is associated with a
positively charged oxygen vacancy), unpaired electron on a silicon atom bonded

to three other silicon atoms at the silicon/dielectric interface (the Pb center),
hydrogen-passivating dangling bonds, water species that correlate with hydro-
gen content of nitride oxides are the major defects. The electrons on receiving

sufficient energy release a mobile species near the anode interface and move to
and interact with cathode region to produce defects, which subsequently act to

trap electrons. Electrons can also move through the dielectric and produce
holes and electrons by impact ionization and move to the cathode interface,

where they generate additional defects. The breakdown occurs when a sufficient
number of defects are created at the cathode interface. Other dielectrics that are

actively explored are silicon oxynitrides, barium titanate.

12.7. Ferroelectric Films

Ferroelectric films are those that exhibit an electric dipole moment even in the
absence of an electric field. In the ferroelectric state, the material has atoms in
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which the center of gravity of positive charges and negative charges do not
coincide. The spontaneous polarization in a ferroelectric may be reversed by

the electric field. Ferroelectricity disappears above a certain temperature when
the material is said to be in the paraelectric state. Most materials are paraelectric,

which means that polarization can be induced by an applied electric field even
though there exists no permanent dipole moment. The relationship between

polarization, P, and the applied electric field is usually linear and is given by

x ¼ P

«0E
, (12:100)

where x is the dielectric susceptibility. We have already seen the mechanisms
that give rise to paraelectric behavior in the previous section. The paraelectric

effect is reversible in the sense when the electric field is removed the polariza-
tion of the material returns to zero.

Crystalline solids belong to one of 32 point groups and each group is called a
crystal class. Out of these point groups, 21 groups do not have a center of symmetry

operation (i.e. for every atoms at (x, y, z) there is not an identical atom at
(�x, �y, �z). Among these 21 groups, 20 of them exhibit piezoelectric phenom-

ena, that is when they are subjected to stress there is a change in the polarization
state of the crystal. Among the 21 classes, only 10 are polar in the absence of
stress (a polar crystal has a unique direction in the crystal that is not converted

into another direction in the crystal class by a symmetry operation). These 10
polar crystal classes show the property of pyroelectricity, which means that there

is a change in polarization caused by temperature change of the crystal. There are
some crystals that not only are polar and in addition the direction of polarization

is switchable, and these crystals are called ferroelectrics. Several crystals with
non-centrosymmetric symmetry change the state of polarization when stressed

so that they can be used as transducers to convert mechanical energy into
electrical energy and vice versa. They can also change the shape when its ambient
electric field changes. These phenomena are referred to as piezoelectricity.

Ferroelectric materials are thus both piezoelectric and pyroelectric.
The direct piezoelectric effect manifests for an acentric crystal by developing

an electric charge under an applied stress. The linear relationship between the
induced polarization and the applied stress is given by

Pi ¼ dijksjk (i, j, k ¼ 1, 2, 3),

where dijk are piezoelectric coefficients (pC/N), and sjk is the stress tensor
(N=m2). When an applied electric field Ei produces strain «jk, we have the

converse piezoelectric effect and write

«jk ¼ djkiEi (i, j, k ¼ 1, 2, 3),
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where dijk is expressed in m/V and is known as the piezoelectric strain constant.
The most important use of piezoelectric, such as alpha quartz is when an

alternating current is applied to an electroded crystal, the crystal is forced
into mechanical vibration due to the piezoelectric effect. As the frequency of

oscillating electric field is varied, the crystal undergoes a series of resonant
frequencies. This frequency depends on the material, device geometry, stiffness

and density of the material. Pyroelectric crystals contain a unique polar axis.
They have a spontaneous polarization, the magnitude of which changes as
temperature changes. We write

DPi ¼ piDT (i ¼ 1, 2, 3):

The pyroelectric coefficients have units C=m2=K. The sign of polarization is
reversed when the crystal is heated or cooled. The variation of polarization of a

pyroelectric crystal may be analyzed by considering the change of polarization
with temperature at constant stress and at constant strain. The former is called

primary and the latter is secondary pyroelectric effect. The secondary effect is
significantly larger than the primary pyroelectric effect. The secondary effect

is larger because of its association with piezoelectric effect.
Ferroelectric materials contain a permanent electric dipole moment due to

the local arrangement of atoms in the unit cell of the crystal. The electric dipole

in one unit cell aligns with those in adjacent unit cells to produce a net
polarization over many unit cell dimensions. Ferroelctric materials thus, exhibit

spontaneous electric polarization below a certain temperature, Tc, known as the
Curie temperature. These materials have therefore, large dielectric constants

and are useful for capacitor and transducer applications.
One can understand the large polarization of ferroelectric materials in terms

of the crystal structure of these materials. We can consider the example of the
ferroelectric material barium titanate for illustrative purposes (Fig. 12.39). It

contains Ti4þ ions contained in octahedral cages of O2� ions joined corner to
corner as shown in Fig. 12.40. The Ba2þ ion is in the center of the cubo-
octahedral hole. The oxygen ions may not touch each other so that there is a

minimum-size cation for a given cage shape. The polarization phenomena can
be understood by examining the manner in which the ions are accommodated in

the structure depending on their size. Oxygen ions have a radius, RO(0:14 nm).
The radius of the smallest cation, which can be held in the octahedral cage,

has the radius 2RO(
ffiffiffi
2
p
� 1). If the cation is bigger than this size, then it can

touch O2� ions. Since Ti4þ has a radius of RTi (0:68 nm), the O2� ions are held

apart from touching one another nicely in the cubo-octahedron cages. The
oxygen–oxygen edge length of x of the cages is defined by the size of the Ti4þ

ion. Since the O2� octahedral cage determines the distance between cages, the

edge length of O2� cages is obtained by

2x2 ¼ (2RO þ 2RTi)
2, (12:101)
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Ba2+

O2−

Figure 12.39: Arrangement of atoms in cubic barium titanate.
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Figure 12.40: (a) Smallest cation that can be accomodated. (b) The displacement of

oxygen ions determined by the Ti–O distance.

which gives x ¼ 0:294 nm, so that the ion radius x� RO fills nicely the 12

cornered cage. This implies that one can fit an ion whose size is 0.154 nm.
Since Ba2þ has an ionic radius of 0.135 nm, it appears to fit loosely in the

cubic structure of BaTiO3. At high temperature, one might think that the
barium atom is vibrating around and the symmetrical cubic structure is main-

tained. It is found that when the temperature falls, the cubic crystal structure
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becomes unstable. At a temperature of 125 8C the octahedral cages distort and
move the positive ion to an off-center position as shown in Fig. 12.41. The

crystal takes up a tetragonal structure, and the center of gravity of positive and
negative charges do not coincide. Therefore, a net polarization of the material

ensues. The material has spontaneous polarization and exhibits the character-
istics of ferroelectrics. All ferroelectric materials owe their spontaneous polar-

ization to crystallographic phase change, which gives a nonuniform charge
distribution. The prototype phase, which transforms and results in the ferro-
electric phase is always centrosymmetric and has more symmetry than the

ferroelectric phase. One can expect just around the temperature of phase
transition, an applied electric field might assist the displacement of the ions.

The polarization of BaTiO3 is thus, very sensitive to the applied filed in the
neighborhood of the phase transition. There are certain ferroelectrics, which

acquire polarization due to an order–disorder transformation rather than dis-
placement of ions as in BaTiO3. These solids are generally found in crystals, in

which the hydrogen bond occurs, and ferroelectric behavior is related to the
motion of protons. A classic example of such ferroelectrics is potassium dihy-
drogen phosphate (KH2PO4).

Example 12.12

What would be the polarization of BaTiO3 at room temperature if the Ba2þ ion

and Ti4þ ions move by a distance d ¼ x nm. The tetragonal phase of this material

shows a polarization of 0:26 C=m2. What is d?.

BaTiO3 in its tetragonal phase has lattice constants of a ¼ 0:398 nm and
c ¼ 0:403 nm.

The volume of the unit cell ¼ a2c ¼ 0:064 nm3.

(a) Tetragonal (c) Rhombohedral

O2−

Ti4+

(b) Orthorhombic

Figure 12.41: The polymorphs of BaTiO3.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 1034 18.11.2005 12:04pm

1034 Structure and Properties of Films



The dipole moment of unit cell ¼ 6ed ¼ 6� 1:602� 10�19 � d C m.
If the observed saturation polarization is 0:26 C=m2, the separation distance

from positive and negative ions is

P ¼ 0:26 C=m2 ¼ 6ed

a2c
¼ 6� 1:602� 10�19 � d

0:064� 10�27
:

Hence, d ¼ 1:731� 10�11 m ¼ 0:0173 nm.
A strong applied electric field will saturate the polarization until it reaches a

maximum value called saturation polarization. The magnitude of the saturation

polarization of a ferroelectric depends upon temperature and reveals a behavior
shown in Fig. 12.42. This behavior is typical of cooperative phenomena, which is

to say that a little bit of local tendency toward polarization in one unit cell
helps the surrounding cells to polarize as well. The spontaneous alignment of

dipoles over many cells results in the formation of a microstructure known as
ferroelectric domain. The idea of ferroelectric domains is used to explain the

absence of bulk polarization in a specimen and the onset of polarization
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Figure 12.42: Hysteresis phenomenon in ferroelectric.
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when it is subjected to an electric field. For example, on cooling BaTiO3, the
displacement of Ti4þ ions can occur along any one of the six h100i directions

of the cubic crystal. Since the ferroelectric behavior is attributed to a phase
transformation in the solid state, one nucleates the ferroelectric phase in

several regions of the original sample as it is cooled below Tc. Since different
distortion directions nucleate within a grain and these essentially determine the

direction of polarization, one expects regions of differing ferroelectric domain
orientations in the material. The cooperative arrangement results in a domain
in which the polarization is aligned in only one of these six h100i directions. If

only one domain were to form throughout the crystal, then opposite charges
would result on the opposing faces of the crystal. The long-range separation of

charges is energetically unfavorable, so that it is usual to see ferroelectric
domains oriented in small crystalline regions and aligned in the crystal in such

a way as to result in zero polarization. In BaTiO3 the adjunct domains can be
oriented either antiparallel or perpendicular to one another as shown in

Fig. 12.43. The domain walls are typically one unit cell in thickness and have
a small positive energy associated with them.

When an electric field of sufficient magnitude is applied, the domains of the

ferroelectric can be oriented or ‘‘poled’’. A domain is a region in the ferroelec-
tric material within which the polarization is in the same direction. Adjacent

domains have polarization in different direction dictated by the crystal structure
of the material. During poling, the domain walls have to move. In this fashion,

the ferroelectric material acquires a net polarization, which is the vectorial sum

180° wall
is not strained

90° wall
produces
strain

Figure 12.43: Domains producing strains and not producing strains in ferroelectrics.
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of the polarization of all the domains in the material. Poling is done at as high a
temperature as permissible. It is usual to hold the material in this condition for

several hours to allow diffusion to occur in order to accommodate the change
in the shape of the grains. Since these temperatures are low compared to

sintering temperatures, one has a residual internal stress in the poled material.
The complete alignment and elimination of all but one domain is seldom

achievable because of the pinning of domain walls. Applying an electric field
can change the polarization of a ferroelectric material in which domains are
randomly oriented. The variation of the polarization with electric field shows

the phenomenon of hysteresis as shown in Fig. 12.44. We observe that ferro-
electric is a pyroelectric material possessing a reversible polarization, which is

manifested in a dielectric hysteresis loop. In analogy with ferromagnetic behav-
ior, one defines saturation polarization, Ps, remnant polarization, Pr and coer-

cive field Ec. The size and shape of the hysteresis loop depend upon composition
and microstructure and is thus, an important characteristic that is manipulated

by structure-property-processing considerations. Piezoelectric devices are used
in the poled condition when there is a remnant polarization, or the material
carries positive and negative charges on opposite faces. Ferroelectrics are gen-

erally used as a dielectric of a capacitor in the (0, 0) condition. A small change in
the electric field can result in a large change in polarization when used in this

condition.
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Figure 12.44: Variation of dielectric constant with temperature.
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In most ferroelectric materials, the appearance of order is accompanied by a
spontaneous strain. The state of stress, internal or external, affects the stability

of the ferroelectric phase and also influences the domain structure. Since the
volume of the paraelectric phase is generally smaller than the ferroelectric

phase, hydrostatic stress favors the paraelectric phase. These stresses shift the
transition temperature, alter the domain structure, change the order of phase

transition and may shift the phase transition sequence as a function of tem-
perature. A number of effects of substituting other ions in BaTiO3 is given
in Table 12.2. The temperature dependence of dielectric loss shows three

distinct regions, where at low temperatures domain walls control the loss
whereas at high temperatures the conductivity of the material controls the

loss (Fig. 12.45). For example, acceptor impurities reduce the dielectric loss
whereas donor impurities increase the dielectric loss. It is clear that the films of

ferroelectrics are driven by large manipulation of composition to suit particular
needs of the applications.

Search for materials that convert efficiently the mechanical to electrical
energy has prompted the examination of many structures distorted slightly
from the perovskite structure. The use of ferroelectric materials, especially

those based on oxides (lead zirconium titanate (PZT), barium titanate (BT),
barium strontium titanate (BST), strontium bismuth titanate (SBT)), must be

designed to withstand degradation with time, temperature and stress. The
degradation will limit the lifetime of devices utilizing ferroelectrics or adversely

Table 12.2: Modification of BaTiO3 properties by alloying

Type of ion Effect Typical ions used

Smaller divalent ions

substitute for barium

Modifies transition

temperatures

Pb2þ, Sr2þ, Ca2þ

Larger tetravalent ion

substitute for titanium

Pinches the phase

transitions together

Zr4þ, Sn4þ, Hf4þ

Smaller tetravalent ions can

substitute for titanium

Stimulates polytypism Mn4þ

Barium is replaced with

larger divalent ion

No nonradioactive

element available

Trivalent ions substitution Compensation partly by

electrons and partly

by Ba or Ti vacancies

La3þ, Nb3þ

Univalent ion substitution Acceptor dopants, creates

oxygen vacancies

Kþ, Mn3þ, Cr3þ, Fe3þ

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 1038 18.11.2005 12:04pm

1038 Structure and Properties of Films



influence the reliability of devices. There are three most important degradation

phenomena and these are termed ferroelectric fatigue, ferroelectric aging
and resistance degradation. Ferroelectric fatigue is the loss of switchable
polarization by repeated polarization reversals. The spontaneous change

of polarization–voltage response with time is known as ferroelectric aging.
A time-dependent decrease in resistance under the influence of temperature

and direct current bias after a specific time has elapsed (also called life time) is
known as resistance degradation. The mechanisms responsible for these degra-

dation phenomena have to be understood in order to develop methods of
eliminating or mitigating these effects. The loss of switchable polarization is

due to pinning of domain walls, which inhibits switching of domains. The exact
cause of pinning has been investigated by a number of workers and it is most

probably due to pinning electronic-charge trapping or by oxygen ion vacancies.
In order to overcome the fatigue problem, some have tried electrode materials
that prevent diffusion of oxygen into the ferroelectrics film (PZT-based capa-

citors have used conducting oxides for electrodes or hybrid oxide–metal elec-
trodes), others have improved the ferroelectrics by methods that prevented

oxygen from entering easily and several others have developed new ferroelec-
tric materials, such as SrBi2Ta2O9 (SBT). The ferroelectric aging is typically

ascribed to a gradual stabilization of the domain configuration. This change can
manifest as a shift or constriction in the hysteresis response, a steady decrease in

the dielectric constant and loss tangent, or a change in the piezoelectric or
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Figure 12.45: Temperature dependence of tan d.
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electro-optic response. Aging is accelerated at higher temperatures as long as
the temperature is below the Curie point. If the shift in voltage is large enough,

it can result in incomplete switching for a given programming voltage when the
ferroelectric is used as a memory element. Resistance degradation occurs

through migration of charged oxygen vacancies, VO
. .

, in the applied field
where the oxygen vacancies pileup in front of the cathode along with a con-

comitant depletion of the oxygen vacancies at the anode. Specifically, the
resistance breakdown occurs at temperatures and fields much lower than
the critical onset values for thermal or dielectric breakdown. Resistance deg-

radation typically occurs in acceptor doped perovskite dielectrics with the
acceptors compensated by the positively charged oxygen vacancies. The local

defect chemistry equilibrium requires hole concentration increase at the anode
and electron concentration increase at the cathode. The enhanced current

activity is then due to the behavior of the capacitor, like a forward biased p–n
junction diode. The rate of resistance degradation is influenced by stress, doping

type, doping concentration, mobile ionic point defects, grain size, stoichiometry,
porosity, interface properties and electrode type. Donor-doped perovskites
tend to reduce the effects of resistance degradation because of inhibition in

the formation of charged oxygen vacancies.

Example 12.13

Barium titanate transforms to rhombohedral structure at 150 8C. What are the

ferroelectric domain directions in this phase?

The transformation from cubic to rhombohedral structure can occur by

displacement of cation Ba in one of the eight directions as shown in Fig. 12.46.
Considering the triangle AXB, we obtain

sin 1
2 ffAXB
� �

¼ a=2

a
ffiffiffi
3
p

=2
¼ 1ffiffiffi

3
p :

Hence, ffAXB ¼ 70:5
.
From the triangle AXC we obtain

sin 1
2 ffAXC
� �

¼ a
ffiffiffi
2
p

=2

a
ffiffiffi
3
p

=2
¼

ffiffiffi
2
p
ffiffiffi
3
p :

Hence, ffAXC ¼ 110
.
The angles between adjacent domains in a rhombohedral phase are 1108 or 70.58.
The crystal structure type of BaTiO3 is also found in the group of ceramics

called PZT ceramics. These are oxides of PbO, ZrO2 and TiO2 dissolved in one

another. The properties of the ferroelectrics can thus, be controlled by compo-
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sition variation, z, in Pb(ZrzTi1�z)O3. The addition of other metal oxides can be

dissolved to influence conductivity, Curie temperature, coercivity and compli-
ance. The roles of ions are essentially in four different aspects. Isovalent ion

replacement involves the replacement of 2þ ion replacing Pb2þ ion and 4þ ion
replacing Zr4þ and Ti4þ ions. Higher valence cation replacement means 3þ

ion replacing Pb2þ ion and 5þ ion replacing Zr4þ or Ti4þ ion. Lower cations,
such as 1þ ion can replace Pb2þ ion and 3þ ions can replace Ti4þ or Zr4þ ion.

Then, it is also possible to substitute variable cations on either site. Normally,
PZT ceramics without any additives are p-type semiconductors and this is attrib-

uted to O� ion vacancies. Generally, La3þ is added to suppress any conductivity
arising from O� ion vacancies and it supplies the extra electron for O� to become
O2. Dielectric loss is dependent on composition as shown in Fig. 12.47.

The potential of ferroelectric materials has only just begun to be exploited in
commercial applications. For example, ferroelectric materials promise the devel-

opment of a new generation of devices, such as nonvolatile memories with long
endurance and high-speed access. Ferroelectrics are also useful as high dielectric

constant materials, which enable very high-density memories. Piezoelectricity is
exploited in micro-machines, such as accelerometers, displacement transducers and

actuators for inkjet printers, video recording head positioning and micro-machin-
ing. Room temperature infrared detectors exploit the pyroelectric materials.

12.8. Mechanical Properties of Thin Films

The mechanical properties of films are important for a variety of technologies.

Very few applications of films however depend directly on their mechanical
properties per se. Among those applications, where the mechanical properties
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Figure 12.46: Geometry to calculate domain wall orientations.
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are of major concern one can mention the extension of life of components

subjected to friction and wear when the components are coated with a suitable
film as in computer hard disks or internal combustion engines. Micro-

electromechanical systems, which find uses as sensors and actuators, are utilized
directly because of their mechanical properties. Protective coatings are utilized to

improve tribological performance of mechanical components. The protection
from corrosion, improving wear resistance and lowering the frictional properties

(e.g. MoS2 and graphite) are important in many designs. Coatings are also
applied to exhibit high intrinsic hardness (e.g. TiN, TiC, Al2O3 diamond-like
carbon). The majority of applications of films exploits their electrical, optical and

magnetic properties and the presence of stress in the film influences these prop-
erties (e.g. energy band structure alterations, superconducting transition tem-

perature, magnetic anisotropy, etc.). However, the applications of films
exploiting these properties are often limited by the mechanical properties of

films. Typically, the films in devices are expected to support very high stresses
in service. As a result, one can expect a variety of problems. These problems are

such things as distortions in the film, deformation, fracture, decohesion, surface
undulations, surface growth of hillocks or whiskers, degradation due to diffusion,
corrosion, etc. Films are often subject to large mechanical stresses that result
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Figure 12.47: Dielectric loss as a function of doping.

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch12 Final Proof page 1042 18.11.2005 12:04pm

1042 Structure and Properties of Films



from specific deposition conditions, temperature changes during processing and
service, and due to the presence of additional coatings on the surface of the film. It

is important to know the type, magnitude and origin of stresses in thin films. It is
clear that the ability to control, predict and understand the mechanical properties

of films constitute an important area for the investigation of film properties.
The determination of mechanical properties of films poses many challenges

when compared to bulk materials. The determination of mechanical properties
of films is invariably coupled to the presence of thin films on substrates (Nix,
1989). Thin films have significant difference from bulk materials in terms of

grain structure, dislocation density and vacancy concentrations. It is necessary
to use anisotropic elasticity to model mechanical properties because of texture

and the dimensions of the film. The properties that are desired include elastic,
plastic, fracture and time dependent mechanical properties. Normal methods of

testing used for bulk materials are not useful for thin films and evaluation of
mechanical properties from newly developed testing methods have to be ad-

dressed. Among the testing methods employed are nanoindentation (provides
also the ability to spatially probe mechanical properties), microbeam bending
technique and bulge tests (Vinci and Vlassak, 1996). The stress in thin films on a

substrate has been measured by measuring the curvature induced in the sub-
strate by the bending moment applied by the stressed film. It is typical of these

methods to give only quasi-static mechanical properties. Dynamic response
systems, like measurement by internal friction methods can be expected to

give additional information about defects and their motion in films. In all
these measurements, the importance is the measurement of change in strain

for a corresponding change in stress. From the applications point of view it is
also necessary to measure the mechanical properties of films on patterned

substrate.
The load versus displacement data obtained in a nanoindentation experiment

can be analyzed to yield elastic modulus and hardness. Additional properties,

such as residual stress, creep and adhesion may also be inferred. The role of
crystalline anisotropy and effect of substrate on mechanical properties can be

evaluated. Most of the work is done at room temperature and considerable
technological changes are needed to carry out the experiment at other tempera-

tures. While the utility of data from these tests for practical situations cannot be
doubted, their role in determining the actual mechanical properties of films

require considerable attention to theoretical modeling of the various sources of
error in the test and to check for accuracy and reproducibility of the experimental
procedure.

Mechanical properties of thin films differ from those of the bulk material
due to a variety of reasons. These arise from their unique microstructure, large

surface to volume ratio, reduced dimensions and constraints caused by the
substrate. Hardwick (1987) has summarized the mechanical properties of
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freestanding films. It is known from various studies that the yield strength of
ductile thin films increases as dislocation density increases, grain size decreases,

solute content in a solution increases and the spacing between coherent par-
ticles decreases. However, when the film is on the substrate it is expected that

the elastic modulus difference between the substrate and the film is also
very important. The elastic modulus difference affects the behavior of disloca-

tions in a thin strained film epitaxially bonded to a substrate. The preferred
location for dislocation formation and propensity of formation of misfit disloca-
tions is strongly influenced by the modulus difference. It is evident that much

information has to be gathered about dislocation propensity and motion in thin
films to sort out the various reasons for strength of films on substrates.

Films deposited by thermalized particles are generally under a state of tensile
stress (Doerner and Nix, 1988). On the other hand, when energetic particles are

used the films are generally under compressive stresses. Sputtered films, which
employ low energy ions, can have either compressive or tensile stresses de-

pending on the pressure in the sputtering system. The tensile stresses in poly-
crystalline film result from coalescence of the film through regions with density
less than ideal, such as grain boundaries. Increasing energy increases the pack-

ing density even at grain boundaries so that the source of tensile stress is
avoided. In amorphous films, density variations due to self-shadowing can

contribute to the presence of tensile stresses, which is eliminated at high ion
energies. The source of compressive stress in ion energy deposition is attributed

to net interstitial formation over vacancies.
Hardness is defined as the resistance of a material to plastic deformation. In a

crystalline material, plastic deformation occurs predominantly by dislocation
motion under applied load. Therefore, a material with a high enhanced resist-

ance to plastic deformation has a higher resistance to dislocation motion.
Diamond is the hardest material known, with a hardness of 70–100 GPa de-
pending on the crystallographic orientation. Cubic BN has a hardness value of

50 GPa. Alloying can enhance hardness in a single phase. This is shown by
alloying TiN to produce TiCN, TiAlN and TiZrN. One can also increase

hardness by introducing mechanical stress to any coating. However, such coat-
ings tend to fail prematurely under load. The hardness can be increased if we

preclude the formation of stable dislocations. This was shown to be possible if
we introduce phase boundaries with alternating materials of different elastic

properties. The idea here is to limit the thickness of the individual layers to
preclude the operation of Frank–Read dislocation sources. Many material
combinations, such as TiN=TiB2, TiN/VN, TiN/NbN, ZrN=ZrB2, Mo/NbN,

W/NbN, W/ZrN have shown the importance of this principle by achieving
hardness in excess of 50 GPa. A majority of nanostructured materials are

obtained from magnetron sputtering or cathodic arc sputtering. The formation
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of nonporous and smooth coatings is desired in these processes. For applica-
tions involving wear, high hardness and low friction coefficients are desired.

One prefers to use combinations of materials that are thermodynamically
stable. This is because at higher temperatures diffusion may occur between

the films, which will reduce the effective hardness. The combination of mater-
ials has typically different crystal structures, but can form coherent surface, so

that stable nanolayered structures can be maintained at high temperatures. One
can obtain hardness enhancement by restricting dislocation movement as long
as the material contains equiaxed or isotropic crystallite sizes less than 10 nm

separated from each other by a second phase. In these materials, the crystallite
size should be less than 10 nm and the mean grain separation by the second

phase should be below 0.5 nm and the phases should be immiscible. TiN=Si3N4,
which are deposited such that TiN crystallites are less than 3 nm and Si3N4 is

amorphous, illustrate this behavior. Many other combinations of materials
are currently explored including carbonitride from fullerene. b-C3N4 has been

predicted to be one of the hardest substances that can be obtained.
A thin film can experience local stresses much larger than the nominal stress

in the film in regions, such as reentrant corners, internal defects or other

geometrical variations. Whenever the stress concentration near these regions
exceeds the strength of the material, fracture of the film can result. A typical

situation occurs at the free edge of a film/substrate interface, where the condi-
tions are analogous to a sharp crack. The edge of the film is traction free. The

stress rises to a large value and decreases to the level of the biaxial stress in
the film at large distance from the edge. It is clearly necessary to be able to

evaluate the distance over which the stress increases in magnitude and the
magnitude of this stress. Analytical and finite element models have suggested

that one can give the interfacial stress q(x) in the form

q(x) � sm

ffiffiffiffiffiffiffiffiffi
khf

2px

r
, (12:102)

where sm is the biaxial stress far away from the edge, hf is the thickness of the
film, x is the distance from the free edge and k is given by

k ¼ Es

1� vs

1� vf

Ef
: (12:103)

The transition zone near the edge of a thin film bonded to the substrate over

which the film stress increases in magnitude from its initial value of zero at
the edges to a relatively large value is confined to a distance few times k=hf. The

plot of ln [q(x)=sm] versus ln (x=hf) typically has a slope of �1=2 in the range
0:1 < x < 1:0. Crack may have originated from a free surface, region of stress

concentration, from a material flaw, interface or grain boundary.
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The stress in a thin film tends to advance the crack, whereas the strength of the
material tends to resist crack growth. Of interest to us is the condition under which

cracks grow, and one resorts to concepts in fracture mechanics to assist us in this
regard. According to Griffith (1920), who advanced an energy balance approach,

the necessary condition for the onset of crack growth may be specified in terms of
G, which is the specific fracture energy of the material, and crack length a, and

relate it to either the displacement of the boundary from the free stress configur-
ation or the applied load that results in incipient crack propagation. For any given
loading, configuration the potential energy per unit depth of crack V(a) is to be

obtained and the tendency for crack growth is related to the energy release rate
G(a), which is�@V(a)=@a evaluated at fixed displacement conditions and equated

to G. An alternative approach is based on the concept of stress intensity factor (K),
which depends upon the fact that the stress field in the vicinity of an edge of a sharp

crack has a universal spatial dependence. The stress intensity factor is the scalar
amplitude of the universal elastic field. Fracture is said to occur when the stress

intensity factor reaches a critical value called the fracture toughness (Kc), which is
a material dependent factor. The value of K depends upon the loading geometry
and is designated as KI (crack face moves apart symmetrically with respect to the

crack plane without relative sliding), KII (crack faces slide with respect to each
other in a direction normal to the crack edge without reopening) or KIII (crack

plane slide relative to each other in the direction parallel to the crack edge without
a relative opening). The relative amount of mode I, and mode II loading is given by

a phase factor c defined by tan�1 KII=KI.
The common modes of fracture in thin film substrate assembly are several.

The interface between the substrate and the film often fails by delamination or
interface fracture. Films that are brittle can fail by brittle fracture. Ductile films

have difficulty in fracturing as stress in the film is limited by the plastic strain of
the film in a homogeneously strained film. If the plastic strain is inhomoge-
neous, one can observe stress voiding as when grain boundaries slide and

nucleate voids at the intersection of grain boundary and substrate. Even when
the film has a homogeneous strain, elctromigration can result in failure due to

continuous buildup of stress and assisted by the divergence in the flux of atoms.
A thin film–substrate system at a given temperature is characterized by

Helmholtz free energy, A, which consists of the surface energy of the system,
Us, and the elastic strain energy, U. If the elastic solid is subjected to a spatially

nonuniform stress distribution, then it is possible for the system to lower its
Helmholtz free energy by altering the surface. This can occur only by moving
material from a high chemical potential region to a lower chemical potential

region. The surface chemical potential is defined by

x ¼ U � kUs, (12:104)
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where k is the curvature of the free surface. The tensile region of a film has
higher chemical potential than the region of the film that is unstressed. There-

fore, there are excess vacancies in the film under tension. These vacancies can
condense to form dislocation loops or grow voids. The voids typically are

favored to form at grain boundary triple points, intersection of grain boundaries
with the substrate or the capping layer. The voids can eventually cause an

opening and result in the failure of the device. For example, aluminum on
silicon is under tension due to constraints when cooled from about 400 to
100 8C. The grain boundary diffusion is significant, and eventually under the

difference in the chemical potential creep occurs and void forms. The vacancies
are not effectively removed by surfaces or dislocation because the surface is

usually coated with some passivation layer and the dislocation climb is not a
very effective remover of vacancies. If the thickness of the film is small wherein

one grain occupies the line width in any cross section, the microstructure
consists of a bamboo-like grain structure, the continuous path for the grain

boundary diffusion is absent so that stress voiding is slow to occur. Texture of
the film also affects the diffusion rate. In a solid solution when cooling from a
higher temperature, the solute that exceeding the solubility limit can precipitate

out as in aluminum copper alloys. They precipitate if they have lower molar
volume, the film will not only be under tension, but also be more prone to

voiding. The diffusion rate however may be reduced by the alloying element.
Grain boundary segregation can decrease grain boundary energy and increasing

the surface energy makes it difficult for voids to nucleate.
Films deposited in zone I contain grain boundary void network, which serve as

regions of stress concentration. Films cooled from elevated temperatures, and
those in which grain boundary grooving has occurred serve as regions of stress

concentration. One can arrange to have the films under compressive stress
without buckling the film, use of a ductile buffer layer between the brittle layer
and the substrate, the use of multilayers avoiding columnar grain structure.

Control of grain size, avoidance of grain boundary network, random texture of
grains and distribution of second phases can control fracture of the film.

The fracture in bi-material systems has been summarized by Evans (1988).
Fracture occurs when the gradient of the energy driving crack propagation

exceeds that resisting crack propagation. The energy that resists crack propa-
gation is a function of fracture strength of the substrate, existence of flaws in the

substrate. The path followed by crack depends upon the phase angle of loading
(tan�1 (KII=KI)) as outlined by Evans. At the edges and corners of the film/
substrate interface, the local stress field in the edge region depends on the

internal stress generated due to thermal mismatch and also due to elastic
moduli mismatch. Under compressive stresses in the plane of the film, which

is generally due to difference in thermal expansion, one can find buckling
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failure. Delamination is resisted by the work of adhesion, energy dissipated in
plastic flow and the energy dissipated in frictional sliding when the loading

phase angle is negative. Oxygen atoms at the interface, voids amorphous or
crystalline nature affects the fracture of the film.

The applications of thin films to improve wear of materials and lower the
frictional properties for films in contact with moving material are of techno-

logical interest. The frictional force involves two forces, one a force for plowing
to move the asperities of the harder material and another to shear the
regions that need to be contacting junctions. The hardness of the material

determines the contact area and is lower for harder material.
The adhesion of a thin film on a substrate is critically dependent on the

chemical nature, cleanliness and microscopic topography of the substrate sur-
face. One can increase the adhesion of the film to the substrate by increasing the

kinetic energy of the incident particles, adsorption energy of the deposit and
initial nucleation density. Adsorption energy can be increased or decreased by

contamination. When the stored elastic energy in the film due to internal stresses
is higher than the adsorption energy, the film has the tendency to peel off. Given
the adhesive condition the film has a critical thickness above which it will peel off.

12.9. Optical Properties of Thin Films

Eyes are the instrument with which we perceive color and form of objects. The
interaction of light with electrons in the atoms enables us to perceive as many as

about 10 million varieties of colors. The manner in which light reflects and
diffracts from an object enables us to perceive forms of objects. The discovery

of laser has provided us with light that is coherent. Coherent light can be
directed, focused and propagated in new ways that are impossible for incoher-
ent light. These features have been taken of advantage in new technologies that

depend upon fiber optic communications, compact disks, laser surgery, etc.
Passive image forming components, such as lenses and mirrors are now aug-

mented by the manufacture of lasers and optical sensors. The optical properties
of materials measure the response of the material to electromagnetic waves,

particularly in the wavelength spectrum of visible light (400–700 nm).
In dealing with the interaction electromagnetic radiation with matter there are

at least three regions of approximation that are useful. If the wavelength used is
very small compared to the objects that we are studying and if the photon
energies are small compared to the energy sensitivity of the object, one can

employ geometrical optics. Here, we are not concerned with what an electro-
magnetic wave is, but merely find out how it behaves. When the wavelength is

comparable to the dimensions of the object we wish to explore, with photon
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energies still negligibly small, one can utilize the classical theory of electromag-
netic radiation. When the wavelengths are short and the photons have high

energy compared to the energy sensitivity of the object that we are studying,
then we are forced to use the quantum picture of studying properties of materials.

For light, when it interacts with solids, liquids and gases, one can be content
with the phenomena of reflection, refraction, absorption, scattering with or

without changing the frequency of light and polarization, which can be conve-
niently handled by classical electromagnetic theory. Luminescence refers to all
those processes of spontaneous emission of light by excited atoms in the material,

other than the light emitted by incandescence when the object is hot, and requires
quantum mechanics for its understanding. Reflection of radiation occurs at the

interface between two media, which differ optically resulting in part or the entire
incident beam to return to the medium from which it came. Refraction occurs at

the interface between two media such that a discontinuous change in the direc-
tion of the beam occurs, and the amount of deflection depends upon the ratio of

propagation velocities in the two mediums. In absorption, the intensity of the
light is reduced more and more as it propagates through the medium converting
the energy into heat or radiation of different wavelength or into electronic type of

energy. However, the condition when the inverse absorption occurs as in stimu-
lated emission represents a special situation. Heterogeneities in the medium can

scatter the incident beam in random directions without changing the frequency of
light and contribute to diffuse elastic scattering. In inelastic scattering, the

frequency changes on scattering. The difference in photon energy in inelastic
scattering has to be taken from the medium in which light is traveling if it is an

increase or given to the medium if the frequency decreases. The direction of the
electric and magnetic fields relative to the direction of propagation of light is

altered in polarization phenomena. However, the relationship of emission, ab-
sorption and scattering of light when it interacts with atoms is more conveniently
represented in a quantum picture. In particular, we note that the frequency of

light is related to its wavelength by

v ¼ c

l
, (12:105)

and the energy of a photon is related to its frequency or wavelength as per

E ¼ hv ¼ hc

l
, (12:106)

and the momentum carried by the photons is given by

p ¼ E

c
: (12:107)
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The energy of photons absorbed depends on the details of the mechanism of
interaction between the photons and matter. The luminescence usually comes

out at lower frequency than the energy of absorption due to relaxation pro-
cesses that occur internally in the material prior to the emission of a photon.

The energy shift between the absorption and emission in luminescence is called
Stokes shift.

An incident beam of light traveling in a medium when it encounters a surface
that represents the boundary of another medium will have a portion of the light
transmitted and the rest reflected. The sum of the energies of the reflected

and transmitted waves is equal to that of the original wave. Fresnel calculated
the portion of the light reflected and transmitted when the light traveling in a

medium with refractive index n1 encounters a flat interface of another medium
with index of refraction n2. The electromagnetic waves are transverse, so that

one should consider separately the components of the electric and magnetic
vectors parallel and perpendicular to the interface of discontinuity between

the two mediums. Let the interface be represented by the xz plane, and xy

plane represent the plane containing the incidence and reflected wave vector
(Fig 12.49). The polarization of the incident light may be taken to be either

along or perpendicular to the incident wave vector~kki. Assume the wave vector
is incident at an angle ui measured from the normal to the reflecting surface. Let

the reflected light have the wave vector ~kkr and the angle reflected ray makes
with normal to be ur. The boundary conditions at the interface are for the

tangential electric field to be continuous at the interface as well as the total
magnetic field to be continuous at the interface. We obtain for light polarized

perpendicular to the incident light wave vector, the following:

r? �
E0r

E0i
¼ n1 cos ui � n2 cos ut

n1 cos ui þ n2 cos ut
; t? �

E0t

E0i
¼ 2n1 cos ui

n1 cos ui þ n2 cos ut
: (12:108)

Similarly, for beams with electric field parallel to the incident wave vector, we

have

rk �
E0r

E0i
¼ n2 cos ui � n1 cos ut

n1 cos ut þ n2 cos ui
; tk �

E0t

E0i
¼ 2n1 cos ui

n1 cos ut þ n2 cos ui
: (12:109)

The angles between the reflected wave and the transmitted wave satisfy Snell’s
law given by

ui ¼ ur and n1 sin ui ¼ n2 sin ut: (12:110)

Both of these laws may be derived from the principle of Fermat, which states
that the actual path between two points taken by a beam of light is the one that
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is traversed in the least time. The angle uB at which rk ¼ 0 is known as the

Brewster angle. We find the Brewster angle using Snell’s law

uB ¼ tan�1 n2

n1

� �
, (12:111)

where uB is the angle from the normal. The reflected light will be completely
polarized at this angle (Fig 12.50). We also find that if the angle of incidence of

light is greater than a critical angle uc, then there is a total internal reflection
instead of refraction. This angle is given by

uc ¼ sin�1 n2

n1

� �
: (12:112)

For n2 < n1, electromagnetic wave incident at an angle greater than uc will

undergo total internal reflection. However, in order to satisfy the boundary
condition without any transmission, a so-called evanescent wave (or surface
wave) must be present in the surface. If another medium of a higher refractive

index is adjacent to the boundary, energy may flow across the boundary,
analogous to quantum mechanical tunneling or penetration of barrier. This

phenomenon is often called frustrated total internal reflection, and it is clear
that the energy of this wave comes at the expense of the internally reflected

wave. The intensity of electromagnetic wave (W=m2) is given by

I ¼ n
«0c

2
E~0

��� ���2: (12:113)

The transmitted power divided by the incident power is called transmittance
and is denoted by T and given by

T � ItAt

IiAi
, (12:114)

where At and Ai are the areas of the beam. On transmission the width of the
beam changes and is given by

At

Ai
¼ width of transmitted beam

width of incident beam
¼ cos ut

cos ui
: (12:115)

We can thus, evaluate for transmittance and reflectance for both polariza-

tions and write the expressions

R? � jr?j2; T? � jt?j2; Rk � jrkj2; Tk � [tk]
2: (12:116)

The propagation of light through a transparent medium is given by the

refractive index n, which is defined as the ratio of the velocity of light in free
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space to the velocity of light in the medium. We observe that in a medium, in
which light is absorbed, the index of refraction is complex and we write

N ¼ n� ik, (12:117)

where n and k are the real and imaginary parts of N and each is a functions of v.

n is known as the index of refraction and k is called the extinction coefficient.
Note that

Re(N) ¼ n2 � k2 and Im(N) ¼ 2nk: (12:118)

Since the incident electromagnetic wave propagating in the z-direction is

written in the form Ex ¼ E0 exp [�i(vt �Nz=c)], we obtain the transmitted
electromagnetic wave to be periodic and proportional to exp [�i(vt � nz=c].
The amplitude of the wave E0 exp (�vkz=c) decreases exponentially with z

and is absorbed in the material. The intensity therefore, varies with z as
exp (�2vnz=c) or exp (�bz), where b ¼ 2vk=c is called the absorption coeffi-

cient. The attenuation of an electromagnetic wave is usually expressed in
decibels (dB) as dB ¼ 10 log10 (I0=I) known as the optical density. Low-loss

silica fibers are the main stay of fiber optic communications. When the absorp-
tion and refraction are incorporated in the complex refractive index, we can

calculate the transmittivity in a slab by the expression

T ¼ (1� R1)e�bl(1� R2), (12:119)

where R1 and R2 are the reflectivities in the front and back surfaces of the slab
respectively, and l is the thickness of the absorbing medium and b is the

absorption coefficient. Multilayer thin film stacks are commonly designed for
a wide range of applications, such as antireflection coatings and wide and
narrow band pass filters (Rancourt, 1996), cold light mirrors that have high

reflectivity for visible light and high transmission for infrared radiation, optical
filters of various types and photo-thermal coatings. The designer endeavors to

find the number of layers, their thicknesses and the material used to achieve a
particular spectral characteristic curve.

The simplest model for understanding the propagation of light through an
optical medium is to treat light as electromagnetic wave and the atoms or

molecules as dipole oscillators. The electric field acting on a molecule produces
dipole moment. The magnitude of the dipole moment, p, increases with the
electric field strength so that we can write

p ¼ «0aE; (12:120)

where a is called the atomic polarizability. The optical properties of materials

describe those properties of materials that govern the interaction of electromag-
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netic radiation in the range of wavelengths 0:1---1 mm with materials. These
wavelengths cover the electromagnetic spectrum from the ultraviolet light to

infrared. The total polarization, P, per unit volume in an external field is given by

P ¼ aNE, (12:121)

where N is the number of molecules in a unit volume. The polarization is
connected to the Maxwell’s displacement vector by

D ¼ «0Eþ P: (12:122)

When electromagnetic waves impinge on a material, the periodic electric

force of the electromagnetic wave tries to set up the bound charges in the
material into an oscillatory motion at the same frequency as the incident

electromagnetic wave. The phase of this motion relative to that of the im-
pressed electric force depends upon the impressed frequency (v) and is gov-
erned by the difference between the impressed frequency and the natural

frequency (v0) of the bound charges. The oscillating charges radiate electro-
magnetic waves in all directions. The amount of light scattered by the medium is

laterally small because the scattered wavelets and their phases are so arranged
as to have almost complete destructive interference. However, the scattered

wavelets moving in the direction of the incident beam combine to form sets of
electromagnetic waves moving parallel to the original electromagnetic wave.

The secondary electromagnetic wave must be added to the original electromag-
netic wave and the resulting amplitudes depend upon the difference between

the phases of the two sets of waves. The phase of the incident electromagnetic
wave is modified, as it traverse through the material and this is the equivalent of
changing its velocity. Since the wave velocity represents the conditions under

which equal phase is propagated, the velocity of transmission through the
medium changes. The index of refraction, n, is measured as the ratio of the

velocity of light in vacuum, c, to that in the medium, v. Hence,

n ¼ c

v
: (12:123)

The velocity of light in the medium may be written in the form

v ¼ 1ffiffiffiffiffiffi
«m
p , (12:124)

where « and m are the permittivity and permeability of the substance. Hence, we

can write

n ¼ c

v
¼

ffiffiffiffiffiffi
«m
pffiffiffiffiffiffiffiffiffiffi
«0m0
p ¼ ffiffiffiffiffiffiffiffiffi

«rmr

p
, (12:125)
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where «r and mr are the dielectric constant and the relative permeability of the
medium. For most substances that do not have a permanent magnetic moment

mr ¼ 1. High refractive index is associated with large polarizabilities, which
increases with the size of the ions.

Furthermore, the electromagnetic wave through the medium varies with fre-
quency of the incident electromagnetic wave. If we assume that the medium

contains charged particles bound by elastic forces that are constrained to vibrate
at certain frequency (v0), then we can write for the equation of motion of the
charges

F ¼ qE ¼ m(€xxþ g _xxþ v2
0x), (12:126)

where x is the displacement parallel to the electric field and g is restoring force
proportional to the velocity of the charge. g is included because if the frequency

of radiation v is different than v0 the vibrations will be only forced vibrations
and will be of low amplitude, unless the two frequencies approach one another.

Since the displacement will oscillate at the same frequency as the impressed
electromagnetic wave (Fig 12.51), we write

x ¼ x0 eivt, (12:127)

so that

x ¼ q=m

�v2 þ igvþ v2
0

E: (12:128)

Hence, the induced dipole is

~pp ¼ q2=m

�v2 þ igvþ v2
0

E~: (12:129)

Generalizing this result to include all the charges in the solid, and including
the factor f that represents the effective strength of each charge, we can write
for the polarizability, the expression

a(v) ¼ q2

«0m

X
k

fk

�v2 þ igkvk þ v2
0k

: (12:130)

If N is the number of atoms per unit volume, we can write for the polarization

~PP ¼ «0Na(v)E~: (12:131)

The electric displacement is related to the electric field and polarization by

~DD ¼ «0E~þ~PP ¼ «0«rE~: (12:132)
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«r can be split into real and imaginary parts, and their frequency dependence
can be ascertained. We write

«r(v) ¼ 1þ Nq2

«0m0

X
k

fk

v2 � v2
k þ igkv

: (12:133)

It is clear that the imaginary component will show a peak at resonance value
corresponding to the characteristic frequency vk. The real part corresponds to
the refractive index over a much larger frequency than the absorption. In

general, optical media will have many characteristic resonant frequencies. If
these resonances occur at distinct frequencies that are well separated from one

another, we would simply shift the curves of «r versus v on the frequency
scale. In between resonances the material will be transparent. The amplitude

of the «r is governed by the oscillator strength. The material for which the
index of refraction increases with increase in frequency is said to show normal

dispersion. If the index of refraction decreases with increase in frequency,
as it happens near resonance lines, the material is said to show anomalous

dispersion.
The existence of polarization means that there are polarization charges and

current given by

rpol ¼ �r~ . ~PP and ~jjpol ¼
dP

dt
: (12:134)

Maxwell’s equations have to be written by taking the polarization charges
and the polarization current explicitly into account. The manipulation

results in

r2E~� 1

c2

@2E

@t2
¼ � 1

«0
r~(r~ . ~PP)þ 1

«0c2

@2P

@t2
: (12:135)

The solution of the above equation gives waves, where the electric field can
be written in the form

Ex ¼ E0 ei(vt�kz) ¼ E0 e�ik[z�(v=k)t], (12:136)

where the phase velocity vf is v=k.

If we assume that the electrons are bound in molecule by elastic forces and
vibrate at a certain frequency v0 then one can obtain the change of refractive

index with frequency or the so-called dispersion curve. If the frequency of
vibration of the electromagnetic wave is different than the v0, then the vibra-
tions of electrons will be forced and will be of low amplitude. If we include the

possibility that there is a damping force trying to return the electron to its
natural frequency, we can obtain the expression
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3
n2 � 1

n2 þ 2
¼ Nq2

m«0

X
k

fk

�v2 þ igvþ v2
0k

, (12:137)

where we have assumed that each different electron has a different vibration
frequency and the number of electrons with same frequency is fk.

An important property of thin films for applications is its transparency to

incident electromagnetic radiation. Insulators are among the best materials that
transmit in the optical part of the spectrum without any absorption. However, at

short wavelengths coinciding with the energy gap of insulators corresponding to
ultraviolet radiation, the energy of the incident photon is sufficient to excite the

electrons from the valence to the conduction band resulting in absorption of
incident photons. At the long wavelength region, the elastic vibration of ions

terminates the transmission in resonance with imposed radiation. The max-
imum absorption occurs at n2 ¼ 2k(1=Mc þ 1=Ma), where k is the force constant

and Mc, and Ma refers to the masses of the cation and the anion, respectively. It
is evident that in order to have a wide range of transparency, it is necessary to
have a large energy gap and weak interatomic bonding and large ionic mass.

Therefore, high atomic weight alkali halides fare well in transmission of light.
Semiconductors behave similarly to insulators except that the wavelength at

which transmission occurs is different and the reflection from the surface limits
the transmittivity. Insulators that are generally transparent can be made to

absorb certain frequency of light by controlled doping. Rubies with Cr3þ as
impurity absorb strongly in blue and the green/yellow wavelengths, which result

in the red color.
Metals have a large density of closely spaced energy levels in the conduction

band just above the Fermi level. Incident photons of various energies can easily

transfer their energies to these electrons near the Fermi level and are therefore,
readily absorbed. One might conclude from this that all metals should be black.

The excited electrons are free to vibrate and can collide with nucleus when they
increase the vibration of atoms and thereby heat the specimen. However, it is

more common for the vibrating electrons to re-emit photons and contribute the
tremendous reflection that one sees from metal surfaces. The free electrons

reflect strongly up to a specific frequency called plasma frequency, which
depends on the electron density. At frequencies above the plasma frequency,

the metals become transparent. Inter-band transitions are possible in metals
from states below the Fermi energy to empty levels above it. If the wavelengths
reflected correspond to all the visible frequencies one should find the color of

the film to be white as in the case of silver and aluminum. However, in some
situations, there are special features of the energy band structure that allow the

absorption of certain visible wavelengths resulting in the metal appearing with
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its complimentary color. For example, gold selectively absorbs green so that in
reflection it appears yellow. Doped semiconductors also have large population

of free electrons in the conduction band or holes in the valence band. They
show similar behavior as metals except when the temperature is low, when

infrared absorption due to impurity transitions occurs. p-type semiconductors
can show in addition absorption transitions within the valence band since the

valence band is a composite of several bands.
Organic materials are characterized by electronic and vibrational states that

tend to be localized near the individual molecule. The optical transitions

involve simultaneous changes in the vibrational and electronic states of the
molecule. Consider an aromatic organic compound, such as benzene in which

carbon atoms are in a hexagonal ring. Each carbon atom to its neighbor is
bonded by sp2 bonds or s orbitals. The p electrons form a ring orbital above

and below the plane of the hexagon and the molecules with this structure are
said to be cyclic conjugated molecules. The electrons from neighboring mol-

ecules form bands and these bands are paired of as highest filled energy level
(HOMO level) and lowest unoccupied molecular orbital level (LUMO). In
the case of cyclic conjugated molecules these are referred to as p and p*

orbital bands. The ground state has paired spins and so has a net spin of zero
or S ¼ 0 or singlet level S0. The excited state can have spins parallel to

the ground state when the total spin of the molecule will be S ¼ 1 or triplet
state T1. If the excited state has spins opposite to the ground state, the total

spin of the molecule will be S ¼ 0 or the singlet state S1. Since photons have
no spin, the transition from S ¼ 0 to S ¼ 1 is allowed but not S ¼ 0 to T1. The

emission process when the electron transitions to S0 from S1 are fast (1–10 ns)
and the luminescence is called fluorescence. The lowest triplet states have

long transition times and the luminescence transitions from these are called
phosphorescence. The dividing line between fluorescence and phosphorescence
is taken usually to be around 10�8 s. More than 8000 dyes are used to produce

colors from molecules that have a large degree of conjugation.
Each electronic energy level in a molecule is associated with a set of discrete

vibrational energy levels. The transitions are therefore, between electronic-
vibration levels. A common feature is that absorption occurs for a higher energy

level than emission. The difference in energy between the maximum absorption
and maximum emission is called Stokes shift.

In polymers, the individual molecules are strongly bound by covalent bonds in
saturated compounds, whereas weak Van der Waals bonds hold the molecules
together. Therefore, the absorption of light reflects the energy levels of the

individual molecules and transparency in the visible between infrared and
ultraviolet is observed as in polymethyl methacrylate. However, in conjugated

organic molecules, such as benzene, electrons are in delocalized orbitals,
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which spread across the entire molecule. These molecules absorb in the visible
spectral region and conversely also emit light when they luminescence in this

region.
The photon absorption spectra of very pure semiconductors and insulators at

their absorption edge corresponding to the energy gap is modified by the
absorption due to the joint electron–hole pair excitation that are bound to

each other due to the columbic attraction between them. Under certain condi-
tions, the electron and hole attract each other by columbic attraction and exist
as a neutral pair known as excitons. The electron and hole orbit around each

other near where they were created. If the columbic interaction between them
is small since they move around in the dielectric medium, the orbit is large. This

is commonly found in extremely pure semiconductors with small energy gap.
Impurities contribute to the charge carriers in the semiconductor and thereby

shield the electrons and holes from attracting each other and forming excitons.
If the radius of the orbit in which the electron moves around the hole is large,

the electron–hole bound pair is called a free exciton or Wannier–Mott excitons.
The effective mass m of the free exciton is given by

1

m
¼ 1

me
þ 1

mh
: (12:138)

In a simple Bohr’s model for the free exciton, the energy of the exciton is given by

E(n) ¼ � m

m0

1

«2
r

RH

n2
, (12:139)

where n is the quantum number and RH is the Rydberg constant (¼ 13:6 eV).

Free excitons have small binding energy and can exist when this energy is larger
than the thermal energy kBT. Hence, the exciton features in the optical spectra

are best studied at low temperatures. Excitons can only be formed if the group
velocities of electrons and holes are the same, so that the necessary condition
for the electron and hole to move as a pair. The group velocity is the same when

(1=�h)(@E=@k) is the same in the conduction and valence band. This feature
occurs when @E=@k is zero, and this is usually the case at k ¼ 0. In a direct gap

semiconductor the energy gap is at k ¼ 0 and has a value Eg. The energy of
the exciton is therefore, Eg � E(n) and strong optical absorption is expected at

this energy, and therefore appears just below the fundamental energy gap.
Exciton energy levels can be manipulated by applied electric or magnetic fields.

If there are a large number of free excitons (spin 0 or 1) created by lasers that
are tuned to one of the exciton absorption lines, they can show features of

Bose–Einstein condensation. In insulators and in semiconductors with large
energy gap and small dielectric constant, the excitons are confined within the
distance of a unit cell. These excitons are called Frenkel or tightly bound
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excitons. Their behavior is similar to the excited states of atoms or molecules on
which they are localized. These excitons can propagate through the crystal by

jumping from one site to another. Rare gas crystals and alkali halides, molecular
crystals have been investigated and reveal Frenkel exciton features.

Impurity atoms in insulators have a strong tendency to combine their elec-
tronic energy levels with vibrational energy levels of the host crystal. One

therefore, has continuous spectral bands due to the coupling of the discrete
electron energy levels to a continuous band of vibrational energy levels in
what are called vibronic levels. Optical transitions that are permitted between

the vibronic states occur in absorption and emission spectra. However, because
of the Franck–Condon principle the absorption spectra occur at the same

interatomic distance. Therefore, the emission occurs after a relaxation of
the electron in vibration states. Therefore, the frequency of absorption occurs

at a higher frequency than the frequency of emission (Stokes shift). Optically
active vacancies in ionic crystal have been extensively studied and are known as

color centers by virtue of the specific color they are associated with. The violet
colors of fluorite CaF2 arise from the missing F� ions, and in SiO2 from the
impurity Fe3þ. Paramagnetic impurities in insulators are utilized for many

technological applications. Cr3þ in Al2O3 crystals gives ruby its red color.
Cr3þ in beryl Be3Al2Si6O18 gives emerald its green color. Nd3þ in yttrium

aluminum garnet Y3Al5O12 is useful to produce lasers. Er3þ doped silica optical
fiber creates population inversion for the 4I13=2 to 4I15=2 level transition, and this

is exploited in amplification of signal in the wavelength region of 1:53---1:56 mm
thereby extending the transmission distance of optical signals in optical fibers.

Rare earth ions are frequently used as light emitting materials in phosphors for
fluorescent lighting and cathode ray tubes.

A solid that is crystalline has different arrangement of atoms when viewed in
different directions. These differences lead to different vibration frequencies of
atoms and consequently the refractive index of the solid is different in different

directions. This anisotropy in optical properties gives rise to the phenomenon of
birefringence, in which the value of the refractive index depends upon the

direction of propagation of the light relative to the crystallographic axes.
One can write the anisotropy of optical properties as a relationship between

the polarization and the electric field as:

Pi ¼ «0xijEj, (12:140)

where xij represents the susceptibility tensor. The susceptibility tensor has three
principal values x1, x2 and x3. Depending on the symmetry of the crystal, we

can reduce this number. For example, for cubic crystals we have x1 ¼ x2 ¼ x3 so
that the optical properties are isotropic. For tetragonal, hexagonal and rhombo-

hedral crystals there is one unique axis of rotation called the optic axis, which is
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usually taken as the z-axis. Hence, x1 ¼ x2, x3 represents two refractive indices
(e.g. quartz). For orthorhombic, monoclinic and triclinic all the three suscepti-

bility values are different as in mica.
Optical anisotropy in a crystal manifests itself as the phenomenon of double

diffraction. An unpolarized light when incident on crystal separates spatially
into two different waves called the ‘‘ordinary’’ and ‘‘extraordinary’’ waves and

denoted by the subscripts ‘‘o’’ and ‘‘e’’, respectively. Consider an electric field
vector of ray propagating in a uniaxial crystal with its optic axis along the z-
direction. If the ray makes an angle u with respect to the optic axis, then one can

choose the x- and y-axes such that the beam propagates in the yz plane. The
polarization can now be resolved along the x-axis and at 90
 � u to the optic

axis, giving rise to the ordinary and the extraordinary rays, respectively.
The absorption of light in a semiconductor or insulator is associated with the

transition from the valence band to the conduction band and therefore, depends
upon the detail of the band structure. The absorption of energy �hv raises the

energy of the electron from Ei to Ef so that

Ef ¼ Ei þ �hv: (12:141)

In order for the electron to make a transition, the energy should be equal to
or greater than the energy gap so that

Ef � Ei � Eg: (12:142)

Since the energy levels in the conduction and valence band are continuous,
the interband transitions occur over a continuous range of energies. The upper

and lower limits are determined by the limit of the bands and the operation of
the Pauli exclusion principle. Each transition creates a hole in the initial state

and an electron in the conduction band, so that one frequently refers to the
absorption phenomenon as creation of hole–hole pair.

An important feature of the interband transition depends upon whether the
energy gap is direct or indirect. A direct energy gap is characterized by the

maximum in the valence band and minimum in the conduction band occurs at
the same wave vector of the electron, whereas in an indirect gap this is not so.

This means in a direct gap material transitions from valence to conduction band
occur at the same value of wave vector, or momentum is conserved, whereas in
indirect gap material transitions require the assistance of phonon wave vector to

conserve momentum. Composition of semiconductor alloys, ordering of semi-
conductor alloys, strain-induced epitaxy and multilayers of semiconductors and

their thickness have all been used to extend the control of energy gaps in
semiconductors.

For a direct gap material the transition rate from state i to a state f is given by
the Fermi Golden rule, which is
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Wi!f ¼
2p

�h

���M���2g(�hv), (12:143)

where M is an integral that is evaluated with knowledge of the wave function of
the initial state and that of the final state as well as the perturbation to energy

associated with the photon, and g is a joint density of states that is evaluated at
the photon energy by the knowledge of the distribution of energy states in the

valence and the conduction bands. It is found that the absorption coefficient is
proportional to the (�hv� Eg)1=2 above the energy gap. The indirect gap mate-

rial shows the absorption to be proportional to (�hv� Eg+�hV)1=2, the minus or
plus sign depends upon whether the phonon is absorbed or emitted. The details
of the energy band structure result in multiple peaks at the high-energy end.

These peaks are associated with the so-called Van Hove’s singularities, where
the energy versus k curve has a horizontal slope at the same wave vector in the

conduction and valence bands. The strong absorption of light above the energy
gap in direct gap semiconductors is exploited in the construction of photode-

tectors. Photoconductors exploit the change in conductivity of a semiconductor
with absorption of light and this is utilized for camera light meters made from

CdS, ZnS and amorphous films of As, Te and Se for photocopiers. Photodiodes
create charge carriers when light falls in a reverse bias to p–i–n junction,

whereas a p–n junction operating in fourth quadrant with V positive and I

negative can produce a voltage. The degradation of the radiation properties
of a semiconductor is due to defects. Predominant among these defects are

impurity atoms (typically metals), dislocations, stacking faults and interfaces,
which provide deep energy levels in the energy gap, which act as non-radiative

centers for electron–hole recombination.
The availability of high power lasers brings into question the possibility of

optical properties to depend upon the intensity of light. The optical properties of
materials that depend upon the intensity of light are said to be nonlinear optical

properties. We may give a simple classical picture to get an understanding of
these properties. When an electric field is applied across the material, positive
charges are attracted and the negative charges are repelled inducing polarization.

The electric field may arise from the light beam passing through the material or
by the application of a voltage. The polarization, P, of the material may be

written in the form

~PP ¼ «0x(1)E~, (12:144)

where x(1) is known as the linear electric susceptibility. We have seen with
an electromagnetic wave incident on a material, the polarization results in the

electromagnetic wave traveling through the medium with a speed given by
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the real part of the index of refraction and absorption associated with the
imaginary part of the index of refraction. We can show

n2 ¼ 1þ x(1): (12:145)

We can expand the Eq. (12.144), and write

~PP ¼ «0 x(1)E~þ x(2)E~2 þ x(3)E~3 þ � � �
h i

, (12:146)

where x(2), x(3) are the second- and third-order susceptibilities, respectively.
The polarization~PP will have a finite limit if each succeeding term in Eq. (12.146),
is smaller than the preceding term. Hence, nonlinear optical behavior is of

concern only when lasers can be utilized to obtain high intensity. A whole
host of new optical nonlinear effects stem from the terms x(2) and x(3). The

second-order nonlinear polarizability may be written in the following form:

P
(2)
i ¼ «0

X
j,k¼1,2,3

x
(2)
ijk EjEk: (12:147)

Similarly, we can write for the third-order nonlinear response the expression

P
(3)
i ¼ «0

X
j,k,l¼1,2,3

x
(3)
ijkl EjEkEl: (12:148)

We thus, see there are 27 second-order nonlinear coefficients and 81 third-

order nonlinear coefficients. However, not all of them are independent and can
be reduced to a small number because of crystalline symmetry. The magnitudes

of these coefficients become important when the intensity of the incident light,
which is around 1=2c«0nE2, is at least around 1019 W=m2. This is comparable to
produce fields of magnitude 1011 V=m, which is the typical magnitude with

which an electron binds to the nucleus in an atom. The displacement of charges
from each other on experiencing an intense electric field is no longer linear and

will include second- and third-order terms in displacement. A sinusoidal electric
field will produce an output that contains higher harmonics. For example,

consider E(t) ¼ E0 sin (vt), so that we can write

P(2)(t) ¼ «0x(2)E2
0 sin2 (vt) ¼ 1

2 «0x(2)E2
0[1� cos (2vt)], (12:149)

so that frequency v can be used to generate a wave of frequency 2v. In general,
second-order nonlinear response produces sum and difference of the input

fields at frequencies v1 þ v2 and v1 � v2. Thus, new frequencies can be gener-
ated from fixed wavelength lasers. One can also bring one frequency and

convert into two other frequencies whose sum is equal to the incident fre-
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quency. This is called down conversion. Furthermore, when a static electric field

is applied together with an incident wave, a change in the dielectric constant is
observed and this is known as Pockels effect. Similarly, when two input fields

are at the same frequency, their difference frequency is zero or a static electric
field is produced and the phenomenon is known as optical rectification. Since
nonlinear effects are generally small in magnitude, it is necessary for the

material to provide a long medium to obtain useful effects. In order for the
whole solid to act collectively the phase of the wave should be such that the

waves add coherently. A regime in which this is achieved is called phase
matching, and this requires that nonlinear crystals are oriented in particular

ways. The lack of phase matching is attributable to the slightly different disper-
sion at different frequencies traveling in the medium.

The nonlinear polarization of the third-order effect is proportional to the
product of three fields. The third-order effects are generally known as four wave

mixing. Among the features provided by the third-order polarization are: non-
linear refractive index, frequency tripling and stimulated Raman scattering.

Nonlinear optical materials are available in ionic crystals especially those

based on oxygen polyhedra, covalent crystals, which are typically semiconductors
and molecular crystal, disordered and amorphous solids and inhomogeneous

artificial solids. Some major applications envisaged for these materials are in
optical data storage, optical switching, optical information processing. In addition

to performing nonlinear optical functions, these materials have to be fabricated
such that they can be integrated into existing devices.
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Figure 12.48: Incident, reflected and refracted waves.
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12.10. Diffusion in Thin Films

The use of thin films in devices or coatings generally brings two differing

material in contact and pronounced reaction or interdiffusion can occur at
room temperature. With limited amount of material present in a thin film, the
time scales in which changes can occur are relatively short. The relatively large

number of defects present in thin films also influences diffusion and reaction
rates considerably. The variety of issues that have to be addressed in diffusion

and reactions stem from the variety of microstructures found in thin films, such
as single crystals, polycrystalline and amorphous layers. This film diffusion is

important for investigating reliability and lifetime issues. For example, electro-
migration that is diffusion occurring under high current densities, void and

hillock formation are issues of great concern to device manufacturer.
Diffusion of atoms in a solid occurs by the exchange of atoms with a point

defect in the solid. We can define an exchange frequency n at which an atom
goes over the energy barrier, DGm, also known as the activation energy. The
exchange frequency may be written as the product of an attempt frequency, n0,

and a probability of success as:

n ¼ n0 exp �DGm

kBT

� �
: (12:150)

Wavelength (µm)

n
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Figure 12.49: Variation of refractive index with wavelength.
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Under equilibrium conditions, each atom has the same probability of jumping
forward or backward so that the no net diffusion of atoms occurs. However, if

there is a driving force F, the jump frequency of the atom to move forward an
interatomic distance l is given by

nþ ¼ n exp
lF

2kBT

� �
: (12:151)

The driving force can be thermal, chemical, electrical or mechanical in origin.

Note that the jump distance is l=2, because the work done when the atom has
jumped further than l=2 is lF=2. Similarly, the jump frequency in the reverse

direction is

n� ¼ n exp � lF

2kBT

� �
: (12:152)

The net frequency nn is equal to the difference of these two and is

nn ¼ nþ � n� ¼ n exp
lF

2kBT

� �
� exp � lF

2kBT

� �	 

¼ 2n sinh

lF

2kBT

� �
:

(12:153)
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Figure 12.50: Reflections versus angle of incidence for air/glan interface.
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Assuming lF=(2kBT) is small compared to unity, we write

nn ffi n 1þ lF

2kBT

	 

� n 1� lF

2kBT

	 

¼ n

lF

2kBT

	 

: (12:154)

Therefore, the net jump frequency is proportional to the driving force. We can
define the velocity, v, as

v ¼ ln: (12:155)

If the local concentration of atoms is c at the point under consideration per unit
area, we can write the amount of material diffusing through a unit area

per second, or the flux J, as

J ¼ cv ¼ cnl2

kBT
F: (12:156)

The force acting on a single particle is related to the chemical potential m,
where

m ¼ @G

@N

� �
T, P

: (12:157)

We can write

F ¼ � @m

@C

@C

@x
¼ � kBT

C

@C

@x
, (12:158)

where for dilute ideal solutions we have utilized

m ¼ kBT ln C: (12:159)

Grain boundary diffusion is of major concern in polycrystalline thin films.
The diffusion along grain boundaries is faster than bulk diffusion. However, the

structure of the grain boundary influences the diffusion coefficient. Grain
boundaries are typically characterized as low-angle or high-angle boundaries.

The low-angle boundaries are made up of tilt and twist boundaries, where
the former contains only edge dislocations and the latter screw dislocations.
Diffusion along screw dislocations is slower than along edge dislocations. If

the dislocations are dissociated, the diffusion is even slower. These trends are
consistent with our understanding of the decrease in core radius of these

dislocations. The same feature also accounts for the anisotropy seen in tilt
boundaries were the diffusion parallel to the edge dislocations are faster than

diffusion perpendicular to these dislocations. In high-angle grain boundaries,
the structure of the boundary is less certain and there are specific angles at

which the grain boundary energy is a minimum. These are cusp orientations,
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where the neighboring grains are well packed at the boundary. The diffusion
along these boundaries is slow. The segregation of solute atoms influences the

grain boundary energy. Diffusion along those boundaries has to overcome the
solute grain boundary bonding energy and is therefore slow. Grains move under

a driving force either because of curvature or due to reduction in grain bound-
ary energy. The diffusion grain boundary migration (DIGM) produces discon-

tinuous composition changes much larger than those expected by diffusion.
Grain boundary diffusion is thus, important in the study of electromigration
phenomenon in thin films, production of compound phases between two films,

such as in the formation of silicides, and evaluating the stability of multilayers.
The electrical connection between individual transistors in an electronic

device is made by means of a metal film, often aluminum, whereas the contact
to a transistor is made by a silicide contact, typically platinum silicide. However,

aluminum deposited on the silicide is unstable, because it reacts with the silicide
and thereby degrades its electrical properties. One way to preserve the advan-

tage of the low resistivity of aluminum and the stability of silicides is to
interpose between them a diffusion barrier, such as TiN. The replacement of
aluminum by copper for making electrical contacts has brought the question of

diffusions barriers into the forefront once again.

12.11. Low-Dimensional Structures

The growth of crystals combined with post-annealing treatments have matured

to the point, where the growth of structures whose dimensions are comparable
with interatomic dimensions in solids has opened up entirely new branches of

investigation. The field of growing low-dimensional structures offers new op-
portunities in every area of properties of the material. In these structures, the
movement of charge carriers are constrained by potential barriers at the inter-

face between two different materials. The low-dimensional structures can be
grown to restrict the degree of free movement of charge carriers in zero, one

and two dimensions. The associated structures are referred to as quantum dots,
quantum wires and quantum layer. The wave-like behavior of carriers exhibits

new physical properties in low-dimensional structures when their de Broglie
wavelength is comparable to the dimensions of the structure.

By changing the dimensionality of material by growth or processing, one can
greatly alter the density of electronic states. A bulk semiconductor or a metal in
which the electrons are free to move in three dimensions show electronic energy

states that increase with the energy as the square root of the energy. In
molecular beam technology, RHEED oscillations combined with control of

shutter operations can lead to precise control of thickness of epitaxial layers.
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These features are important in growing artificial quantum structures and
obtain devices based on quantum wells (QW), quantum wires (QW), quantum

dots (QD) and super-lattices (SL). The structure of a quantum well provides for
a classical particle to be confined between two parallel planar boundaries.

These particles can be phonons, electrons, holes or photons. The thickness of
the film must be such as to maintain phase coherence so that interference

becomes possible as particles bounce aback and forth. The de Broglie wave-
length of the particle should therefore, be the order of the thickness of the layer.

It is convenient to discuss the quantum well structure first as it is the easiest to

grow by molecular epitaxial structures. Super-lattice structure, where each layer
thickness can be controlled is the easiest to grow. One of the simplest quantum

well to grow is GaAlAs/GaAs/GaAlAs structure, where the thickness of the
GaAs layer is d. GaAlAs has a higher band gap than GaAs so that electrons in

the GaAs are trapped by potential barrier on each side of the discontinuity in
the conduction band. Similarly, holes are trapped by the discontinuity in the

valence band. The particles in this structure are bound by interface barriers only
normal to the direction of the growth direction (considered the z-direction) of
the quantum well, but are free to move parallel to the growth direction (x- and

y-directions). The electrons and holes have two degrees of freedom so that they
essentially behave as two-dimensional materials. Hence, the kinetic energy

contribution to this free motion has to be taken into account. Therefore, in
the case of electrons, with each bound state of the electron, we have to add a

band of energy levels associated with the wave vector ~kk?. Hence, we write

E(n, ~kk) ¼ E(n)þ �hk2

2m
, (12:160)

where E(n) is the quantized energy of the nth level and~kk is the wave vector of

the particle. If we assume infinite potential barrier then we obtain

E(n) ¼ �h2

2m*

np

d

� �2

: (12:161)

For a finite potential barrier, there are only a finite number of energy states

and not infinite number as in the infinite barrier case, and the energies of each
level is slightly modified and can be obtained by analytical procedures of solving
the Schrodinger equation. We now find that the wave function has a finite

value outside the barrier so that tunneling possibility exists for the particle
and the infinite barrier overestimates the quantization of energy. The discrep-

ancy between the two energies becomes worse for higher energy levels. The
quantum confinement shifts the absorption edge to higher energy compared to

the bulk semiconductor. The absorption spectrum is mainly determined by the
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two-dimensional density of states of the quantum well and consists of a series of
steps (Fig. 12.51). The attraction between electron and hole creating excitons

are enhanced in quantum well structures. Quantum well makes bright emitting
devices and the emission wavelength can be tuned by choice of the quantum

well parameters.
The density of states corresponding to this energy band structure is a series of

steps being associated with correspond to each bound state energy value. The
transition from one plateau of density of states to another occurs within the
mini bandwidth. The treatment of degenerate levels occurs in the valence band

of semiconductors requires a much more elaborate treatment than the argu-
ments given above, when one can expect coupling of states in the valence band

giving rise to unusual behavior. Therefore, the band structure consists of series
of 2D sub-bands. Super-lattice structures can be grown so that the individual

quantum layers are separated from one another by a thickness b chosen by the
investigator. The thickness is such that quantum tunneling can occur between

one quantum well and its neighbor. Therefore, extended states are formed in
the z-direction.

Confining the electrons into a one-dimensional quantum produces a series of

sharp peaks at the onset of each new quantum modes in the wire. Quantum
wires are made by lithographic patterning of quantum well structures or by

epitaxial growth of patterned substrates.
Quantum dots structures can be made by lithographic patterning of quantum

wires or by spontaneous growth techniques. Confining an electron into a zero-
dimensional ‘‘quantum dot’’, a box whose dimensions are comparable to the

wavelength of the electron in all directions, produces a series of peaks that
correspond to a series of energy levels for the electron in the box.

It is clear that lowering the dimensionality of the structure on the atomic scale
of a few nanometers will cause very large changes in the physics of electronic
transport. The ability to control the dimensions of these structures gives unpre-

cedented control on manipulating the carrier transport in material that is useful
for fabricating devices that are based on carrier movement as well as devices

that give out light. Similar extensive applications are possible in all other areas
of properties that are currently being actively explored.

Problems

12.1. What would be the thickness of the gate oxide, SiO2 on silicon, if it were

only one monolayer thick?
12.2. For a parallel plate capacitor what is its capacitance? For silicon with a

dielectric constant of 3.9, what is the capacitance for a thickness of
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100 nm? What would be the equivalent thickness of a dielectric if its
dielectric constant were 16? If the resistance of the interconnect line is

10 V, calculate the response time of the system.
12.3. SmCo films are sputter deposited in an inert gas ambient: (a) Ar

130 mtorr, (b) Ar–50%Xe 60 mtorr, (c) xenon at 30 mtorr. What set of
conditions will produce full texture of the film and why? How does the

change in pressure affect the Sm content in the film? Explain again the
dependence of Sm content of the film on substrate temperature.

12.4. SmCo5 is hexagonal with a ¼ 50 nm and c ¼ 40 nm. Calculate the min-

imum surface region on which coherent growth must occur in order to
achieve a texture (a) aligned with the c-axis lying in the plane of the film

and (b) have the c-axis perpendicular to the film.
12.5. Consider a toroid of magnetic material of radius R that has a single turn

of wire around it. A current I flows through the wire. What is the
associated magnetic field? Assuming the current flows for a time Dt

what is the voltage induced across the wire of the coil? What power is
required to supply the current I against this voltage? Calculate the
energy supplied per unit volume for a change in the flux density by DB

in time Dt. What does the area of the B–H loop multiplied by the magnet
volume represent?

12.6. For a p-type semiconductor, the acceptor energy is 0.1 eV. Assuming the
electrical conductivity at 300 K is 10 V�1 cm�1, what would be its con-

ductivity at 0 8C?
12.7. Calculate n and p in a p-type semiconductor at 300 K assuming its

resistivity is 0:02 V�1cm�1. The mobility of holes is 1800 cm2=V=s.
12.8. Show that an electron missing from the valence band contributes to

conductivity as a hole with a positive charge. Should the effective mass
of the hole be the same as that of an electron? Why or why not?

12.9. An electron is moving in a circular orbit of radius r with an angular

frequency v. What is the angular momentum of the electron? What is
the magnetic moment? Show the two in a figure.

12.10. Consider a parallel plate capacitor and find the thickness of SiO2 to give
a capacitance density of 34:5 mF=mm2. If an alternative dielectric of

permittivity 16 were to be used instead of SiO2, what would be the
thickness of the dielectric to achieve the same capacitance density?

12.11. Silicon is covered with a gate oxide (dielectric constant 3.9) of thickness
50 nm . On top of this a dielectric (dielectric constant) 25 of 30 A is
deposited. What is the total capacitance of the stacked layer? If the

higher dielectric constant alone has to be deposited, what would be its
thickness to achieve the same capacitance?
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12.12. Consider a ternary system of metal M, oxygen and Si. The metal forms
an oxide MOx. Between the metal and silicon, there are two compounds

MSiz and MSiy. Draw the possible tie triangles in this ternary system at a
given temperature. Determine the two reactions that you would carry

out to verify whether binary oxide is in stable contact with silicon.
12.13. Show that the perfect diamagnetism is an essential property of the

superconductor in view of the Meissner effect.
12.14. A film of copper is 0.1 cm long, with a thickness of 1 mm and width of

2:0 mm. Calculate the resistance of the film. If a current of 10 mA flows in

the film, what is the voltage and energy dissipated? Assume the resistiv-
ity of copper to be 1:7� 10�6 V cm. Given the density of copper to be

8:93 gm=cm3, how many copper atoms are in the film? Assuming each
copper atom contributes one electron to conduction, calculate the mo-

bility of electrons in the film.
12.15. A semiconductor bar has an area of cross section of 10�2 cm2 in which a

steady current of 0.4 mA is flowing along the sample in the x-direction.
Across resistivity probes that are 0.5 cm apart a voltage of one volt is
measured. When a magnetic field of 7500 G is applied normal to the

semiconductor bar, probes that are 0.2 cm apart measure a Hall voltage
of 0.1 V. Calculate the mobility and carrier concentration.

12.16. A current of 1A is flowing in a conductor made of pure aluminum. What
is the number of electrons moving across any point in the conductor? If

each atom of aluminum contributes one electron to conduction, what
would be the current in the conductor? Assuming the conductivity of

aluminum, what would be the electric field that would be required to
sustain the current?

12.17. What is the power per unit volume transformed into heat in an alumi-
num conductor carrying a current density of 5 A=mm2?

12.18. Calculate the reflection and transmission coefficients for normal inci-

dence of light incident on an interface in a nonabsorbing film. Show that
there is a phase change of p during reflection at an optically dense

medium. Assume n0 ¼ 1 and n1 ¼ 1:52. What would be the phase change
if the wave traverses in the reverse direction?
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Chapter 13

Dry Etching

13.1. Introduction

The success of micro-fabrication technology is crucially dependent on the
manufacture of a growing number of integrated circuits and products as

exemplified by the pervasiveness of computers in human life. In order to
produce these products it is essential to introduce fine features and patterns

on films that on deposition are continuous. Dry etching technology is indis-
pensable for fabricating three-dimensional building blocks for micro-electro-
mechanical systems (MEMS) applications. Hence, most of the plasma etching

science and technology has evolved from needs in the semiconductor industry.
A typical micro-fabrication process consists of many repetitions of the follow-

ing sequence of steps: pattern generation (known as mask making), pattern
replication (accomplished by lithography techniques) and pattern transfer

(done primarily by etching). The fabrication of microelectronic devices re-
quires the transfer of patterns defined by a mask onto a layer of photoresist

deposited on a substrate in which the device has to be fabricated. The various
steps in the transfer of pattern from the mask to the wafer in the subtractive

method are illustrated schematically in Fig. 13.1. The wafer surface is coated

with a thin film of photosensitive polymer called resist. Appropriate geomet-
rical areas are delineated on a positive photoresist by exposing them to

radiation through a patterned mask. The radiation produces chemical changes
in the resist, which make the exposed region of a positive photoresist more

soluble in a developer solution than the unexposed regions. The exposed
positive-photoresist is dissolved in a developer solution whereas the unex-

posed photoresist stays on the substrate as a mask after a polymerizing bake
out. Once the pattern is established in the photosensitive material, it provides

the mask in the next step in manufacturing. The resist therefore, completely
covers the wafer over the selected regions, leaving the other parts fully
exposed. Etching is done only in the exposed regions. A vast variety of
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materials, structures and geometries are encountered during the etching pro-

cess that imposes a wide range of requirements for the etching process. For
example, when etching is carried out strictly by a chemical solution, the

removal of material, normal to the exposed surface may proceed at the
same rate as in the lateral dimension as shown in Fig. 13.2(a). The situation

is referred to as isotropic etching. Special chemical solutions are available to
etch the materials so that lateral etching rate is much slower than the etching

rate normal to the exposed surface. This is especially true when the substrate
is a single crystal so that it is possible to make use of the different etching
rates in different crystallographic directions. A situation, shown in Fig. 13.2(c)

is termed directional or anisotropical etching. Aspect ratios (i.e. the ratio of
depth to height) in excess of 650:1 can be obtained by these techniques.

Wafer

Deposition of resist

Energetic radiation on through a patterned mask

Exposure of positive resist

Positive resist in which the exposed
resist is dissolved in a developer and
the unexposed resist is polymerized
by a bake out

Unexposed photoresist stays on
substrate as a mask. Etch wafer
in the opened region

Remove photoresist

Figure 13.1: Subtractive pattern transfer by etching.
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Etching done with the help of liquid solutions is called wet etching as opposed
to dry etching that does not involve any liquids. When the thickness of the

etched film is small relative to the minimum pattern dimensions, undercutting
of the film to sizes larger than that permitted by pattern size is not acceptable.

One needs to have etching techniques that produce a vertical etching profile as
shown in Fig. 13.2(b) in order to attain small feature sizes. However, a slight

taper in the etching profile may be advantageous from the point of view of
deposition in and over crevices and steps in a pattern. The importance of

plasma or dry etching stems from the ability to achieve vertical etching so that
the dimension defined by lithography is preserved in the etching process. To
etch straight trench walls, the ions must impinge on the wafer at normal

incidence. This requires that the plasma sheath edge must be planar all the
way across the wafer. Currently, all pattern transfer steps from the mask to

the underlying substrate are performed by dry etching techniques because of
the small line widths that are current in today’s manufacture of semiconductor

devices. Plasma etching is central to the success of manufacturing microelec-
tronic devices because it is the only technology that can produce reproducible

patterns of the dimensions required. There are several other techniques of

Mask

Substrate

(a) Isotropic etch (b) Vertical etch

(c) Directional etch

x

z

Figure 13.2: Directionality of the etching processes.
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pattern transfer. For example, if the material to be patterned is deposited over
the mask, a process called additive pattern transfer can reproduce the pattern.

In the final step, the unwanted material is lifted off from their substrate by
dissolving the masking pattern. There are also a limited number of situations,

where the pattern transfer, can be accomplished without the need for litho-
graphic step and exploits the existence of a patterned structure of some kind.

This is achieved in the so-called self-aligned pattern transfer, where the select-
ive chemical reaction occurs only on certain regions of the substrate, which
are to be patterned, and not on the mask material. In special situations, one

can directly write the pattern on the substrate. These however, are not of
concern in this chapter. Etching has also been utilized to obtain planarization

of the surface. Optical lithography can be successfully carried out if the
surface of the film is planar because the depth of focus is typically 1 mm,

whereas large height variations may occur as a result of some processing steps.
Planarization involves the deposition of an organic layer, such as polyimide,

which fills the depressions coupled with some etching process to remove
material from the high points.

In plasma etching, a glow discharge is utilized to generate radicals, meta-

stables and ions that are obtained from a relatively nonreactive gas. The
production of radicals, metastables and ions occurs through homogeneous gas

phase collisions in the plasma. The species that are produced are such that some
of them react with the material to be etched by forming a volatile product

through heterogeneous reactions. Thus, the normally nonreactive gas is turned
into several highly reactive species. The etch product spontaneously desorbs

from the etched material into the gas phase, which is subsequently removed by
the vacuum pumping system, leaving the material in an etched condition. The

use of the plasma has the additional advantage that etching can be carried out at
or around room temperature.

It is important to emphasize at the outset that plasma etching can only be

considered in relation to the total process involved in the fabrication of any
device rather than individual interaction between a particular chemical radical

and the material it is supposed to etch. In fact, a successful etch process will
depend upon previous process steps, and may affect subsequent process steps

and may change if either of them is modified. The constraints on the total
system must always be considered in dry etching. Ultimately, it involves mak-

ing trade-offs among selectivity, uniformity and anisotropy. Consider for ex-
ample, a structure (Fig. 13.3), where a photoresist of thickness, tph, is covering a
thin film of polysilicon of thickness, tpoly, which has been deposited over an

oxide of thickness, tox. A lithographic process has opened up a window of width
wm. In order to etch the polysilicon, we can subject the structure to plasma

etching when both the photoresist and polysilicon will be subject to the plasma
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conditions. If the etching has to be completed in a time t, then the rate required

to etch the polysilicon is Rpoly ¼ tpoly=t. During this time the photoresist
may also be etched at a rate, Rphoto ¼ tphoto=t. If we want to keep the photo-

resist without significant erosion while the polysilicon is etched, it is clear that
the ratio S ¼ Rpoly=Rphoto should be very much greater than tpoly=tphoto. There-

fore, an immediate criteria to accomplish etching successfully is to make sure
that one selects the appropriate selectivity, S, acceptable to the manufacture of
the device. Selectivity needed for etching can therefore, simply be estimated

by the ratio of thickness of the film to be etched to the thickness of the film
acting as the etch stop. Note that the etching rate of the thin film has

two components: horizontal and vertical etching rates. If finer features are
to be patterned the selectivity has to be high. The thickness of the layers,

control of profile and the critical dimension uniformity are determined by the
selectivity.

Etching is rarely uniform, so that it is necessary to over-etch the polysilicon at
some locations in order to clear it from all other unmasked regions. The

uniformity is usually defined as the maximum difference in etching rates over
a wafer and/or within an etcher or from batch to batch. Variations in the etching
rate are due to the surface topography, nonuniform thickness and variation in

the etch rate in the reactor due to localized depletion of gas phase radicals. The
etching of a wafer from center to edge evenly requires that the plasma is

uniform in density, temperature and potential. Uniformity also refers to the
ability of maintaining etch rates from wafer to wafer in the same reactor. This

means there will be regions when the plasma will be in contact with the oxide as
shown in Fig. 13.3. In other words, there should also be selectivity in etching

tph wm

tpoly

tox

Resist

Polysilicon

Oxide

Figure 13.3: The various films that have to be considered in determining etch rates.
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between the polysilicon and the gate oxide, which is to be far in excess of
tpoly=tox. Since tox is usually very small, the selectivity criteria imposed by the

underlying thin film can be a very important concern for process to be success-
ful. The main criteria for etch selectivity is that it should be high enough to

preserve a thin oxide film that is on the substrate of the film to be patterned.
The most important reason for utilizing plasma etching is the directionality in

etching it provides in the fabrication of high-aspect ratios, such as deep trenches
necessary in producing many semiconductor devices. A measure of the direc-
tionality of etching is provided by the degree of anisotropy in etching (AE),

which is defined by

AE ¼ 1� l

d
, (13:1)

where l is the amount of undercutting at the end of etching, and d is the

thickness of the etched layer as shown in Fig. 13.4. If l ¼ d, the etching is
completely isotropic, and if l ¼ 0 the etching is completely vertical. Note that

the dimensional loss that is incurred by an etching process depends upon the
etch aspect ratio (depth/width ratio). Vertical etching profiles permit maximum

density packing on the chip. In addition to all the above considerations about
selectivity, uniformity and anisotropy, one frequently finds additional problems
from erosion of the sidewalls of the mask due to lateral etching, development of

facets in photoresist due to sputtering so that careful evaluation of all these
considerations as they affect pattern reproducibility is needed in relationship to

the etching process. The most effective trade off between line size control, over-
etch and under layer preservation may be different for each process, and an

understanding of which of these (if any) is needed to be maximized is the key to
successful process development.

d 

l 

Mask

Film

Substrate

Figure 13.4: Anisotropy in etching.
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Plasma sources have to be adaptable to the size requirements of the industrial
needs. For example, a silicon wafer can be 12 in. in diameter whereas a flat panel

display can be very large in area. When thin oxides are involved, plasma process-
ing can damage the oxide. Electrons reaching a trench to be etched cause a charge

buildup that can drive the current through the insulating layer. The ability to etch
requires different combinations of gases to be used. This puts a premium on

operating the plasma reactor under a variety of conditions. The reliability of a
plasma tool is of course a major concern for the industry as well as the space

required for each reactor, since a large number of reactors of necessity is required

in a fabrication facility. The materials used in the construction of the reactor have
to be benign to the plasma and its various neutral and reactive components.

The dry etching in plasma can proceed in one of three ways; ion sputtering,
chemical reaction and ion-assisted chemical reaction. Energetic ions crossing

the plasma sheath can transfer large amounts of energy to the material on which
they fall, which can result in the ejection of atoms by sputtering. This is purely a

physical phenomenon and is least selective of the material that it etches and the
material is removed as atoms. In addition, the rates of etching are low, surfaces
have a tendency to show faceting and one can damage the substrate (Fig. 13.5a).

Faceting occurs because the sputter yield of a material is usually a strong
function of the angle at which ions are directed at the surface. If the atoms

sputtered are not to return to the surface, low gas pressures are required giving
mean free path equivalent to reactor dimensions. Otherwise, collisions in the

gas phase will reflect and redeposit the sputtered species. The radicals created
in plasma can bring about chemical reaction that results in etching when the

product of the chemical reaction is volatile. This type of etching tends to be
isotropic and highly selective and any sputtered atom has a tendency to return

on the substrate because of the high-vapor pressures that one encounters
during etching (Fig. 13.5b). The ion-assisted etching is of primary interest in
dry etching because it not only gives vertical etching possibility but also gives

rise to high rates of etching (Fig. 13.5c). A special feature of dry etching occurs
when the chemical reaction produces a very thin film, which inhibits etching

while at the same time isotropic etching occurs between the radicals and the
material. If the inhibitor film forms on the vertical surface, where it is immune

from sputtering by the ions, one can achieve vertical etching (Fig. 13.5d).
The chemical volatilization of the material during dry etching can result in a

situation where the area exposed to etching will determine the etch rate. This
manifests itself as loading effect, which has been one of the many reasons for
dry etching reactors to prefer single-wafer etching. One can use ion-assisted gas

chemistry to advantage not only to get anisotropy in etching but also to improve
selectivity in etching. Frequently, a number of different gaseous mixtures are
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used at different times in etching to take advantage of sidewall passivation to
insure vertical etching as well as obtain selectivity in etching. Control of ion

energy and ion flux independently requires direct ion beam etching at low
pressures. There are clearly many reactor configurations, which have evolved
depending on the large varieties of needs and structures and materials that have

to be etched. The monitoring of the etching process during etching is desired in
every case even though it is not always possible to attain this. Finally, one has to

make sure that the damage introduced from ion etching is removable or is at a
level acceptable to the particular process and device fabrication. The largely

empirical route to optimize the etching operation is very expensive and can be
beneficial if we have realistic models of the etching process, and this appears

still far from being realized. Plasma etching processes are judged by their ability
to give the acceptable etching rate, uniformity in etching over the material
surface as well as among the substrates, directionality of the etching and the

selectivity of the materials to be etched.

(a) Sputtering

(b) Chemical

(c) Ion enhanced energetic

(d) Ion enhanced inhibitor

Inhibitor

Neutral Volatile product

Neutral Volatile product

Neutral
Volatile product

Ion

Ion

Ion

+

+

+ +

+
+

Figure 13.5: The variety of processes that may be involved in plasma etching.
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13.2. Chemical Volatilization

The principal requirement in plasma etching is the volatility of the etch
product. The etching gas has to be chosen such that in a plasma environment,

the gas produces radicals, which can react with material to be etched to form a
volatile species. A radical is an atom or an aggregate of atoms, which is

electrically neutral, but which exists in a state of incomplete chemical bonding,
so that it is very reactive. The hot electrons in the plasma are responsible for the
unusual chemistry that occurs in the plasma. The energy to ionize neutrals is

much higher than the energy to dissociate molecules. There are usually more
electrons with enough energy to dissociate molecules than those that have

enough energy to ionize molecules. It is usually the case that the gas introduced
into the plasma does not react with surface to be etched according to thermo-

dynamics, so that all reactive fragments are produced when the gas dissociates
in the plasma due to collisions with electrons. The creation of the radicals in the

plasma and transporting them to the surface to be etched is clearly the basic
step that is necessary in the etching process. Radicals are thought to exist in
plasma in much higher numbers than ions because they are generated at a faster

rate and they survive longer in plasma than ions. The primary function of the
plasma reduces to maintaining a supply of gaseous etchant species.

Plasma etching was first utilized to remove carbonaceous materials from
products. In this case, oxygen was utilized as the gas in the plasma. The oxygen

atoms produced in the plasma react with carbonaceous material and hydrogen
to produce volatile products, such as CO, CO2 and H2O. This process was

initially termed plasma ashing or plasma stripping (Irving, 1971). Plasma etch-
ing is typically used for the removal of organic fragments from inorganic

samples. The plasma ashing could be carried out in a simple barrel reactor at
temperatures varying between room temperature and 300 8C. The technique
was used for stripping photoresists since 1960s, where one typically uses CF4 or

SF4 with oxygen. The purpose of fluorine atoms in the plasma is to enhance
dissociation of oxygen, which combines with photoresist to form water vapor

and carbon dioxide. If the concentration of CF4 is low, one produces excited
fluorine atoms, which also assist in etching. At high concentration of CF4, the

polymerization reaction of tetrafluoromethane competes with etching reaction
with fluorine and passivation of the surface. Any inorganic contaminants on the

surface that do not form volatile oxides are not removed in plasma etching. This
reactor consisted of a cylindrical dielectric vessel with an oxygen admission
system at one end and a vacuum pump at the other (Fig. 13.6). The RF power is

supplied by placing the metal electrodes on opposite sides of the vessel or by
encircling the cylindrical vessel with an RF coil. The material to be etched is

placed on racks in the center of the vessel. Inserting a cylindrical mesh of metal
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(known as an etch tunnel) to isolate the material from the electrons, protects

those devices that are prone to radiation damage by electron bombardment but
may prove to be the source of contamination and sputtered material with

reactor usage. The rapid removal of the carbonaceous material by stripping
depends on the supply of active species. The process is therefore, performed at
high pressures, where ion energy is low and the reactant supply is high. The

reactors are inexpensive, but uniformity in etching is rarely achieved and the
rate of reaction changes radically from point to point because of reactor heating

from the RF power input and the heats associated with etching reactions.
The application of plasma etching to silicon occurred with use of CF4 gas in a

plasma. CF4 gas is inert and does not react with silicon. However, in plasma, it
produces many radicals (mainly F and CF3) that react with silicon to form a

volatile gaseous product SiF4, thereby affecting the etching of silicon. Many
other materials, such as W, Ta, Ge, Ti, Mo, etc., can also react with CF4 plasma
to achieve volatile fluorides and thus, can be etched in CF4 plasma. The selection

of gaseous material to etch a particular material is important. For example,
chlorine used in plasma can form a volatile chloride of aluminum when alumi-

num is to be etched. However, fluorine-containing gas in plasma forms an
involatile fluoride of aluminum and is not a suitable gas for etching aluminum.

Plasma etching with a material involves a reaction between the active gas
species and the material to be etched. One can distinguish three separate steps

involved in the mechanism of etching. The gas must first adsorb on the surface
of the material forming a chemical bond with surface atoms. The atoms on the

surface must subsequently rearrange themselves to form the molecules of the
product. The product molecule must then desorb from the surface. If any of
these steps do not occur spontaneously, etching will not occur. It is therefore,

RF

RF

Etch gas in
Etch tunnel

Wafers
To pump

Figure 13.6: Barrel reactor for etching with an etch tunnel.
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quite important to know the gas–surface interaction in detail both in the
presence and in the absence of energetic radiation. Many of the gases com-

monly used in a plasma etching do not readily chemisorb on the material that
one wishes to etch (Winters, 1978). Hence, they do not etch the material

without the assistance of the plasma environment. On the other hand, molecu-
lar chlorine chemisorbs on silicon, but it dissociates into chlorine atoms rather

than forming SiCl4 (Pandey et al., 1977). Hence, etching does not occur. There
are many situations, where the radical in the plasma form a nonvolatile com-
pound on reaction with the material to be etched. Hence, the reaction termi-

nates after a certain limiting thickness of the involatile product is formed. The
spontaneous oxidations of silicon, aluminum are examples of this kind.

Example 13.1

List the stages involved in the etching of silicon by CF4 plasma.

CF4 gas is dissociated and ionized in the plasma to produce F and various
other ions and radicals in the plasma.

Consider the species formation in the discharge by electron impact as:

CF4 þ e ¼ CF3 þ Fþ e (dissociation reaction):

CF3 þ e ¼ CFþ3 þ 2e (ionization reaction):

The etchant must be absorbed on the wafer surface

Si(surface)þ F(g) ¼ Si-F(ads):

The product of etching must form on the surface, possibly by successive fluorin-
ation

Si-F(ads)þ F(g) ¼ SiF2(ads):

SiF2(ads)þ F(g) ¼ SiF3(ads):

SiF3(ads)þ F(g) ¼ SiF4(ads):

The etch product must be sufficiently volatile to desorb giving the final etch

effluent SiF4(g) as:

SiF4(ads) ¼ SiF4(g):

The interaction of gaseous species in plasma with material to be etched is

much more involved and follows many reaction pathways as discussed by
Flamm (1981) in terms of an ‘‘etchant-unsaturated species’’ model. Consider

the following different reaction paths that are possible in the plasma. Many of
these paths are initiated by the electron impact of gaseous species.
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An electron interacting with a halocarbon can create saturated species,
unsaturated species and atoms. For example, we have

2eþ 2CF4 ¼ CF3 þ CF2 þ 3Fþ 2e: (13:2)

The above type of reaction produces the necessary radicals that can interact
with the material to be etched. The concentration of the various radicals is

clearly important and is often not known in detail. The reactive species can
combine with unsaturated species to form saturated species. For example,

Fþ CF2 ¼ CF3, (13:3)

and the above reaction is one of the recombinations. This can dilute the
concentration of the active species available for etching. One notes gas phase
oxidant additives, such as O2, F2, etc., can dissociate and react with unsaturated

species changing the relative concentration of species as well as reaction path-
ways. The most desired reaction path occurs when the atoms interact with the

surface atoms producing a volatile product. This is illustrated by

4Fþ Si ¼ SiF4: (13:4)

Etching will occur as a result of the above reaction. The unsaturated species

can react with itself aided by the surface in a polymerization type reaction.
Hence, we may have reactions like

nCF2 þ surface ¼ (CF2)n: (13:5)

Clearly, the polymerization reaction produces a film, which is generally undesir-

able if it forms in unwanted regions. Reactive radicals with low volatility can
deposit in the system so that the knowledge of the sticking coefficients of the
free radicals is of critical importance. Methods of influencing the gas phase

reactions have to be undertaken so that deposition can be utilized advanta-
geously to provide vertical etching and to avoid excessive deposition or non-

conformal deposition. The interaction between the etch gas and the substrate
can thus result in etching, recombination or film formation depending on the

predominant reaction that occurs between the various radicals and gas species.
The etching of a material by forming a volatile product with the radical

produced in the plasma is strictly speaking a chemical etching process, where
gases are involved as an etchant and as a product. As such, the etching occurs

isotropically as shown in Fig. 13.2a. The selectivity in etching can be extremely
high owing to the large difference in an etchant’s chemical affinity for the
various materials. The initial applications of plasma etching in resist stripping,

patterning silicon nitride and for polysilicon were essential to achieve isotropic
etching and did not really focus on controlling pattern dimensions. The advan-

tage of using gaseous radicals is that the control of gaseous product is relatively
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easy and no residues from etching process are left on the material as in the case
of wet etching. The etching rate is very rapid as the pressures used are in the

several hundred Pascal range so that radicals impact the surface from all different
directions. This is adequate in many situations, and the presence of plasma

enables chemical reactions to occur at room temperature or thereabout. It is
also easy to handle gases than liquid etchant that is contaminated with the etchant

material from environmental concerns. The disposal of large quantities of etching
liquids becomes a costly affair reaching and exceeding the cost of the etchant
itself. The gases involved in dry etching are generally toxic and can be handled

relatively easily because of their relatively small quantities. In addition, dry
processes are inherently clean from the point of view of residues and particulates.

On the other hand, the equipment costs of plasma etching units are substantially
larger than wet chemical methods. Furthermore, dry etching techniques are

capable of being integrated into automatic processes in manufacturing.
One of the important requirements in etching is to achieve uniformity in

etching across the entire area of the surface that is exposed for etching. One of
the most important variables governing the uniformity is the gas flow and the
manner in which gas is distributed into the reactor over the substrate. It is

desired that the design of the inlet and outlet of gases are such as to expose a
fresh and evenly distributed flow of gases. Gas flow rates are determined by the

maximum pumping speed and the desired working pressure. The flow rate
should be kept at a minimum level with respect to the etch rate. One can define

a utilization factor U where

U ¼ rate of formation of etch product

flow rate of etch gas
, (13:6)

and this should be greater than about 0.1 for assuring uniform etching.
A parameter that is of importance that is related to the utilization factor is

the residence time t of the feed gas, which depends on the flow rate and

pressure in the gas. The residence time is given by

t ¼ Vp

Q
, (13:7)

where V is the reactor volume, p is the steady pressure and Q is the flow rate.

(1 sccm ¼ 4:48� 1017molecules=s).
A number of additives are added to the gas in the plasma and perform a

variety of functions. Oxidants are often used to increase etchant concentrations

or suppress polymer formation. This is utilized when O2, Cl2 are added to
CF4, CCl4. The density of fluorine atoms increases as oxygen is added to

fluorocarbon discharges. Fluorine atoms have a tendency to combine with
carbon radicals in the carbon-tetrafluoride plasma and become unavailable for
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surface etching reactions. The presence of oxygen in the plasma has the effect of
providing a sink for the carbon radicals by promoting their recombination with

oxygen atoms produced in the plasma. The mechanism by which this happens is
still not very clear but may have to do with forming CO or CO2 by some

mechanism thereby releasing four F atoms from CF4. A number of gases
function as scavengers for radicals. Molecular hydrogen is known to react with

fluorine to form HF so that the addition of hydrogen in a CF4 plasma decreases
the concentration of F dramatically and thereby the etch rate of silicon also
decreases. However, the etch rate of SiO2 is not affected that much so that this

gives an opportunity to make etching thin layer of SiO2 without etching silicon
underneath possible. This is because the oxygen released from silica goes to

attack the carbon atoms again releasing more fluorine. Hydrogen added to
fluorocarbon feeds promotes CFx film growth. Inhibitors and formers are typ-

ically unsaturated radicals, like CF2 and CCl2 that form sidewall films and assist
in inducing anisotropy. These species are easily desorbed by ion bombardment

so that the films only form on sides not subject to ion bombardment. When thin
oxide films form on some materials, one requires small amount of native oxide
etchants, like C2F6 for SiO2. Some of these additives can also scavenge water

and oxygen. Inert gases are also employed to stabilize the plasma or to reduce
the etching rate by dilution or improve heat transfer. In some situations, one

can add additives, which combine with the primary etchant to form ternary
compounds that are more volatile than binary compounds. This is employed in

etching MoSi2 in Cl2 when oxygen is added to the gas stream. It is evident that
there is considerable gas chemistry to be accomplished in formulating etch gases

for materials. The etching rate therefore, depends on the plasma density and the
density of reactive radicals. Therefore, input power, operating gas pressure,

additions of gas to the reactor and the gas flow rate are to be controlled in any
plasma-etching reactor. Increase in plasma power increases the plasma density
often as the square root of the power. The rate of production of radicals is

controlled by electron temperature, their energy distribution and collision cross
section of the dissociation reaction.

Example 13.2

Calculate the gas flow rate for a large batch reactor working under a pressure

of 0.01 torr and has a volume of 100 L if a residence time of 4 s is desired.

t ¼ PV

Q
,

where P is the pressure in the chamber, V is the volume of the chamber that
usually includes the connecting pipes, Q is the gas throughput and t is the

residence time of the gas.
Hence, Q ¼ 0:25 torr� L=s ¼ 20 sccm:
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Example 13.3

A single-wafer reactor of volume 1 L processes wafers at a pressure of

0.001 torr for a residence time of 0.4 s. What is the pump rate required?

The flow rate required is Q ¼ PV

t
¼ 0:01 torr� 1:0 L

0:4 s
¼ 200 sccm:

The pumping speed S required is

S ¼ Q

P
¼ 200 sccm

0:01 torr
¼ 200 sccm� 79 torr � L=s=sccm

0:01 torr
¼ 1580000 L=s:

Example 13.4

Calculate the flux of CH4 hitting silicon substrate and compare it with

number of silicon atoms removed per unit area in unit time, when the etch rate

is 1000 0/min.

The density of molecules is given by N=V ¼ P=(kBT). Hence, we have at

300 K,
Density, r ¼ 2:4137� 1020P molecules=m3.

The average speed of the molecules is given by

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBN0

p

r ffiffiffiffiffi
T

M

r
¼ 4:6023

ffiffiffiffiffi
T

M

r
:

For CF4, M ¼ 88:0046=1000 kg and v ¼ 269 m=s.

The flux of molecules f ¼ (1=4)rv ¼ 3:16� 1021P=m2=s.
Foralineargrowthrate,G,of1000 0/min,forsilicon,therateofremovalofsilicon

atoms, R, is given by Gr0N0=M, where M ¼ 28:09 g=mol, r0 ¼ 2:33 g=cm3,
so that R ¼ 8:35� 1019molecules=m2=s. We find even at a pressure of
1 mtorr ¼ 133� 10�3 Pa, the flux of molecules is 4:2� 1020 molecules=m2=s.

Even if 10% CH4 gives rise to radicals there are sufficient radicals, in the plasma
to produce the given etch rate.

13.3. Loading Effects

In plasma etching, a fraction of the gas used for etching is consumed in the
process. In some situations, the amount of gas consumed can be quite large for

example, as with the evolution of SiF4 in the etching of silicon. The etch rate
thus, becomes an important process variable in plasma etching. One of the

serious consequences of the consumption of the active species is the phenom-
enon of ‘‘loading effect’’, which relates to the etch rate that decreases with
increase in the area of etchable material exposed to the plasma. When the etch
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rate depends upon the amount of etchable surface exposed to the plasma, the
system is said to show a loading effect. Most isotropic etchants show this effect.

The example of the loading effect is given in Fig. 13.7, where the etch rate of
aluminum is plotted as a function of the area being etched in a CCl4 plasma.

One also infers from the strong loading effect that the etching species are
primarily removed by the material that is being etched and not by the walls of

the system or by vacuum pumping of the system.
If the etchant is depleted mainly by the surface reaction, then small increases

in flow rate will produce large increases in the etch rates. When the loading

effect occurs there is particularly a difficult situation that is encountered
during the ‘‘endpoint’’ of etching. When the endpoint of etching nears, the

area of the material to be etched decreases, the concentration of the active
species increases and the etching rate increases. This is exactly the time at which

one wishes to have slow etch rate in order to terminate the etching process
properly.
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Figure 13.7: The loading effect (etch rate versus batch size) observed during the etching

of aluminum in CCl4 in a reactive ion configuration.
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One may try various approaches to diminish the amount of reactive species
when the endpoint of etching is reached. The use of increase in the pumping

speed of the vacuum system does not appear to be a practical solution, as very
large pumps are required to compete with pumping of active species by a large

area of the material. One way to increase area of wafer to be etched is to
artificially increase the area by introducing large number of dummy wafers in

the system. One may then try to introduce an etch gas or gas mixture in which
the active species are consumed by processes other than etching. If the etching
is not stopped in time severe undercutting may occur.

Let the etchant be labeled F, and let us suppose there are m wafers to be etched
each with an area Aw in the reactor. The mass balance of F may be written as

rFV ¼ Ak*
sFnF þ kvFnFV þmAwkwFnF, (13:8)

where rF is the rate at which F is generated per unit volume and V is the volume, A

is the area of the empty reactor, nF is the concentration of F in the gas, ksF* is the
net rate constant for loss of F on reactor walls, kvF is the loss rate per unit volume of

the gas and kwF is the loss from etching the material. The etch rate Rm is given by

Rm ¼ akwFnF, (13:9)

where a converts the units from linear etch rate to material consumption in

molecules=cm3. Solving for nF and substituting in Eq. (13.9), we obtain

R0

Rm
¼ 1þmFF ¼ 1þm

AwkwF

AKsF
, (13:10)

where R0 is the etch rate in an empty reactor (m ¼ 0) and Rm is the etch rate
when m wafers are present, FF is the ratio of the F consumed by etching a wafer

(rate kwF) to that lost by recombination (AksF). The loading effect is shown in
Fig. 13.8 as R0=R as a function of m. When there is etchant loss with little or no

loading effect, the volume and heterogeneous radical recombination reactions
dominate rather than etching. One way to avoid loading effect is to have
kloss � ketch or use of a plasma in which the principal etchant loss process is

insensitive to the etching reaction. One can also avoid loading effect if the ion
bombardment fluxes rather than the etchant supply controls the etching reac-

tion rate. The theory of loading effect has been formulated for n simultaneous
etchants (Flamm et al., 1982).

In microelectronic fabrication, one encounters a situation when densely
populated lines are present along with isolated lines in the same wafer. One

observes micro-loading effects (Fig. 13.9), in which the difference in local
pattern density will make one area of wafer etch at a different rate than

others. In the design of device layouts, these effects have to be taken into
consideration.
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13.4. Ion-Assisted Gas–Surface Chemistry

The success of plasma etching is due to the role played by positive ions in
altering the manner in which the active gas reacts with a solid surface. The glow
discharge provides a source of energetic particle bombardment. The crucial step

in the dry etching process has to be the creation of reactants in the plasma and
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Figure 13.8: R=R0 versus m demonstrating loading effect.

Figure 13.9: Micro-loading effect.
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transport them to the surface to be etched. The sheath field, which can be quite
strong, provides the positive ions into the boundary surface at normal incidence

thereby achieving vertical etching conditions.
Coburn and Winters (1979) have clearly demonstrated the role of ions in the

gas–surface chemistry. They utilized XeF2 gas and 450 eV Arþ ions in their
experiment. They measured the etch rate directly by using a quartz micro-

balance. The XeF2 gas etches silicon at a very low rate. This is because the
fluorine atoms in XeF2 are held apart from each other by the xenon atom in the
center, so that the fluorine atom in the molecule behaves very much like free

fluorine atoms as opposed to the more stable fluorine molecules. A small
(�5 0=min) purely chemical etch reaction is observed. When the Arþ ions

beam is turned on, the etch rate increases dramatically (about 10 times more)
as shown in Fig. 13.10. It is clear that the reaction rate increases tremendously

when both the etch gas and the argon ion bombardment are acting together.
When the XeF2 gas is turned off, the etching rate drops precipitously so that

under purely physical bombardment of Arþ ions, the etch rate is once again
very small. We thus, see that ion bombardment for the etched surfaces will
increase the reaction rate of spontaneously occurring processes. The key result

is that the silicon erosion rate obtained for a silicon surface simultaneously
exposed to XeF2 and to Ar ion beam is much greater than the sum rates

for exposure to the ion beam and etchant separately. Similar effects have
been found in many other systems.
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Figure 13.10: Ion-assisted gas–surface chemistry using Arþ ions and XeF2

on silicon (volatile reaction product).
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Even when the gas does not etch the material to any significant extent, the
presence of ion bombardment enhances the etch rate. An example of such a

situation is the role of chlorine molecules with Arþ ions on silicon (Fig. 13.11).
The flux of chlorine molecules alone does not etch undoped silicon but in the

presence of ion bombardment silicon chlorides form and are easily evaporated
from the system. Chlorine base etching of silicon exposed to ions have been

described as ion initiated etching in contrast to fluorine based etching, which is
said to be ion-assisted etching. One should note that highly doped silicon etches
spontaneously in a chlorine discharge. In chlorine etching of silicon, atomic

chlorine does not appreciably etch p-type and undoped silicon at room tempera-
ture, but etches n-type polysilicon spontaneously with one or two orders of

magnitude increase in the etching rate. The large electron density in the valence
band causes the Fermi level to bend upwards. This is termed field enhanced

etching and is related to band bending at the surface, which facilitates charge
transfer from silicon lattice to the electronegative and chemisorbed silicon atoms,

making the Si–Cl bond more ionic. This allows more flexibility in the bonding
geometry and creates more chemisorptions sites. The incorporation of chlorine
atoms is enhanced and the etching rate increases. Differences between other

reactive halogens and silicon etch rate are attributed to steric hindrance effects.
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Figure 13.11: Ion-assisted gas–surface chemistry using Arþ and Cl2 on silicon.
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Example 13.5

Write a sequence of plausible reactions for etching silicon in chlorine plasma in

the presence of ion flux.

We postulate the dissociation of Cl2 in the plasma as:

Cl2 þ e ¼ 2Clþ e (dissociation reaction):

This reaction may be followed by ionization reaction as:

Clþ e ¼ Clþ þ 2e (ionization reaction):

Then the chlorine has to be adsorbed on the silicon surface with help of ion flux
Iþ as:

Si(surface)þ Cl(g)þ Iþ ¼ Si-Cl(ads) (surface adsorption):

There is very little evidence for SiCl4 desorption from etched silicon, so that one
has to abandon the idea of successive chlorination as unlikely.

Evidence exists for singly and doubly chlorinated silicon, with SiCl being the
dominant species suggesting that ion stimulated associative adsorption may be

occurring as:

SiCl(ads)þ SiCl(ads)þ Iþ ¼ SiCl2(g)þ Si(surface):

Chlorination or association to form the final product SiCl4 may follow the above

reaction. There is hardly any etching of silicon by chlorine at 300 K. This means
that ion irradiation is essential for chlorine etching. This also implies that

etching can be highly anisotropic.
If the reaction product is involatile, the etch rate of aluminum with Arþ

ions alone due to sputtering is reduced when the XeF2 gas is present. The
product AlF3 has very low vapor pressure. The etch rate is reduced when
ion beam and the fluorine gas are both present (Fig. 13.12). Gases that do not

adsorb on silicon, do not participate in etching even in the presence of ion
bombardment as when Arþ ions bombard silicon exposed to CF4 gas

(Fig. 13.13).
Reactive ions yield higher etching rates than that of inert ions due to the

formation of volatile species with the reactive etchant. For example, the sput-
tering yield of poly silicon by Clþ ions is a linear function of the square root of

the ion energy and is much higher than that by Arþ ions. Even the threshold
energy for sputtering is reduced due to the formation of a heavily chlorinated
layer that reduces the surface binding energy.

The mechanisms that lead to the observed ion enhanced etching are imper-
fectly understood. One mechanism attributes the effect of ions to the chemical

modification of the surface layer, which has a larger sputtering yield than the
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Figure 13.12: Ion-assisted gas chemistry using Arþ ions and F2 on aluminum.
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Figure 13.13: An example of nonreactive gas CF4 in that the Arþ sputter etch rate of

silicon is unaffected by a flux of CF4 molecules.
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unmodified surface (Mauer et al., 1978). A second mechanism postulates that
the lattice damage induced by ion bombardment enhances the reaction rate of

etchant species as compared to the reaction rate with the undamaged material
(Flamm, 1981). A third mechanism assumes that the energy supplied to the

reaction layer by ion bombardment is utilized to increase the mobility of the
molecules, which forms volatile product, and desorbs from the surface (Tu et al.,

1981). Other mechanisms that are proposed involve ion enhanced sputtering
and ion-assisted/thermal activation. The individual mechanism that is predom-
inant appears to be dependent on the material/active gas combination. In other

words, depending upon the nature of the active species and the material it has to
etch, ion bombardment can enhance the etch rate by influencing one of three

essential steps in etching-adsorption, product formation, desorption of volatile
product. It is of course possible for several different mechanisms to be operating

concurrently.
In addition to ions, electrons also are known to influence gas–surface chem-

istry. One of the carefully studied examples is the etching of SiO2 by XeF2.
Bombardment of SiO2 with electrons will etch the oxide when XeF2 is present,
whereas without the electron bombardment XeF2 shows hardly any reaction

with SiO2 (Fig. 13.14). The effect is not due to the heating effect of the electron
beam as increasing the current density does not affect etch rate.

The field of radiation-assisted gas–surface chemistry is vast. We have ob-
served that the rate at which active gas reacts with a solid surface can be

considerably enhanced by simultaneous irradiation with energetic particles,
primarily positive ions. Radiation-assisted gas–surface chemistry also includes

effects of photons, electrons on the gas solid surface reactions. As far as dry
etching is concerned, the role of ion-assisted gas–surface chemistry is twofold.

First, it increases the reaction rate of spontaneously occurring processes when
ion bombardment occurs simultaneously. Second, it can promote reactions that
do not occur without energetic radiation. We note that if the etching is limited

by surface reaction kinetics, the rate of etching is a function of temperature.
Furthermore etching by surface limited reaction tends to be isotropic since the

reactant gas has no strong preferential directionality. Etching limited by elec-
tron impact reaction in the plasma or ion bombardment induced surface kinet-

ics is relatively insensitive to temperature.

13.5. Anisotropy in Etching

The most important reason for utilizing plasma etching is directionality in
etching that it provides. Accurate pattern transfer that maintains the features

of the dimensions of the mask implies that the etching has to be anisotropic.
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The etching should occur preferentially in a direction normal to the substrate

than in the lateral direction. The directionality in etching is attributed to the
role played by the bombarding ions. When the mean free path of ions in plasma

is long compared to the feature depth, the plasma sheath field makes ions strike
the horizontal surface almost exclusively at normal incidence. This is the feature
that enables the chemical reaction to accelerate in the vertical direction because

vertical feature walls largely escape the effects of perpendicular-going ion
bombardment (Fig. 13.15). This arises from the fact that sputtering is strongly

sensitive to the angle of incidence of ion and is zero for grazing angle of
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Figure 13.14: Electron enhanced etching of silicon dioxide by XeF2.
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incidence. Photons, electrons can also influence the etching rate and may have
a role to play in determining the etching profile, but the principal concern is

the role of ions. In the majority of situations, the ions fall normal to the feature
to be etched. We assume therefore, the dimensions of the surface topographical

structure is not of the same order as the thickness of the sheath between the
bulk plasma and the etched surface. One has to remember that the require-

ments of etching are not simply a matter of obtaining a vertical profile because a
sloped profile may be necessary to guarantee adequate step coverage during
a subsequent deposition. In addition, the etched surface should have good

morphology and be free of physical or electrical damage.
It is important to note that bombarding with ions alone can cause the removal

of atoms by sputtering. The principal species ejected from the material that is
being bombarded by ions is the neutral atoms of the element of which the

material is composed. In the majority of cases, these elements have very low
vapor pressure and they condense any where the sputtered atom hits the

surface. The re-deposition due to etching by ion beam bombardment alone
limits the high aspect ratio pattern transfer capability (Ho and Poulin, 1987).
The products of dry etching have high-vapor pressures and will not usually

condense or react with surface but will be simply be reflected back into the gas
phase. The importance of the volatility of the etch product in dry etching is

therefore, the crucial factor in its acceptance in semiconductor fabrication. A
second serious issue with just using ion beams is that the sputtered atoms may

undergo many collisions in the relatively short mean free path gas phase and
eventually land up and return to the surface where it came from or other places.

This is often called ‘‘cross talk’’ and can be unpredictable as to its location and
its influence on the device being fabricated (Melngailis, 1987). Besides, when-

ever the species that does not form volatile products arrives at a surface, micro-
roughness of the surface can be expected. The species that do not evaporate

Positive ions and electrons

Material to be etched

Mask

Figure 13.15: Illustrative figure to emphasize the fact that sidewalls on etched features

are not subject to extensive energetic particle bombardment.
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may collect and form small clusters resulting in miniature masks on the surface
inhibiting the etching of the underlying material further adding to the problem

of defining the etch geometry.
Since the etch rate of ion-assisted etching gas is much faster than the etch rate

of surface that are not subject to ion bombardment, we can at once see the
formation of anisotropy etching behavior, since the sidewalls of the region to

be etched receive no or little ion bombardment. The manner in which ions hit
the etch surface now causes directional etching. The relationship between
the shape of the etched profile and the dependence on etch rate on ion

bombardment is shown in Fig. 13.16, for a hypothetical Si and SiO2 system.
With a bias of � 150 V on the sample, the etch rate of the bottom surface of the

etched feature (Vz), whereas the lateral etch rate can be approximated by the
zero bias etch rate (Vx). Therefore, we see the etched result in SiO2 has a

vertical sidewall whereas for Si (Vx 6¼ 0) the sidewalls are sloping even though
anisotropic.

Adjusting the composition of the gases introduced into making the plasma
can control the profile of etching. A good illustration of this feature is the
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Figure 13.16: The shape of the etched profile and dependence on the etch rate

on the wafer potential.
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control of etching rate of silicon by adding H2 to CF4. When there is no bias,
implying that the silicon is not subjected to ion bombardment there is a

dependence on etch rate versus gas composition. As shown in Fig. 13.17, the
etch rate of unbiased silicon drops to zero when 10% hydrogen is added to CF4.

However, if bias is applied, say �150 V, the amount of hydrogen required to
stop the etching of silicon is 30%. In the region between 10 and 30% hydrogen,

etching is taking place in the biased surface as fluorocarbon polymer is forming
on the unbiased surface.

The anisotropy in plasma etching is brought about by directed ion flux in the

plasma environment and is the single most important aspect of assuring the
fidelity in the faithful replication of the mask pattern in the film, where devices

are fabricated. Typically, the final etched feature must be within 10% of the
dimensions of the mask. The lack of anisotropy results in undercutting beneath

the resist mask. Adjusting the composition of the etch gas to produce a film on
the sidewalls is one method of controlling the undercutting. For example,
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Figure 13.17: Illustrative plot to demonstrate the way in which the shape of the etched

wall profile can be influenced by decreasing the fluorine to carbon ratio.
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addition of 12% CCl3F to SF6 in etching polysilicon prevents side attack by
fluorine atoms even when substantial over-etching occurs.

Example 13.6

The rate of reaction for silicon and fluorine atoms in the absence of positive ion

bombardment, is known to follow the etch rate law of the form

R(F, Si) ¼ 2:9� 10�12 nFT1=2 exp
�0:108

kBT

� �
,

and the etch rate of SiO2 is given by

R(F, SiO2) ¼ 6:14� 10�13nFT1=2 exp
�0:163

kBT

� �
,

where R is the rate in 0=min, nF is the number of fluorine atoms in cm3 and kB in

eV/K. In order to etch silicon selectively with respect to silicon dioxide, what ratio

of CF4 to O2 would you recommend?

The ratio of etching rate of silicon to silica at 300 K is given by

R(F, Si)

R(F, SiO2)
¼ 39:7:

To achieve selectivity of oxide over silicon, one has to adjust the chemistry of
gases in the plasma.

Creation of fluorine deficient environment can be beneficial. Scavengers for
fluorine are H2, C2H4 and CH4.

13.6. Passivation of Sidewalls

Anisotropic etching is one of the hallmarks of dry etching. In order to achieve

this there are two basic ways. One can design the etch chemistry so that the etch
rate of the film is actively enhanced in the unmasked parts that are subject to

ion bombardment. On the other hand, if the plasma is such that it can passivate
the sidewalls of the features that are being etched, which are not subject to ion

bombardment, then ion bombardment can keep the bottom of the feature
etchable and clean. Sidewall passivation makes it possible to achieve direction-
ality in etching for etchant/substrate systems, which normally exhibit isotropic

etching characteristics.
The dependence of etch rate on dopant concentration of silicon has been well

established experimentally (Mogab and Levinstein, 1980). Highly doped n-type

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch13 Final Proof page 1100 17.11.2005 9:10pm

1100 Dry Etching



silicon etches easily in chlorine plasma, even in the absence of ion bombard-
ment. The etch rate is lower with intrinsic silicon. The etch rate of p-type silicon

is a factor of six lower than n-type silicon. The dopant concentration has to
be higher than 1019 to observe any doping effect on the etching rate of silicon.

The experimental observations suggest that the etch rate has a good correlation
with the density of conduction band electrons. When etching has to be done

through several layers of silicon with different doping concentrations,
the control of etch profile with ion bombardment exclusively is difficult or
impossible. Here, sidewall passivation or sidewall blocking is employed to

have control on etching profiles.
The sidewall passivation exploits the formation of a feature of the film on the

sidewalls, which slows down or completely stops lateral etching. The glow
discharge chemistry is chosen so that etching inhibiting films can form as long

as they are not exposed to ion bombardment. Consider the etching process of
silicon in chlorine plasma to which oxygen has been added. The sidewalls are

not exposed to ion bombardment but a film can grow on the sidewalls. Etching
can continue at the bottom of the feature as it is subjected to ion bombardment.
The passivation film that forms is the result of oxygen in the plasma. A nearly

stoichiometric SiO2 forms on the sidewalls of the silicon that is being etched.
The radicals in the plasma, such as SiCl4, SiCl3, SiCl2, SiCl and Si reach the

sidewalls and they are adsorbed there with large sticking coefficients. When
these radicals interact with oxygen, they form SiO2, and the products of reaction

are Cl2, H2O and Cl2O, which are volatile gases, and are easily desorbed from
the sidewalls. The presence of SiO2 in the sidewalls and the absence of ion

bombardment on the sidewalls assure that the sidewalls are protected from
etching.

One possibility of preventing lateral etching is when one takes advantage of
forming a protective polymerized film on the sidewalls. Consider the halocar-
bon discharge in terms of the relative stoichiometry of the discharge. It is

useful to represent the stoichiometry of the glow discharge in terms of the
halogen to carbon ratio (e.g. F/C ratio). In assessing this ratio, we can consider

those species that are active and enter into etching and polymerization
reactions. In other words, gases that do not significantly interact with the

surface, such as CF4, CO, CO2, COF2, SiF4, HF, etc., are ignored. Species,
such as F, CF3, CF2, CF, C, CFþ3 , CFþ2 , CFþ, etc., are taken into consideration.

When Si consumes F forming SiF4 without consuming carbon, F/C ratio de-
creases with etching of silicon. If hydrogen is introduced into the discharge, it
consumes fluorine, forming HF so that F/C ratio is once again reduced. Conse-

quently, the F/C ratio can be reduced by either using a larger saturated fluoro-
carbon, such as C2F6, or C3F8 or by adding these gases to CF4. Thus, gases

containing less fluorine per carbon can also lower the F/C ratio. One can also

Harsha: Principles of Physical Vapor Deposition of Thin Films Ch13 Final Proof page 1101 17.11.2005 9:10pm

Dry Etching 1101



influence C/F ratio by the addition of hydrogen to the plasma. In a similar
fashion, the addition of oxygen increases the F/C ratio, when C is consumed by

the formation of CO and CO2. Clearly, the nature of the gases added to the
plasma are able to control F/C ratio, as can be gauged by the addition of gases,

like CO2, F2, NO2, etc. It appears that the molecular nature of the gases in the
plasma is less important than the atomic composition of the discharge gases.

Ultimately, when one tries to go to higher etch rates, there is a boundary
between the regions where polymerization occurs as opposed to the region
where etching occurs as shown in Fig. 13.18 (Coburn and Kay, 1979). Ion

bombardment appears to have a major effect on this boundary between etching
and polymerization pushing the balance toward etching. One can achieve a

situation, where the etching is occurring on the cathode and polymerization on
the sidewall. The substrate bias can also affect the boundary between the

polymerization and etching regions.
The ion-etching step has to be followed by a surface-cleaning step. In this step

the goal is the removal of etch passivation layers, such as the fluorocarbon film
in silicon dioxide etching, chlorine containing residues for aluminum etching to
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Figure 13.18: Illustrative plot of the boundary between polymerizing and etching

conditions as influenced by the fluorine to carbon ratio of the chemically reactive species

and the bias applied to a surface in the discharge.
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avoid long term corrosion effects, sidewall passivation film in silicon trench
etching, the annealing of lattice damage, etc.

Example 13.7

One concept that has proved useful in the analysis of the behavior of fluoro-

carbon discharges is the F/C ratio. Explain the effect of this ratio as influenced by

(a) oxygen, (b) hydrogen in the etching of silicon.

In determining the F/C ratio, one ignores those gases, which do not react
significantly with surfaces, such as CF4, CO, CO2, COF2, SiF4, HF, etc.

The F/C ratio is determined only by the active species involved in the plasma,
such as F, CF3, CF2, CF and other ions of these radicals.

F/C ratio generated by the dissociation of CF4 is 4.

Etching of Si forms SiF4, which consumes F but not C. Hence, F/C ratio
decreases when silicon is etched.

Adding hydrogen combines with fluorine to form HF, which is relatively
nonreactive. Hence, it reduces F without affecting C. Hence, adding hydrogen

reduces F/C ratio and reduces the number of active species in the plasma.
Adding C2F6 or C3F8 gases to CF4 introduces gases that have a F/C ratio less

than 4, so that the overall F/C ratio also decreases.
Introducing oxygen into the system consumes carbon in the formation of

CO and CO2 so that the F/C ratio increases.

Etching of Si consumes F decreasing F/C ratio, whereas the etching of SiO2

consumes both F and C thereby keeping the F/C ratio approximately constant

so that minimal changes occur in etching.
Carbon with a moderate amount of fluorine forms a film, whereas the abun-

dance of fluorine with little carbon etches silicon. The ratio F/C has also been
used to demark the regions that are predominantly etching from those regions

where polymeric films form when bias is applied to the substrate. It is found that
when there is F between two and three times as much as C, the ions can clean

the trench bottom but not the sidewalls and very anisotropic etching can occur.

13.7. Selectivity

One of the requirements of dry etching is the selectivity that the etching process

reveals. Selectivity means that the etch rate of the material to be removed
should be much larger than the etch rate of all the other materials exposed to

the plasma, such as the material of the mask and the immediate material
underlying the film that is being etched. Selectivity is imposed on the process
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because one should avoid eroding the mask, which will ultimately lead to
dimensional inaccuracies, and furthermore the underlying material cannot be

attacked when the endpoint of the etch process is reached. Ideally speaking,
selectivity that is desired is to etch one material without etching another. It

is necessary that the etching stops as soon as the material to be etched is
completely etched. The degree to which differential etching of one material

relative to another is possible in plasma is one of the several factors that govern
the fidelity of pattern transfer. Selectivity may be understood as applying to
materials in the same patterned layer, or to the material in the layer immedi-

ately below or to the relative etching between the mask and the substrate
below. This is one of the difficulties with dry etching when etching can

be indifferent to the material it is etching. Therefore, many techniques have
evolved to control the etching selectivity by exploiting the different etch rates

on different materials. There are two basic ways in which selectivity can be
achieved. One can design the etch chemistry in such a way that the ion bom-

barded region etches faster than the sidewalls, where there is no ion bombard-
ment. It may be by suitable choice of reactants and conditions in the reactor,
one can adjust the parameter space of etching to achieve passivation of the

sidewalls, whereas the bottom of the features to be etched is kept clean because
of ion bombardment.

Etch selectivity implies knowledge of the different materials and their etching
characteristics. Etching of silicon in chlorine-based plasma may be taken as an

example to illustrate the selectivity. In these plasmas, there is absence of
thermal etching at room temperature and there is considerable selectivity

with respect to the etching of SiO2. The former effect is thought to be due to
the fact that Cl atoms can only chemisorb on the surface and cannot penetrate

the silicon lattice without the assistance of ion bombardment. Therefore, higher
anisotropies are easily achieved with Cl based plasma than with F based
plasmas. If the chlorine-based plasma is combined with some form of sidewall

passivation, one can achieve most stringent anisotropy requirements (Wester-
heim et al., 1942). If controlled sidewall angles are desired, one can utilize

combinations of mixtures of gases containing Cl and fluorine.

Example 13.8

How to achieve selectivity between Si and SiO2 etching in CF4 plasma?

Hydrogen gas added to CF4 discharge causes the etching rate of silicon to
decrease whilst the etching rate of SiO2 remains largely unaffected.

There is evidently a composition of CF4 and hydrogen gas for which one can
achieve selectivity between etching of SiO2 and Si.
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This is useful when we may wish to etch through SiO2 but stop etching when
we reach the Si material.

The hydrogen combines with F to form HF so that F is no longer available to
etch Si.

13.8. Ion Beam Based Etching

Dry etching tasks can be carried out utilizing ion beams. In ion beam tech-

niques, the discharge is physically separated from the substrate. The most
important difference between dry etching using glow discharge plasma with

ion beam based methods of etching is in the operating pressure used. The ion
based etching operations typically operate at pressures of 10�4 torr or lower,

whereas the glow discharge etching operations are typically conducted under
pressures, which are 10–1000 times higher. The low pressures allow the ion

beam to traverse from the ion source to the material to be etched without any
collisions on their way so that backscattering problems are avoided. Particle flux
at the substrate consists mainly of ions expected from the source and to a lesser

extent neutrals effusing from the source. In addition to having control on ion
energy, one can also adjust the orientation of the substrate with respect to the

ion beam. This permits generation of tapered profiles (Hawkins, 1979; Lee,
1979). The sputter yield difference between materials is within a factor of three

of each other, so that selectivity with ion beam methods is poor. Since the gas
flow rates are very low at low pressures, if etching process evolves significant

amount of gases, then large vacuum pumps are needed to maintain the appro-
priate concentration of the etchant in the system so that the etch product

does not become the major constituent in the etch system. High etch rate and
large areas to be etched are therefore more difficult to be handled with purely
ion beam based methods. The major advantages of ion beam milling are high

resolution, good uniformity, high anisotropy, residue free etching, good control
over these parameters and relative freedom from radiation damage effects

resulting from the physical isolation of the plasma from the source. The disad-
vantages are lack of sensitivity, possible trenching and re-deposition, faceting of

the photoresist, damage from energetic bombardment and low rates of etching.
Sputtering is the only process, which can remove involatile products from

the surface.
Ion beam based etching employs reactive gases in one of two ways. One of

the simplest ways is to admit the reactive gas through the ion source to give at

the substrate a flux of ions and a small amount of neutral radicals. This setup is
sometimes called reactive ion beam etching (RIE). Reactive ion beam etching

is plasma based etching technique characterized by a combination of physical
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sputtering with chemical activity of reactive species. The ratio of the chemical
to the physical components of the etch process are gas flow source-to-substrate

distance, gas mixtures of the ion source and the residual vacuum environment.
A second way is to introduce the neutral reactants into the etch chamber

directly. The ions then are typically produced by discharge of inert gas. This
process has been termed ion beam assisted chemical etching and is potentially

more flexible because ion bombardment of the surface and exposure to the
neutral beam can be controlled independently. For example, by exploiting the
control over the physical component (ion beam current density and energy and

chemical component flow rate into the etching chamber), one can obtain
controlled sidewall profiles. The development of large area stable sources for

producing ion beams has been the major concern in utilizing ion beam methods
in manufacturing. Furthermore, most ion sources operate satisfactorily only

above several hundred electron volts, where damage from ions becomes in-
tolerable.

The low pressure, line of sight nature of ion beam techniques provides a
flexibility of directional bombardment that is unavailable in other techniques
used in etching. The ability to have independent control of ion energy and flux

provides us with valuable data to understand ion-surface reactions. The etch
rate R in m/s from a known value of sputtering yield, S, for a given ion flux,

J (A=m2) is given by

R ¼ 1:04� 10�8 SJW

r
, (13:11)

where r is the density (kg=m3) and W is the atomic weight (kg / mol). The etch
rate of each system requires calibration since published values are not reliable

due to the role of small amounts of residual gas, and the charge exchange
reaction that alters the flux of ion beams. Features that have topographic

structure must take into account the angular dependence of etch rates. Since
sputtering yield is maximum at some angle to the direction of incidence (typ-

ically 60–708). If the sputtering yield rises faster than 1/cos u, the resulting etch
rate shows a maximum as a function of angle, whereas for some other cases, the
maximum yield occurs at normal incidence only. The topographical features are

amplified in etching if the sputtering is dependent on angle.
Inert ion beam etching is capable of pattering with aspect ratios that are high,

but for low aspect ratios the mask material limits the resolution. For aspect
ratios exceeding unity it is necessary for the wall shapes to be more sloped, and

reactive gas ions are necessary to generate volatile etch products. The mask
shape requires control to produce faithful reproduction of pattern, and tilting

and rotating of sample have also been used to improve ion beam etching
configurations (Lee, 1979).
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Chemically reactive gases added to the etch system can produce higher etch
rates and provide etch rate selectivity. Typically, one wants to advance the etch

rate of the material to be etched and retard the rate of masking material.
Addition of oxygen has been shown to change the etch rates of many reactive

materials.

Example 13.9

Show by a simple model the combined effect of ion beam flux and neutral

beam flux as enhancing etch rate.

Consider the etching of silicon in a plasma environment of chlorine.
The surface density of the reactant, Cl, is governed by the balance between

adsorption and desorption, both of which can be influenced by ion bombard-
ment.

When we have steady state conditions,

@u

@t
¼ 0 ¼ JnS0(1� u)� Jþhu,

where Jn is the neutral flux and S0 is the reactant sticking coefficient when the
surface coverage is zero, Jþ is the ion flux and h is the probability that a reactant

will be desorbed per incident ion. The surface coverage, u, can therefore be
written

u ¼ 1

1þ rj
,

where rj, the effective neutral to ion flux ratio is given by

rj ¼
Jþh

JnS0
:

If we ignore the contribution to etch rate from sputtering as well as spontaneous
etching in the absence of ion bombardment, we obtain the etch rate, R, as

R ¼ JþYu ¼ JþY

1þ rj
,

where Y is the probability that a substrate atom will be removed per incident

ion. We thus, see when rj is large, the etching is limited by the neutral flux so
that the etch rate is not dependent on the ion flux. If rj is small, the etch rate is

basically limited by ion flux. The etch rate is large when both ion flux and
neutral flux are present as observed in many cases.
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13.9. Etching Reactor Configurations

As the dry etching has proven its popularity, more and more demands are made
on the reactor configurations that are suitable for a given dry etching process.

We can consider some of the concerns that have been addressed in different
etch system configurations. It is clear that the presence of ions is needed for dry

etching. Even if one does not wish to have directionality in etching, one can
simply increase the rate of etching when the ion bombardment is present. This is
the situation when CF4 is used to etch SiO2. The trend in plasma etching

configurations is to etch one wafer at a time rather than process simultaneously
many wafers. Single-wafer processing offers numerous advantages. One of the

critical problems in multiwafer processing is lack of uniformity in etching, which
is avoided to a large extent in single-wafer processing. The endpoint detection

in etching is lot easier to deal with when only a single wafer is processed. There
are very few problems in scaling up the process and etch rate that can currently

be achieved are rapid enough to not severely handicap the throughput. Auto-
mation, yield and capital costs are also favorable in single-wafer processing.
However, in order to achieve the high rates of etching one should be careful to

make certain that problems associated with higher temperatures, less selectiv-
ity, ion bombardment and sputtering damage are under acceptable limits. Many

of the reactors provide the opportunity to control input power, reactor pressure,
excitation frequency, temperature, flow rate and feed composition.

The reactor geometry and the materials of construction are also very impor-
tant in reactor performance, particularly in view of the corrosive nature of the

many gases used in etching. The specific tasks for which a reactor is used limit
the type of materials that one can use in the construction of the process

chamber, which is generally restricted to specially prepared aluminum alloys,
316 stainless steel or quartz. Similarly, none of the materials used for seals, such
as Viton-O-rings, perfluoroelastomers act as universal solutions in all cases.

When electrodes are present inside the chamber, they require coating by some
material that can evaporate in the plasma without disturbing the etching process

itself. By making sure that all powered electrodes are covered with a dark space
shield one can void the sputtering from unprotected surfaces. Venting to

atmosphere, or leaks from cooling systems can introduce water vapor, which
can have harmful effects in etching, so that the standard procedure is to employ

load lock chamber to assure reproducibility in results. Due to the unique
situation of each reactor system with the etching gases involved, it is essential
in order to assure safety of operation and prevention of particulates, and to

insure continuous monitoring of pressure and flow properties of gas in the
system, close adherence to a maintenance schedule provided by the manufac-

turer and constant calibration checks are a requirement. In the absence of
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careful considerations discussed so far, the reactor is likely to exhibit ‘‘memory
effects’’ that are difficult to control and permanently damage the reproducibil-

ity of results.
Etching characteristics of materials are also a function of the film properties.

For example, the etching characteristics of refractory metals and silicide films
are dependent on stoichiometry, crystallinity, level of contaminant and concen-

tration of dopants. Some films that are annealed also influence etching charac-
teristics. Demands made on etching can be varied depending on the materials
and its applications. For example, in III–V compounds there are at least three

different needs in etching: to produce macroscopic features with high selectiv-
ity, anisotropy and fast etch rates; surfaces of optical quality with controlled

shapes; and channels or mesa with optimized electronic surface properties. We
observe that the relative volatility and reactivity for the group-III and group-V

elements can lead to non-stoichiometric surface features, which can in turn have
disastrous consequences for the device that one is fabricating.

One of the most widely used reactors generates plasma between two parallel
plate electrodes (Fig. 13.19). The substrate is placed on the electrode, which is
driven by a capacitively coupled RF voltage. The negative bias that develops at

the cathode allows the ions to bombard the surface of the substrate in a
direction normal to the surface provided the pressures are low so that collisions

of ions on their way to the cathode are avoided. The ion flux to the wafer that is
to be etched depends upon the character of the sheath between the plasma and

the surface. Therefore, care has to be taken to ensure that the plasma is spatially

RF-driven electrode (13.56 MHz)

Gases in

Plasma

PumpHigh V power supply

Figure 13.19: Plasma etching in a parallel plate reactor.
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homogeneous and avoid macroscopic topography or fixtures near the wafer-
bearing electrode. Uniform currents can then be delivered to large areas

thereby achieving large area etching uniformity. In glow discharge methods,
the feed gas molecules will be dissociated into radicals and are extremely

chemical reactive and therefore, dominate the etching reactions. There is also
a difficulty in specifying the ion flux and energy of ions precisely in glow

discharge methods so that the parameter space to control the etching is much
more difficult. Even though the relationship between electron density, tempera-
ture, ion flux and ion energy can be related to RF voltage, frequency, gas

pressure and electrode spacing, the internal plasma parameters cannot be
independently varied. For example, at a fixed gas pressure and RF frequency,

increasing RF voltage can increase plasma density but with increased ion
energies, which can cause damage to exposed surface. This coupling between

the plasma density and ion energy is a serious limitation of these reactors.
Sputtering of electrode material can cause severe problems due to backscatter-

ing material onto the substrate. Wafers can be placed on a grounded surface or
a powered electrode. The latter situation is referred to as reactive ion etching.
The reactive ion etching arrangement generally causes the wafers to be sub-

jected to ion bombardment at higher energies than in the plasma etching mode
because of the larger negative potentials established on the powered electrode

compared to the grounded electrode. The lower operating pressure also in-
creases the energy of the ions reaching the substrate that is etched. At frequen-

cies of the order of 30–300 MHz, higher plasma densities can be generated with
low applied voltage, which implies high process rates with low damage. Sheath

thickness decreases with increased frequency reducing the number of collisions
an ion experiences in the sheaths and thereby improves the anisotropy at fixed

pressure. Besides radicals, there are electrons that overcome the sheat poten-
tial, ultraviolet light emanating from excited and metastable radicals that hit the
etched surface. The compromises that are necessary for all these reactions to

occur properly at the substrate are difficult to attain in processing.
The motivation to search alternating etch methods arises from the dilemma

one faces when etching narrow and deep structures, such as deep trenches. It is
found that there is considerable drop in etch rate inside the trenches and this

is particularly severe when the pressures are high. However, reducing the
pressure to lower values to minimize the effects reduces the etch rate to

unacceptable levels. So, it is necessary to increase the concentration of reactive
species in the plasma at very low pressures. Higher etch rates imply higher
plasma densities. This can be achieved by the introduction of magnetic fields to

confine electrons in plasma (Fig. 13.20). The magnetic field is parallel to the two
electrodes and can be established either by a permanent magnet or by an

externally azimuthally rotating electromagnetic field. The magnetic field serves
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to confine electron trajectories leading to a higher ionization and dissociation
efficiency. The plasma density in a magnetic ion etcher (MIE) is typically three

to five times higher than in conventional parallel plate reactor. The self-bias
voltage is also reduced. The substrate cannot be biased independently because

of the self-induced DC bias and cannot be controlled independent of the plasma
density. The use of magnetic field provided benefits, such as higher ion density,

an increased etch rate, as well as a reduced DC bias and a narrower sheath at
the powered electrode. In addition, the discharge could be sustained at lower

pressure. The etching uniformity is not very good because of inhomogeneities in
the magnetic field and frequently there is a loss of anisotropy when the reactor

operates in excessive neutral to ion flux ratio or low ion energy. The field
direction is rotated electrically with a short period to achieve the plasma
uniformity. The overall effect of applied magnetic field is to provide low energy

high ion flux discharge.
A more efficient excitation of the plasma and therefore, an enhanced dis-

charge can be obtained by inductive coupling (Fig. 13.21). In inductive coupling
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Figure 13.20: Magnetic confinement reactive ion etcher.
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a changing magnetic field induces an alternating voltage that sustains the
discharge. The inductively coupled sources achieve high-density plasma without
the magnetic field and allow the substrate to be biased independently

(Hopwood, 1992). The inductive coupled plasma is created by the application
of RF power to a nonresonant inductive coil. The most widely used inductively

coupled plasma (ICP) configuration is the planar inductor developed by Keller
et al. (1993). A flat pancake coil is driven by an RF source through a matching

network to excite an RF magnetic field B(t). The alternating magnetic field
generates an electric field E(t), driving plasma current, which is dissipated by

Ohmic loss. If the coil current is I0 exp (ivt) and there are N turns then the
oscillation current resembles an azimuthal current

K(t) ¼ NI0 exp (ivt), (13:12)

which generates an oscillating sheath of magnetic flux in the radial direction,

Br(t) ¼ �o NI0 exp (ivt): (13:13)

The time varying magnetic flux density Br(t) generates an azimuthal electric
field Eu(t) according to Faraday’s law

@Eu(t)

@z
¼ �ivBr(t): (13:14)

Assuming the main spatial variation of Eu is along z, we write

Eu � ez=d, (13:15)

Figure 13.21: Inductively coupled plasma etcher.
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where d is the skin depth for ohmic absorption. We have thus,

@Eu(t)

@z
¼ �Eu

d
, (13:16)

and

Eu(t) ¼ ivdBr(t): (13:17)

In this fashion, the plasma electrons can gain sufficient energy between colli-
sions to ionize most process gases. The electric filed Eu drives a plasma current

Ju, which can be found from a simple momentum balance equation as:

me
@Ve

@t
¼ �qEu �meVeve: (13:18)

The electron velocity is thus,

Ve ¼
�qEu

me=(ivþ v)
, (13:19)

giving rise to a plasma current

Ju ¼ �neqVe ¼
neq2Eu

me

v� iv

v2 þ v2
: (13:20)

The average power distribute to the plasma is therefore,

Pav ¼
1

2
Re(Ju)Re(Eu) ¼ neq2E2

u

2me

v

v2 þ v2
: (13:21)

The inductively coupled plasma is apparently elctrodeless so that it produces

less contamination of plasma generated from electrode erosion as in capacitive
coupled plasma. The chief goal is to control the ion bombardment energy and

plasma density independent of one another.
Electron cyclotron resonance etching reactor employs microwave power

corresponding to the electron cyclotron resonance condition of the electron.
The most efficient microwave power supplies commercially available are at

2.45 GHz and 910 MHz and these limit the ECR sources. The physical limits
of magnets required to create a uniform plasma are also a limiting factor. The
lack of electrodes and the ability to create high density of charged and excited

species at low pressures makes this technique an attractive processing for
etching of thin films (Suzuki et al., 1977). Large diameter wafers preclude the

processing of multiple wafers at a time and single wafers have to be processed.
The throughput can be maintained only if the etch rate can be increased. The

high-density plasma creation (1011---1012 cm�3) therefore, takes on an increased
importance for future reactors. The high density of plasma generated stably
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under low pressure (0.2–10 mtorr), generates a large number of chemically
active species. Therefore, a high etching rate is achieved even at low pressures.

The plasma potential is between 15 and 30 eV without substrate heating thereby
reducing the damage to the substrate. The RF or DC biasing of the substrate

controls the ion energy. Control of the ion neutral flux is achieved by varying
the microwave power and neutral gas pressure. Electron cyclotron resonance

sources typically use microwave radiation to excite a right hand circularly
polarized mode propagating along a static nonuniform magnetic field (one
kilogauss), supplied either by a current driven coil or by an arrangement of

permanent magnets (Fig. 13.22). Microwave energy is coupled to the natural
resonant frequency of the electron in the presence of a static magnetic field. The

plasma electrons gyrate around the magnetic field with an angular frequency,
the cyclotron frequency qB/m. The direction of electron rotation is the right

hand circular direction for the magnetic field line, that is the direction to cancel
the magnetic field by the diamagnetism of the electron. The microwave in the

waveguide is usually a linearly polarized wave, which can be thought of as a sum
of left hand circularly polarized wave and right hand circularly polarized wave.
When the electric field of the microwave is perpendicular to the magnetic field

Figure 13.22: Electron cyclotron resonance etch reactor.
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and the right hand circular wave transmitting in the direction of the field
satisfies v ¼ vc, electrons are continuously accelerated by the electric field of

the microwave. When resonance conditions are set up, that is when the excita-
tion frequency is equal to the resonant frequency of the electron, the electrons

are continuously accelerated. We can discuss the transmission of the micro-
waves by the dispersion relationship that shows the relationship between the

angular frequency v and wave number k. In the absence of the magnetic field,
there are two significant problems. The input power is reflected above a critical
plasma density and the pressure is low for satisfactory operation. The input

power signal propagates according to

c2k2 ¼ v2: (13:22)

With B ¼ 0, we find

c2k2 ¼ v2 � v2
p, (13:23)

where vp is the plasma frequency and c is the velocity of light. Thus, above the

critical density for which v2
p > v2, k2 < 0 and k is imaginary. Therefore, the

wave is cut off and the input power will be reflected. When the microwave is

introduced parallel to the magnetic field the dispersion relation takes the form
for the right hand circularly polarized wave

c2k2 ¼ v2 �
v2

p

1� vc=v
: (13:24)

As long as vc > v, k2 > 0. The input microwave signal propagates along B

through the plasma electron density, ne, if the wave is launched from a high field

side vc > v. The electron gas is directly heated by the electric fields and in turn
the heated electron gas transfers its energy to neutral and ions gases by elastic

and inelastic collisions. Due to the heavy mass of ions, the energy transferred to
the ions can be safely ignored. The expression for the power transfer to plasma

with applied field is given by (Asmussen, 1989)

Pav ¼
neq2E2

4me

v

(v� vc)2 þ v2
þ v

(vþ vc)2 þ v2

" #
: (13:25)

The power transfer can be significant v ¼ vc. The ECR discharge uses
2.45 GHz magnetron microwave sources that can deliver 0.3–6 kW. The reson-

ance magnetic field at 2.45 GHz is 0.0875 T. The attraction of ECR reactors
stem from the possibility of creating large densities of excited and charged

species without the use of electrodes (Mantei and Ryle, 1991). The discharge
occupies a finite volume and is bounded by the discharge container walls that
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are either conductive waveguide walls or microwave transparent material like
quartz. The thickness d of the ECR region is given by

d ¼ 1:4c

v

(eE=mecv)2

[(c=v)(1=B)(dB=dz)]3

( )1=5

: (13:26)

When dB/dz gets smaller, the ECR region becomes thicker, the probability of

an electron existing in the ECR region increases and the heating efficiency of
the electron increases. When the gradient of the magnetic field is small, the

wavelength l of the microwave decreases gradually until it is absorbed in the
ECR region, by the phenomenon, which has been termed as beach effect. When
one takes into account the Doppler shift effect, the thickness of the ECR region

will be larger than that given by d above. The electron energy in the ECR
region Wk parallel to the magnetic field at the position of the magnetic field B is

given by

Wk ¼W0 1� B

B0

� �
, (13:27)

where B0 is the magnetic flux density in the ECR region, and W0 is the electron

energy perpendicular to the magnetic field and B is the magnetic field density at
the position of the electron. The electrons are transported along the magnetic

field lines. Similarly, ions are transported along the magnetic field lines of force
by ambipolar diffusion due to the necessity to keep quasi neutrality.

The excited species and particles diffuse out of the discharge enclosure through
an opening into a processing zone. Changing the current in the coils can easily

alter the position of the ECR region, where the plasma is mainly generated. Since
the life times of the ions and radical are different, the influence of the magnetic
field on the diffusion of ions and neutrals also differs. There is therefore, the

possibility that the transport of gases and ions from the ECR region to the wafer
and the ion/radical flux ratio can be controlled. Different methods of coupling

microwave energy into the plasma have been explored. In electron cyclotron
resonance, the coupling is accomplished by microwave energy exciting the nat-

ural resonant frequency of electron gas in the presence of a magnetic field
(Asmussen, 1989). In the majority of cases, the substrate is positioned down-

stream from the discharge. Charge species recombination is much faster than
most general neutral gas phase reactions. One can therefore, avoid ion bombard-
ment damage if we place the wafers away from the discharge region. Therefore, in

a down stream afterglow reactor, neutral etchant radical flows from the plasma to
the area where one can place wafers and also control their temperature. How-

ever, because of the absence of ions applications for this type of reactor are
minimal. The energy of ions bombarding the surface is more or less controlled
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independently of the discharge conditions, by applying a capacitive coupled RF
voltage to the substrate electrode. This allows one to control the etching profile

with high accuracy and reduces the ion bombardment damage of the wafer. Since
the degree of dissociation is rather high, one has to deal with fact that relative

amounts of the various species may be different than conventional discharges so
that special recipes may have to be developed for etching. In addition, achieving

of uniform etch rate along the entire wafer can pose serious concerns. A micro-
wave processing system consists of the following components: (a) power source,
(b) transmission lines, (c) microwave applicator and (d) microwave plasma load.

The design of the system should be such as to transfer the power between the
microwave applicator and the plasma load as efficiently as possible. This requires

balancing the admittance of microwave oscillator, plasma load and the transmis-
sion line. There are also a variety of configurations that can be employed de-

pending on: (i) the substrate is inside the active microwave discharge, (ii) outside
the discharge in the processing chamber and (iii) though the substrate is outside

in the processing chamber, it could be subject to a new discharge set-up in the
processing chamber. Among the problems of these reactors, one has the follow-
ing concerns. The resonance zone is subjected to nonuniformities due to micro-

wave modes. The coupling of the microwave power to the plasma is governed by
the design of the magnetic field to produce resonance effect, where small vari-

ations in the field produces large variations in the plasma uniformity. The mag-
netic field lines terminate on the substrate and charged particles follow magnetic

field lines. The manner in which the magnetic field lines terminate the substrate is
of major concern in the design of these reactors.

The helicon source employs regular RF power at frequencies between 2 and
70 MHz in combination with an axial magnetic field to excite the plasma via

helicon wave mode. Helicon resonator sources consist of coaxial RF coil sur-
rounded by a grounded coaxial can (Fig. 13.23). The coil length is tuned to be
approximately a quarter wavelength of the operating frequency and the RF

power input tap position is adjusted to match the RF generator impedance. The
coil coupling to the plasma is primarily inductive in the high-density regime.

However, the voltage at the open circuit end of the coil can be very large, and
any capacitive coupling can raise the plasma potential to high levels. Helicon

resonators therefore, usually have a slotted cylindrical shield between the coil
and the plasma to eliminate unwanted capacitive coupling. Helicon resonators

operate over the frequency range with fairly high input power levels (<5 kW)
due to losses in the coil. Plasma densities exceed 1012 cm�3 with good radial
uniformity has been achieved.

The ability to control the ion energy and bias the substrate independently has
been taken to a next higher level in ion beam techniques (Fig. 13.24). In ion

beam techniques, the plasma is generated in a separate chamber and ions are
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Figure 13.23: Helicon wave plasma reactor.
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Figure 13.24: Ion beam etcher.
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accelerated toward the substrate surface by means of several grids. The flux and
the energy of ions can be independently controlled in these methods.

Example 13.10

Estimate the velocities of the ions parallel and perpendicular to the surface that

is etched when the sheath potential is Vsh.

If the ions fall through the sheath potential Vsh with no scattering, their

velocity normal to the surface is given by

V? ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2qVsh

mi

s
,

where mi is the ion mass.

In the velocity parallel to the wafer surface, the velocities of the ions are
expected to have a thermal distribution, since that was their condition before

they fell into the influence of the sheath potential. We ignore any small com-
ponent of the sheath electric field that may be present parallel to the surface.

Hence,

Vk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTi

mi

s
,

where Ti is the temperature of the ions. Therefore,

Vk
V?
¼

ffiffiffiffiffiffiffiffiffiffi
kBTi

qVsh

s
�

ffiffiffiffiffiffiffiffi
Ti

Te
:

r

Since at room temperature, Ti is about 1/40 eV and Te is typically 2 eV, we have
the result

Vk
V?
¼ 1

8:94
:

Particles with this ratio of velocitie move at an angle

tan u ¼
Vk
V?

,

which gives u ¼ 6:4�. One has to significantly increase the sheath voltage to
avoid the thermal contribution to the velocity being important, so that the

horizontal etch rate can be reduced.
We can now examine the main characterizing parameters for plasma

etching. In RF discharges, one of the most influential parameters for discharge
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phenomenon, which controls plasma etching, is the pressure. Pressure controls
the RF voltage amplitude, which is closely related to the sheath voltage drop

and the energy of the ions bombarding the surface. The relationship between
the pressure and the ion energy is schematically shown in Fig. 13.25. With

decreasing pressure, the characteristic potential drops across the sheaths and
the voltage applied to the two electrodes increases sharply. The self-bias voltage

is proportional to the peak RF applied voltage and therefore, that also rises.
The mean free path of species is inversely proportional to pressure so that the
rise in potential induces higher energy ion fluxes to the substrate surface.

Higher ion energies induce etching, even though from the point of view of
selectivity and damage to the device and loss of selectivity in etching, this may

be undesirable. The average electron energy decreases with increase in pres-
sure. Electron energy and electron molecule ionization rate constants tend to

decrease with increasing pressure. The change in pressure can affect the surface
of flux of neutrals to ions to the extent that one can achieve essentially chemical

etching with little contribution from ions or vice versa. The relationship of
electrical measurements to pressure has been carried out by several people
and interpreted by them to yield several characteristics of the plasma (Godyak

et al., 1991; Lieberman, 1988).
The excitation frequency in an RF discharge has an important influence on

plasma chemistry and etching. The excitation frequency can change the spatial
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Figure 13.25: Pressure versus time of etching.
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distribution of species and electric fields across the discharge. Frequency deter-
mines whether the energy and density of species are constant in time, or

whether they fluctuate during a period of the applied field. Frequency can
also change the electron energy distribution function, which has an effect on

controlling the electron molecule reaction channels that can predominate.
Frequency also determines the minimum voltage necessary to start and main-

tain the plasma and thereby determines the energy with which ions bombard
the surface. Each process that occurs in the plasma has a relaxation time ti.
Varieties of these processes are ambipolar diffusion, ion–ion recombination,

ion–electron recombination, atom–atom recombination and free diffusion; and
these have an effect on density of the plasma. Charge transfer reactions,

momentum transfer collisions and attachment have an effect on velocity fluc-
tuations. Electron energy collisional relaxation influences the energy. If

vti 	 1, the dynamic process will be representative of the instantaneous con-
dition induced by the time varying field. If vti � 1, the process is too slow to

respond and it reaches a state of equilibrium with time averaged conditions.
The complex phenomena associated with frequency effects on etching has
precluded a large number of investigations in this field, and requires a lot

more attention to fundamental studies for data gathering.
Temperature has an important influence on plasma etching because of the

way the temperature at the surface of the substrate affects the kinetics of
reactions. The temperature has a dominant effect of etch rates, selectivity and

degradation of resist masks. Temperature also affects the morphology of the
surface that is etched making the surface rough at higher temperatures. The

role of diffusion and physisorption are also tremendously influenced by tem-
perature.

13.10. Plasma Diagnostics and Process Control

The demands made on uniformity of etching or deposition of films utilizing

plasma sources imply that one must be able to achieve uniform plasma. There is
therefore, a need to measure plasma parameters and confirm the uniformity of

plasma in any reactor. It is also necessary to measure the density and energies
of species in the plasma as they determine the reaction rates. The development

of diagnostic measures is an extensive field of research in itself (Hutchinson,
1987; Auciello and Flamm, 1989). Sensor methods, which are simple and
unobtrusive, are useful as process monitors, endpoint detectors and process

controllers to improve process flexibility and reliability.
One of the simplest diagnostic techniques to measure with great spatial

resolution is the use of a probe. A probe is an electrically conductive electrode
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of convenient shape that is inserted into the plasma with a view to measure its
properties. The voltage on this electrode is varied with respect to a reference

electrode by an external power supply, and the current I, to its surface is
measured in a variety of conditions that include different frequencies, pressures,

reactive gases and magnetic fields. The plasma properties are deduced from
the current voltage characteristic of the probe. The quantities elucidated

from these studies are electron density, electron energy and electron energy
distribution and plasma potential. Even though the basic operation of the
probe is simple, the derivation of the appropriate information from the charac-

teristics of the probe is quite an effort in itself and is available in many books
(Cherrington, 1982).

The design of the Langmuir probe is done with due attention to the hostile
environment in which the probe has to operate. The current versus voltage

measured in a Langmuir probe in an ideal case shows five distinct features. The
point at which the curve crosses the V axis gives the floating potential Vf. To the

left of this potential one obtains the ion saturation current, Isat. To the right of
Vf, electron current is drawn and grows exponentially. Eventually, this current
bends down at the knee portion and saturates at the electron saturation value Ies

(Fig. 13.26). The exponential region of the current voltage curve can be plotted
in a semi-logarithmic plot to obtain the electron temperature. Theories of

probes are available to infer the other plasma parameters (Huddlestone and
Leonard, 1965).

Ion
saturation Electron

retardation
Electron

saturation

I

V

Planar

Cylindrical

Spherical

Vplasma

V flosting

Figure 13.26: Current versus voltage measured in a Langmuir probe.
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Particle energy analyzers can be used to obtain information of the electron
and ion energy distribution functions albeit with more perturbation of the

plasma (Stenzel et al., 1983). The most commonly used energy analyzer is the
retarding field analyzer or a multigrid analyzer. This is a series of grids used to

select particles of a given charge sign and analyze the energy distribution of
these particles. With the help of three grids and a collector, one can measure

either ions or electrons. Electrostatic sector analyzers have also been used even
though the signal obtainable is much reduced in this case.

When etching features in a substrate one cannot assume that the etch rate is

uniform over the entire surface. This means there will be situation when one has to
over-etch the substrate. However, this gives problems in retaining the geometry of

the etched region. This is especially important when etching thin planar films, such
as extremely thin gate oxides. In order to maintain the selectivity and avoid over-

etching, the endpoint detection of etching becomes an extremely important
aspect of process control. A schematic sequence of events in plasma etching

process may be controlled by observing the etching process as a function of time
is shown in Fig. 13.27. There is an initial period during which the plasma produces
the necessary radicals to etch the species. This is followed by a stage in which the

radicals react with material to be etched to produce a volatile product. As the film
is etched and when the substrate is reached new secondary products of etching can

form. There are several principles that are exploited to infer the endpoint of
etching. One of them is to measure the surface either in situ or by detecting the

endpoint in etching. It is also possible to measure the key species in the reactor,
which are either the etching species or the product species. It is also possible to

measure the properties of the discharge itself to infer the endpoint of etching.
A source of nonuniformity in etching is the aspect ratio dependent etching

(ARDE). This is etching nonuniformity among features with different aspect
ratios (ratio of depth to width opening of the feature). The reason for this
phenomenon is that the bottoms of the features are shadowed by the feature

sidewalls from the plasma. This can cause less number of particles (ions and
neutrals) to arrive at the bottom of the features. Therefore, the features etch

differently depending on the aspect ratio. If higher aspect ratios are etched
slower it is sometimes referred to as forward lag in the industry, otherwise

reverse lag. It is frequently found that both forward lag reverse lag are observed
when the same etching mechanism is operating.

All metrology measurements to ascertain the fidelity of pattern transfer are
made by scanning electron microscopy. Film formation on the vertical surfaces
and their absence in the horizontal surfaces can also be established. Deposits

and roughness features of the etched region can easily be delineated. These
approaches are essential in the development stages of dry etching.

Initially, the pressure in the system rises as the gas is heated and dissociated
when RF power is applied. The etching involves the gas-solid reaction and
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usually causes a decrease in the number of gas molecules so that the system

pressure will drop when there is a constant resistance to flow. However, by
fixing the feed gas rate constant and adjusting through an automatic throttle

vale the pressure in the system as in many modern reactors, the monitoring
pressure is not available for endpoint detection of etching.

Laser interferometry is a popular technique to monitor the progress of

etching in situ. This is especially possible for films that are transparent. A
helium neon laser with a wavelength of 632.8 nm is directed at the material

surface. At normal incidence, interference maxima and minima occur when the
thickness of the film, d, satisfies the relationship

dd ¼ l

2n

� �
, (13:28)

Etching non-ideally: faceting

Etching non-ideally: micro-trenching
through the underlying layer

Etching non-ideally: trenching 

Etching non-ideally: bowing

Etching non-ideally: notching 

Figure 13.27: Defects in transferring pattern due to etching.
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where n is the refractive index of the transparent layer and dd is the spacing
between adjacent maxima. The intensity of light varies sinusoidally with film

thickness and the etch rate can be monitored by noting the time interval
between corresponding points in the signal trace. The technique permits real

time monitoring of etch rate. Opaque films, like metal films cannot be mon-
itored by this technique. A change in reflectivity can however be observed upon

complete removal of the metallic film. The signal strength from small area can
often be a problem in the technique.

Optical emission from glow discharges has been widely used by emission

spectroscopy for discharge characterization and process control. Electron im-
pact ionization of molecules raises them to an excited state, followed by a

relaxation to a lower energy state releasing a photon containing energy equal
to the difference between the two energy states. The diagnostic technique of

optical spectroscopy relies on the light collected by a lens and focused onto the
slit of a spectrometer. Quartz or sapphire windows are used and may have to be

cleaned from deposits to insure their transparency. A monochromator is used to
spectrally disperse the collected optical emission and a photomultiplier will
then convert the spatial radiation into electrical signals. Optical multichannel

analyzers are also popular to measure rapidly and accelerate the spatial scans of
emission spectrum. The identification of the species in the discharge and their

state of excitation are made through observation of some characteristic lines.
Therefore, the appearance or disappearance of certain characteristic lines can

be used for endpoint detection in etching. Generally, the reactive radical
emissions are used for this purpose. By combining the intensities of the different

spectral lines, it is possible to determine the molecular species present. The
relative intensities of two spectral lines with different excitation thresholds can

give electron temperature. The relative intensity of an ion line and a neutral line
can be used to estimate the ion fraction. Doppler broadening can be interpreted
to give the velocity of the emitting ion, whereas Stark broadening may be used

to analyze the information on density. A more popular technique is one of
actinometry. A known concentration of impurity is introduced, and the inten-

sity of two neighboring spectral lines, one from known gas and the other from
the sample are compared. Assuming both species are bombarded by the same

electron energy distribution, and from known concentration of the actinometer,
the density of the sample is obtained. With further refinements, one could study

chemical kinetics of surface reactions as well.
Simple emission spectroscopy cannot be used to measure ground-state con-

centrations directly, since the emission intensity is a complicated function of

ground-state concentration, electron energy distribution, electron impact exci-
tation cross section and the solid angle and spectral optical transmission of the

optical system. However, by adding a small percentage of some inert trace gas
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(called an actinometer) to the discharge, the emission intensity ratio of reactive
radical to a suitably selected tracer gas can provide estimate of the ground-state

concentration of the radical (Coburn and Chen, 1980).
Laser induced fluorescence is another popular technique to monitor etching

process. In order to obtain quantitative information on the ground-state species,
one needs to photoexcite it with a field of known intensity and spectral width,

instead of impact excitation by electrons whose concentration and energy
distribution is normally unknown. This is widely used in laser-induced fluores-
cence technique. Laser radiation needs to be transmitted to the discharge

chamber. Tunable dye lasers are used and directed at 908 to the emission
collection axis. The laser radiation is concentrated near a single wavelength,

the fluorescent intensity relates directly to the ground-state concentrations.
Laser induced fluorescence posseses high spatial and temporal resolutions.

Uncertainties in quenching and excited states result in uncertainty in measure-
ment. Most laser induced fluorescence measurements have concentrated on

molecular species because they are easily photoexcitable. Many radicals and
products of etching have been determined experimentally. Atomic species
measurements are somewhat more difficult because of their high excitation

energy and they require two photon excitations. Nevertheless, O and Cl have
also been probed by this technique.

Optogalvanic spectroscopy is also utilized sometimes in monitoring etching
process. Optogalvanic spectroscopy is based on measuring a change in the

discharge current resulting form absorption of optical radiation, usually from
a laser. Such a change of current can result from direct ionization of neutral

molecules, or detachment of negative ions. In either case, increase in electron
concentration causes an increase in plasma conductivity. Optogalvanic effects

involving atomic, molecular, charged particles, inert and reactive species have
all been reported. Photodetachment of negative ions by laser radiation can be
used to distinguish the identity of negative ions and measure their concentra-

tion.
Different chemical species are associated with the start and end of the etching

process. Hence, they can be monitored by mass spectrometry. Mass spectro-
metric sampling of glow discharges has provided information for many aspects

of gas discharge behavior. Either one analyzes the ion species after extraction
from the glow discharge or a fraction of the neutral species is extracted and

ionized by exposing it to electron beam impact. Typically, one constituent can
be tracked to observe the progress of etching. Mass spectrometry is compelled
to sample the species at the plasma boundary.

Some attempt has been made to measure accessible discharge parameters to
follow the etching process. In particular, the impedance of the discharge as

given by the DC self-bias voltage at constant RF power can be measured. One
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can also measure the pressure at a constant gas flow rate. These rely on a
macroscopic change in the discharge, so that small areas that are etched are

hard to follow. One would expect that the discharge characteristics change
because of the volatile etch product in the discharge itself. One finds that

when the wafers are mounted on the powered electrodes, changes in ion
induced secondary electron emission coefficient of the cathode can bring

about changes in the nature of the discharge.

13.11. Etching-Induced Damage

The challenges to a successful plasma etching include maintaining etch
uniformity, etch selectivity, high etch rate and reducing the substrate damage.

The undesired side effects in dry etching are related to the damage caused
by ion bombardment of the surface with ions and neutral plasma particles. The

energy of ions and neutrals is sufficiently high to remove the material from
the surface and redeposit elsewhere in the system including the substrate. In
addition, the surface to be etched is exposed to electrons and high-energy

photons.
Sputtering occurs from any surface that is in contact with the plasma, pro-

vided the sheath potential is larger than the sputtering threshold (typically
30 eV or less). Therefore, the walls and fixtures of the chamber are potential

candidates from which sputtering can occur. Elements that are not prone to
form volatile halides in halocarbon plasma are particularly troublesome as they

are redeposited on the substrate. The major mechanisms for particulate con-
tamination in plasma processes are mechanical abrasion of moving robotic

parts, the flaking of deposited films onto the wafer, arcing, formation of par-
ticulates in the plasma and degradation of materials. Deposited metals are very
problematic to device integrity as they have large diffusion coefficients in

semiconductors and can harm the electrical integrity of the devices. Even if
the devices do not degrade (due to large interface–surface density and degra-

dation of life time), redeposited sputtered material contributes to the formation
of rough surfaces because of micro masking. These, in turn can lead to the

formation of micro-cracks during deposition of subsequent layers of films.
Thermal annealing usually may not remove the damage. Low pressure and a

long mean free path are essential for the material to leave the vicinity of the
surface without being backscattered and redeposited. Besides giving slow etch-
ing rates, sputtering can also form facets and trenches near etched features. Ion

implantation, especially of carbon can drive carbon deep into the device. One
can find surface reconstruction after etching is over and this may result in some

device degradation in some situations.
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During etching to produce a large aspect ratio hole, over-etching can occur at
the corner of the bottom, and this is sometimes known as ‘‘notching’’. This is

attributed to charge up at these areas. A pulse discharge method is utilized to
solve this problem. This method reduces the reactive ion bombardment energy,

by cutting off the electric input power before the formation of the ion sheath,
resulting in the reduction of reactant acceleration (Samukawa, 1994; Ahn et al.,

1996). Other etching anomalies include faceting, trenching, micro trenching and
bowing as shown in Fig. 13.27.

Damage also results in polymers when they are processed in the plasma.

Electron, ultraviolet radiation as well as ion beams also damage polymers. The
unintended sources of polymers are from Teflon cover plates, and outgassing of

solvents from photoresists. The damage consists of breaking the polymer bonds
and forming polymer fragments, which are extremely reactive. These polymer

fragments can cross-link and form polymeric film on vertical walls, where there
is no ion bombardment. The cross-linked polymers are extremely brittle and

can crack rather easily. When the polymers adhere firmly to the sidewalls
they can be used to promote vertical etching as we have already observed.
The accumulation rate of polymers in the horizontal plane is minimal because

of the bombardment of ions. Polymers can also deposit on the walls of the
chamber from where they are to be removed by cleaning. The presence of

polymeric films on the walls of the reactor is potential source for contaminants
and requires frequent cleaning with oxygen plasma.

Surface quality is an important feature of dry etching process. This can be
influenced by many variables, such as temperature, ion bombardment, etchant

and crystallographic orientation. One desires an etched surface as smooth as the
unetched surface, which is possible in some cases. Under other situations, the

etched surface can be pitted, rough or covered with cones and spikes or
substrate material. Contamination from sputtering, etch residues, electrical
damage as a result of contamination, radiation damage from ion bombardment

and charging of surfaces may all contribute to degradation of surface quality.
The damage can also manifest in the form of non-stoichiometric region,

defect aggregates and point defects. The electrical effects of these etching-
induced defects include compensation of dopants, a decrease in carrier mobility

and an increase in flicker noise. Local regions can alter their stoichiometry
substantially and can have large effects on Schottky barrier heights.

Damage can occur to devices fabricated while they are subject to plasma
etching. The damage is essentially due to radiation from ions, electrons and
ultraviolet light, soft X-rays. The damage appears in several forms. Ion impact

can cause atomic displacement. X-ray and ultraviolet light can cause electron–
hole pairs and secondary ionization, where electrons formed by primary processes

create defect centers. These influence the operating characteristics of the devices.
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Some of the defects are reversible and can be removed by annealing. Many other
defects are irreversible. Device damage often requires thermal annealing treat-

ments for their removal. The temperatures of annealing can be as high as 900 8C so
that shallow junction devices pose special problems in this regard. The charged

particles of the plasma accumulate on the insulator film of the wafer. The accu-
mulated space charge will build up a high electric field and induce breakdown in

the film. Sputtered particles and electrostatic breakdown of thin films caused by
charge that is deposited during the plasma process cycle are irreversible.

The need for particulate control in a plasma reactor is becoming more and

more crucial. The particulates are generated from hardware movement that is
associated with wafer transport, valves opening and closing and other mechan-

ical parts. This source of damage has to be controlled by reducing the plasma
potential with respect to the chamber surface to below the sputtering threshold

(typically 15 eV). Normally, all dielectrics and metals exposed in the reaction
chamber should not have sharp edges since the discharge tends to concentrate

on the edges and becomes a source of particles. Corrosion and material deg-
radation are sources of particulates and are specific to a given process. The
products of etching may coat and flake later on giving rise to particulates

requiring extensive cleaning and the consequent down time of the reactors.
Particulates can also result from improper pumping procedures as well as

contamination in pipelines leading to the reactor chamber. Careful attention
to materials of construction and proper maintenance and cleaning procedures

can reduce the role of particulates from destroying the etching process step. To
minimize particulate contamination, clustered plasma tools use a wafer handler

to pass wafers from one process chamber to another in vacuum environment. In
addition, one can increase the throughput, and provide high yield advantages,

since wafers are exposed to less contamination.

Example 13.11

Estimate the etch rate dependence of reactive ion etching damage as given by

Oehrlein et al. (1985).

In RIE etching the reactive ions will damage the substrate and accumulate.
At the same time the reactive ion etching of the substrate will occur, which will

consume the damaged layer. The time necessary to reach a steady state depends
on the etch rate ER. It has been shown that for an allocation xi fixed with
respect to the substrate surface, the impurity concentration will have reached its

maximum possible to within 1% after a time tmax, where

tmax 

2:69DRP þ RP � xi

ER
,
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where DRp is the straggle, Rp is the range of the impinging ions. For low ion
energies, it is safe to assume that Rp is very nearly the same as DRp.

If xi ¼ Rp, then for xi ¼ 2:3 nm

tmax 

6:2

ER
:

For ER of 600 nm/min, 60 nm/min and 0.6 nm/min the time to reach steady state

is respectively, 0.6, 6 and 600 s.
If the dose rate is 1015 ions=cm2=s, then the maximum retained dose is

6� 1014, 6� 1015 and 6� 107 ions=cm2. Higher etch rates will reveal lower
impurity damage.

13.12. Modeling of Dry Etching

Developing accurate models and simulation tools assist in the development of

new processes and aid in understanding the problems and issues surrounding
each particular process. The complexity of dry etching has eluded development

of such models even though many partial tools of simulation are available. The
ever-shrinking device dimensions with accompanying higher aspect ratios have

made profile control in plasma etching processes a formidable task. This area
has demanded increasing attention of researchers and many approaches are
constantly being tried. Predictive profile simulation during etching is sought as a

means to reduce time and cost associated with trial and error process develop-
ment and/or equipment design.

For a process engineer, the inputs of the system are gas pressure, gas flows,
power and other controllable chamber conditions that are specific to a given

reactor. The output that the process engineer expects is the same as feature
scale simulation results, like etch rates and etch profiles. Relying on estimates of

fluxes and other input parameters the feature scale simulator is enough and
gives trends of feature evolution for different reactor conditions. However,

neutral fluxes are not easily established and one hopes to have more accurate
numbers.

The etching features have great dependence on the aspect ratio of the feature

to be etched. The smaller the feature to be etched, slower is the etch rate. Higher
aspect ratio (which reduces the view factor) and charging within the feature cause

a reduction of ions and neutrals to the bottom of the feature. Lowering the
pressure (reducing the collisions) increases the directionality of the ions. Similar

effects are seen in high density, low-pressure higher energy ions. The greater the
ratio of energy of the ions to electrons less will be the surface charging. There are

several important parameters to consider while studying the evolution of etch
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features. The collisionality in the sheath influences the ion bombardment direc-
tionality, which is governed by the thickness of the sheath in terms of mean free

path lengths. The view factor to the plasma and the ion angular/energy distribu-
tion determine the flux on each element of the feature surface. The ions can

scatter from the surface features and produce significant fluxes at other parts of
the surface profile. One of the features produced is the so-called trenching, which

is due to more rapid etching of the surface at the base of the sidewall. If the resist
does not have a vertical profile or becomes faceted, ion scattering into the
opposite sidewall and undercutting can also be observed due to ion scattering

and this is dependent on the slope of the sidewall and the angular dispersion of
the ion bombardment. Micro trenches can form at the base of the sidewall, where

the flux of ions is the largest due to the fact that the flux is a sum of the direct flux
from the plasma and the flux reflected of the sidewalls. Passivation is an essential

feature in achieving highly directional etching and depends upon the production
of depositing species in the plasma. The presence of excess amount of passivation

leads to the narrowing of features. The presence of tapered features affects ion
scattering, which can alter the etched profile. The nonvolatile etch products can
redeposit and modify feature profile. Charging of surfaces can arise because in

the presence of a magnetic field plasma can support a potential gradient across
the wafer when conducting surfaces and nonconducting surfaces can charge to

different potentials. Charging can also arise by the differing angular dispersion of
the ions and the electrons, where the electrons are isotropic whereas the ions

would be highly directional. This phenomenon is dependent on aspect ratio, the
ion directionality and electron energy.

The etching of features is dominated by the feature aspect ratio. The etching
of smaller features is slower than that of larger features. Some of the causes

contributing to the low etch rate of small features are: reduction of ions and
neutrals at the bottom of the feature, reduced view factor, charging within the
feature. Some of the ways to overcome these difficulties is by lowering the

process pressure, increasing the ion energy, ion to electron ratio to control
charging effects. The continued decrease in the line width has prompted the

use of low pressure, high-density plasma sources.
The post-etching corrosion can be a major problem. For example, residues

of chlorine left after etching aluminum can react with water and when in contact
with another metal, such as TiW can start the corrosion process by galvanic

corrosion. The search for high dielectric materials, such as ZrO2, HfO2 and
ZrSixOy to replace the limitations of SiO2 when the thickness of the dielectric
has to be reduced to below 10 0 because of device considerations presents

unique problems in etching because of the general difficulty of these materials
to reactive gases. Metals and their nitrides and oxides are explored for alterna-

tive gate materials, which require proper identification of etch procedures to be
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incorporated in device structures. Copper metallization sought as an alternative
to aluminum metallization presents problems in dry etching.

The complete simulation of plasma etching chamber proceeds at least at three
levels. At the global level, the whole chamber is simulated. Inputs are process

conditions, such as total gas pressure, flow rate and power. The outputs are partial
pressure of gases, fluxes toward surface and electron temperature. At the inter-

mediate level, we deal with region of the reactor close to the wafer surface. Most
important of intermediate simulation is the nature of ions. The ion temperature
and the pre-sheath and sheath conditions are important. The sheath region

determines the energy distribution of ions. Pre-sheath region has a decisive effect
on the final angular distribution of ions. The third level is the feature scale level,

where the ideal would be to reproduce the etching feature completely. The gas
phase species (ions and neutrals) undergo several complex processes once they

arrive on the surface. There are several approaches to modeling these processes.
One method is the feature scale simulations using Monte Carlo techniques by

following each species on the surface. The long times required to run these types
of computer simulations make these techniques very impractical. Consequently,
many ad hoc models that rely on sticking probability assumptions, surface kinet-

ics, chemical reactions, etc., are invoked to put simulation to manageable size.
However, the integration of all the various levels of simulations from global to

feature scale simulations is still far away from realization.

Example 13.12

Assuming the radius of CF4 to be 2� 10�10 m, and temperature is 300 K, at a

pressure of 1 mtorr, estimate the elastic mean free path.

Consider the radius of the feed gas to be r.
Area the molecule of the gas presents is A ¼ pr2.

At temperature of T, and pressure, P, the density of neutral molecules is
given by P=(kBT).

The mean free path is

s ¼ 1

P=(kBT)

1

pr2
:

Hence, the mean free path is given by

300K� 1:38� 10�23 J=K

1 mtorr

mtorr

10�3 torr

torr

133 Pa

1

p(2� 10�10)2
¼ 0:25 m:

These are bigger than the dimensions of most reactors.

Inelastic mean free paths are typically an order of magnitude smaller.
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Problems

13.1. Sketch the etch profiles in silicon by electron cyclotron resonance etch-
ing with an SF6 plasma and a photoresist mask as a function of tempera-

ture of the substrate (Tachi et al., 1988).
13.2. Outline the plausible steps in the dry etching of GaAs with BCl3=Ar gas

mixture. How is the selectivity with respect to etching AlGaAs
achieved?

13.3. Consider a cylindrical reactor of radius 5 cm. The particles travel by

diffusion along the reactor. If the particle velocity is 300 m/s, estimate
the diffusion coefficient. How long does it take for the particle to go the

distance 2a. What is the total distance traveled by the particles?
13.4. What would you expect in a plasma chamber when there is moisture in

the system?
13.5. Calculate the thickness of the ECR region for an electric field 2 kV/m,

magnetic field of 875 G and for frequency 2.45 GHz when dB/dz is
5 kG/m.

13.6. If the frequency of microwave is 2.45 GHz and argon gas is used, what is

the best pressure for plasma generation?
13.7. Silicon is being deposited at an average growth rate of 10 nm/min. What

is the growth rate in number of atoms per meter2 per second?
13.8. The electron affinity for a fluorine atom in free space is 3.45 eV. If the

electrostatic image force increases the affinity calculate the affinity for a
fluorine atom at a distance of 10 from the SiFx surface.
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Page numbers followed by t and f indicates tables and figures, respectively.

2DEG. See Two-dimensional, electron gas

d-doping, 865–866

A

Abnormal discharge region, 289

Absorption, 644

Accommodation coefficient, 464

Activated reaction evaporation process

(ARE), 549–550

purpose of, 549

Activation energy for cluster growth, 793

Activity coefficient, 665

Henrian, 665–666

Activity quotient, 56

Ad atom diffusivity, 803

effect on mode of epitaxial growth,

841

Adatom jump, 926–927

Adatom(s), 700–701, 711, 742, 748

diffusivity, 803

mobility, 803

motion on surfaces, 711–713

Adhesion of films, 38

Adsorbate, 644

Adsorbate–substrate interaction, 752

Adsorbent, 644

Adsorption, 620, 644–645, 648, 655

chemisorption, 644

isotherm, 648–649

isobar, 649

isostere, 649

Langmuir’s, 650–651, 653

methods of representation of data,

648–649

physical, 644–646

Aerodynamic drag, 921

Aerosol, 913

AES. See Auger electron spectroscopy

After glow process, 349

ALE. See Atomic layer epitaxy

Alfven velocity, 253

Alfven waves. See Plasma waves in

magnetic field

Alloy evaporation, 40, 42

Aluminum crucibles, 39

Ambipolar diffusion, 233–235

Amorphous films, 795

density fluctuations in, 802

Amorphous phase formation, in alloy

systems, 886–887

Amorphous substrates, oriented

crystallization on, 888

Anisotropic behavior, 235, 237

Anisotropies of etching, 53

Annealing, 924–927

Anode dark space, 303

Anode glow, 303

Anodic arc vapor sources, 426–427

Anomalous skin depth, 346

Antisite defects. See Point defects in

surfaces

Arc deposition technique, 429

use of, 430
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Arc vapor sources

anodic, 426–427

cathodic, 427

gaseous, 426

vacuum, 425

Arc vaporization, uses of, 425

Arcing, 402

Argon discharge, 358–359

Argon gas, 188, 548, 553, 565, 574, 585,

587, 593, 608, 612

Arsenic vapor, 390

Artificial epitaxy, 887–890

Asperities on the surface, effect of, 542

Aston dark space, 302

Atomic force microscopy (AFM), 755, 956

Atomic layer epitaxy (ALE), 661–662

precursor choice and temperature, 662

selective area deposition in, 662

self-limiting behavior, 662

Atomic shadowing, 796

Atomic structure of surfaces, 739

affects on growth of films, 740

determined by LEED techniques,

744–748

relaxation of atoms in, 747–749

surfaces reconstruction and, 748

Atomic theory, 58

Atomistic theory of nucleation, 772–773,

797, 803

Attachment processes, different, 190. See

also Collisions in plasma

Attractive energy, 688

Auger analytical volume, 943

Auger electron microscope, 944

Auger electron spectroscopy, 539, 725

Auger electron spectrum, 945

Auger electron tunneling transitions, 563

Auger electron(s), 274, 725

intensity for coverage, 725

intensity as a function of time for island

growth, 727f

signal variation with deposition rate,

726f

Auger emission, 275

Auger signals, 942

Auto compensation, 862

Average velocity between electrons and

ions, 260

Average velocity of ions and electrons in

argon plasma, calculation of, 261–262

Azimuthal orientation, 830

B

Back streaming of oil vapor, 501

Backing pump, use of, 493, 495

Backscattered electrons, 271–272,

403–404, 424

Ballast system, 633

Band gap

engineering, 545

narrowing, 859

Basic equations in cold plasma

Boltzmann equation, 215

flux of macroscopic quantities, 218

macroscopic averages, 217

rate of change of macroscopic

quantities, 221

Bayard and Alpert gauge. See Ionization

gauges

Beam scanning, necessity of, 412

Behavior of plasma in electric and

magnetic fields

constant and uniform electric field, 197

constant and uniform magnetic field,

198

drift velocity, 212

non uniform magnetic field, 207

uniform electric and magnetic field, 203

Bessel functions, 291

BET equation, 658–660

BET theory, 655–658

Bias sputtering, 553

Biaxial stress, 815

Blistering, 571

Blocking technique, 560

Bohm criterion, 267

Bohm velocity, 267–268, 301, 322, 332, 360

Bohr’s theory of the hydrogen atom, 177
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Boltzmann’s relation for electrons, 263,

266

Boltzmann-H theorem, 71

Bonding agent, 592

Bonding energy, 265

Bourdon gauges, 515. See also Force

measuring gauges

Boyle’s law, 62

Breakdown mechanism

diffusion controlled, 312

mobility-controlled, 312

Breakdown, 287–288, 296

voltage, 310–311, 315

Bremsstrahlung, 273, 404

inverse, 432, 445

Brunauer, adsorption isotherm types by,

655

Bubble line, 46

Bulk diffusion process, relocation of

atoms by, 793

Bulk diffusion, 712

coefficient, 712

Burger’s vector, 846–847

Burstein–Moss shift, 857–859

C

Canonical ensemble, 67

Capacitance gauge, 515. See also Force

measuring gauges

Capillary approximation, 762

Capillary condensation, 920

Capture pumps. See Vacuum pumps,

categories of

Carbon monoxide, 619

Cascade of recoil atoms, 557

Catalysts, effect of, 541

Catcher plate, 593

Cathode dark space, 297, 300, 302, 304,

335, 610

Cathode fall, 288, 300

Cathode glow, 302

Cathode sheath, 297–301, 310, 328, 565,

586. See also Glow discharge plasma

Cathode spot, 427, 429

Cathodes, materials used as, 423

Cathodic arc vapor sources, 427

Cathodoluminescence, 275

Center of mass to laboratory

transformation of coordinates, 134

Central cell potential, 856

Ceramic coating (Al2O3), 372

Ceramic films, 686

Changes in composition during alloy

evaporation, 40, 42

Channeling technique, 560, 572

Characteristic radiation, 273

Characteristics of vapor atoms, 535

Characterization of materials, 891–892

ellipsometry, 900–902

optical methods of characterization,

893

photoluminescence spectroscopy,

893–895

reflection high energy electron

diffraction (RHEED), 895–898

transmission electron microscopy

(TEM), 902–905

Characterization of surface, 937

Characterization techniques

destructive techniques, 892

nondestructive techniques, 892

Characterization tools, 892

Charge exchange, 157

collisions, 183–185. See also Collisions

in plasma

process, 162

Chemical doping precursors, 860

Chemical etching, 930

Chemical mechanical planarization, 929

Chemical potential, 43

at the surface of a spherical cluster, 793

Chemical shift, 856

Chemically assisted ion beam etching

(CAIBE), 608

Chemisorption, 644, 646, 649, 702–704

dissociative, 649, 706

equilibrium separations, 707

kinetics, 706–708
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Child’s law for collision-less conditions,

329, 331

Child–Langmuir equation, 306, 329,

421–422

mobility-limited version of, 308

Clapeyron equation, 16

Classical mechanics, 67

Classical nucleation theory, 772

Classical theory of binary collisions, 105

center of mass and relative position

coordinates, 112–114

center of mass to laboratory

transformation, 134–138

classification of trajectories, 120–123

differential scattering cross section for

coulombic potential, 132–134

equations of motion, 115–119

impact parameter and angle of

scattering, 124–128

kinematic theory of collisions, 106–112

motion of a particle in a central field of

force, 114–115

relationship between differential

scattering cross section and impact

parameter and scattering angle,

129–132

Classical theory of nucleation. See

Capillary approximation

Classification of trajectories, 120

Clausius–Clapeyron equation, 11, 14–27,

632

Clapeyron equation, 16

equilibrium coexistence, 15

equilibrium curve, 15

equilibrium vapor pressure, 11, 14–16

Cleaning processes

definition of, 919

cleaving in ultra high vacuum, 924

purpose of, 919

Cleaving, 721, 924

Clemmow–Mullaly–Allis diagram,

253–254

Closed system, 42

Cluster growth, activation energy of, 793

Cluster of atoms, 926

formation of, 412

Clusters, 761–762. See also Fluctuations

Gibbs free energy of, 762

growth of, 614

CMA diagram. See

Clemmow–Mullaly–Allis diagram

Coalescence, 786–788

temperature rise during, 788

Coarsening, 790, 806

Coaxial cables, 355

Cobalt-rare earth magnets, 336

Coefficient of thermal accommodation,

697

Coincident lattice model, 845

Cold cathode ionization gauge. See

Ionization gauges

Cold cathode plasma electron beam gun.

See Electron gun

Cold plasma discharge, important features

of, 259

Cold plasma technology, 166

Cold plasmas, 160

Collective phenomena in plasma

collision frequencies, 240

diffusion of charges, 233

plasma oscillations, 238

plasma parameter, 230

shielding of charge in plasma, 226

Collision probability, 98, 101

for gas, 96

Collision process

collision cross-section, 101

collision frequency, 100

elementary description, 95

mean free path, 96

mean time between collision, 98

Collisions, 557

elastic, 58, 60, 106, 270, 283, 353, 482,

554

frequency, 100

inelastic, 58, 60, 106, 270, 283, 288, 302,

353, 554, 576

probability, 98, 101
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probability for gas, 96

Collisions in plasma

charge exchange collisions, 183–185

collisions involving metastables,

186–188

dissociation, 191–192

excitation collisions, 170–176

heterogenous reactions, 193–194

ionization collisions, 178–182

recombination and attachment, 188–190

Collisions in plasma excitation, 170, 178

Complete non-wetting. See Wetting

process

Complete wetting. See Wetting process

Compressive stresses

in film, 874

in high-energy ion deposition, 802

in thin films, 813–814

Concentration of clusters in equilibrium,

773–774

Condensation coefficient. See Sticking

coefficient

Conditions of equilibrium in constant

volume of system, 642

Conductance, 623

Conductance of an aperture in the

molecular flow regime, calculation of,

489

Conducting state of plasma, 150

Conduction band, 415. See also Energy

band

Conflated flanges, 680

Constant average velocity, 59

Contamination

photolithographic process, 913

sintering process, 912

Contamination of the cathode, 339

Contaminants removal by vacuum

reactors, 679–680

Contaminants, types of, 911t

Continuous radiation. See Bremsstrahlung

Continuum models, 358

Copper gasket, 680

Coriolis acceleration, 119

Corrosion mechanism, 929

Cosine law of vapor emission, 90

Coster–Kronig transition, 945

Coulomb collision, 162

Coulomb interaction, 271, 945

Coulomb scattering, 555

Coulombic repulsion, 611

Critical pressure ratio at maximum flow,

calculation of, 398–400

Critical thickness, 874

Crooke’s dark region, 296, 302

Cross-linking of surface regions,

application of, 195

Crucible, 38–39

characteristics of the resistance material

of, 372–373

effusion rate of, 383

to melt materials, 37

Cryogenic pumps, 504, 507–508, 635

Cryogenic screening, use of, 536

Cryopumps, 492

Cryosorption, 625

pumps, 504–505

Crystal defects, 756

Crystal faces

steps, 733

terrace, 733

vicinal plane, 733, 735–736

singular surfaces, 735

Crystal growth, 777–778, 831

activation energy in, 779f

growth by 2D nucleation, 785–786

layer growth of faces, 780–784

normal mechanism, 778–780

spiral growth, 784–785

Crystal shape, 737

factors affecting, 737–738

Crystal steps, 781

Crystalline solids, growth forms, 727–730

change of volume, 728–730

energy for the formation, 727–728

Crystallographic orientation of substrate,

837

Cunningham, 914
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Current flow of space charge, 305

Curved trajectory, 156

Cyclotron frequency, 213

Cyclotron resonance, 352

Cylindrical mirror electron analyzer

(CMA), 943

D

Dalton’s law of partial pressures, 61

DC discharge, time independent, 260

DC glow discharges, 311

DC sheaths, 305–309

current density, expression of, 305

de Broglie relationship, 691, 693

de Broglie wavelength, 543

Debye

lengths, 225, 227–228, 231, 238, 241, 261,

306, 309

radius, 225

shielding effect, 261

sphere, 231

Deep centers, 860

Deep energy levels, 859

Deep level impurities, 859–860

Defects

in epitaxial films, 881–882

in epitaxial layers, 880–881

in vacancies, 881

Degassing, 621, 678

rates, 678

Degreasing by vacuum pump, 679

Deposition geometry on a spherical

surface, 91f

Deposition of films, direct, application of,

609

Design of clean rooms, importance of,

915–916

Desorption, 619, 676

photon-induced, 678

rates, 676

stimulated, 676–678

Destructive characterization techniques,

892

Detached plasma source (DPS), 344

Detergents, use of, 923

Deuterated triglycine sulfate pyroelectric

detector, 952

Dew point line, 46

Diaphragm gauge, 515. See also Force

measuring gauges

Diaphragm pump, 497

Differential geometry of evaporating and

substrate surfaces, 92f

Differential scattering

cross section, 102

columbic potential, 132

Diffraction patterns, 543, 545

Diffractive scattering of helium, 694f,

695–697

Diffuse scattering, 695

Diffusion barriers, types

amorphous barriers, 886

sacrificial barriers, 886

stuffed barriers, 886

Diffusion coefficient, 670–671

of air, calculation of, 465–466

Diffusion controlled degassing, 669–670

Diffusion equation, 670

Diffusion in epitaxial structures, 885–886

Diffusion, two-dimensional, 791–792

Diffusion pumps. See Vapor jet pumps

Diffusion, 668–669, 790, 862–863

controlled degassing, 669–670

Direct current (DC), 259

Direct deposition of films, application of,

609

Direction and extent of chemical reaction,

54

Dislocation(s), 758, 846

edge, 758

screw, 758

Displacement spike, 110

Dissociation of a molecule. See Collisions

in plasma

Dissociation of misfit dislocations, 847

Dissociative adsorption, 705–706

Dissociative chemisorption, 649

Dopant(s), 854–855

Harsha: Principles of Physical Vapor Deposition of Thin Films index Final Proof page 1140 17.11.2005 9:12pm

1140 Index



incorporation into semiconductor, 860

source of, 860

Doping inhomogeneities, 861

Doping of super lattices, 866

Doping precursors, selection criteria,

860–861

Doping precursors, types

chemical, 860

gas, 861

inorganic, 860

organic metallic, 860

Doping, 855

by gas precursors, 861

in heterostructures, 863–865

variations, 861

Dosage, 708

Double positioning, 835

Down stream process, 349

Drag force, 913

Drift velocities, 212, 214t, 248, 260, 280,

287, 311, 313

Druyvesteyn distribution function,

164–165

Dry processing, advantages of, 356

Dulong and Petit law, 21

Dynamical theory, 752

E

ECR chamber, 354

Edge dislocations, 758

Efficiency of material utilization,

calculation of, 409

Efficient misfit dislocations, 846

Effusion cells design, effect of, 387

Effusion, 88, 92

Elastic collision, 58, 60, 106. See also

Collisions

Elastic scattering, different phenomena in

diffraction, 690

rainbow scattering, 690–691,

691f, 692f

specular scattering, 690–691, 691f

Elastic shadowing. See Surface specificity,

causes of

Elastically scattered primary electrons,

272

Elastomer seals, 680

Electric field, external, effect of, 277

Electroless electrolytic

cleaning, 923

Electrolytic etching, 923

Electromigration resistance, 39

Electron affinity, definition of, 419

Electron avalanche, 286

Electron beam evaporators, 385

advantages of, 409

objectives of, 424

Electron beam vapor phase processing

systems, 401–402

Electron beam-heating, energy supply in,

406

Electron bombardment, in insulating

materials, 677

Electron cyclotron resonance plasma

(ECR), 352–353

Electron emission from the surface, 270

Electron gun, 402, 413–414

cold cathode plasma, 412

Electron gun, important principle areas of,

415

beam generation, 415

guidance system, 415

process control, 415

Electron gyro radius, 205

Electron motion, types of, 606

Electron multiplication. See Electron

avalanche

Electron multipliers, types of

channel type, 525

Venetian blind, 525

Electron spectroscopy for chemical

analysis. See ESCA

Electronic collisions, 555, 576–577. See

also Loss of energy of incident ion

Electronic speckle pattern interferometry,

955

Electronic stopping, 578

Electrostatic oscillations, 249
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Elementary description of collision

processes, 95–96

collision cross section, 101–105

collision frequency, 100

mean free path, 96–98

mean time between collisions, 98–99

Eley–Rideal mechanism of adsorption,

704

Ellingham diagram, 31–32, 34–36, 41f

Ellipsometry, 900–902

Empirical constants, 680

End Hall ion source, 607

Endothermic solutions, 666

Energy band

conduction band, 415

valence band, 415

Energy of interaction, 14

Energy of the binding, 702

Energy source, primary, use of, 535

Energy transfer function, 110

Energy transfer gauges, 517–519

pirani, 519

thermistor, 519

thermocouple, 518

Enthalpy changes in chemical reactions,

54

Enthalpy of fusion, 23

Enthalpy of sublimation, 23

Entropy change, 14

Epitaxial films, 82–83

defects in, 881–882

stages in formation through Stanski-

Krastanov (SK) growth, 842

Epitaxial growth of films, conditions for,

832–833

Epitaxial growth, 829, 831

in polymorphic films, 836

role of surface construction in, 837

Epitaxial interface, 844

Epitaxial layer and substrate, relationship

of, 834

Epitaxial structures

diffusion in, 885–886

range of applications, 831–832

Epitaxial system, critical thickness of,

876–877

Epitaxial

orientation, 830

relationship, 830

structures, 883

Epitaxy, 829

Epitaxy, types of

heteroepitaxy, 831

homoepitaxy, 831

Equations of motion, 115–119

Equiaxed grain structure, 806

Equilibrium conditions for one

component, 12

Equilibrium distribution of molecules, 68

Equilibrium flux, 85

Equilibrium shape construction, 730–731

Equilibrium vapor pressure, 632

ESCA, 941

ESPI. See Electronic speckle pattern

interferometry

Etching systems, 627

Etching, 265, 332, 356–357, 584, 922

chemical process, 930

electrolytic, 923

Evaporated films, 91

thickness distribution, 91–92

Evaporation and condensation, 632–634

due to evaporation, 633

due to vaporization, 633

gas load, 633

of films, 927–928

Evaporation, 11, 16, 29

Ewald sphere, 693, 745, 896, 903

intersection of, 543

Excimer laser, 440, 442

Excitation collisions

Franck–Condon principle, 172

metastables, 170

Exothermic solutions, 666

Exposure, 708

Extensive quantity, 13

Extent of the reaction, 55

External effect of electric field, 277
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Extraordinary waves. See Plasma waves in

magnetic field

F

Faraday cup, 524

Faraday dark space, 260, 290, 301–302,

304. See also Glow discharge plasma

Fermi energy level, 415, 417

Fermi wave vector, 416–417

Fiber orientation, 830

Fick’s law, 233, 669, 673, 790–791

an application, 675

Fictitious force, 120

Field emission, 422

Field evaporation process, 423

Field ion microscopy (FIM), 743–744

Film growth and microstructure, 793–794

Film growth of epitaxial layers, modes of,

840

Frank–Van der Merwe (FM), 838

Stanski-Krastanov (SK), 839–841

Volmer–Weber (VW), 838–839

Film, purity of, 597

FIM. See Field ion microscopy

Finite element method, 816

First law of thermodynamics, 14

Flash evaporation, 27

Floating potential, 262

Fluctuations of clusters on substrate, 762

Fluctuations

heterophase, 761

homophase, 761

Fomblin1, 497

Force measuring gauges, 513

capacitance gauge, 515

bourdon gauges, 515

diaphragm gauge, 515

McLeod gauge, 513

U-tube manometer, 513

Fore pump. See Backing pump, use of

Fourier law, 370

Fourier transform infrared spectroscopy,

952

Fourier transformation, 436, 953

Fractal dimension, 660

Fractals, 660

Franck–Condon principle, 172

Frank–Van der Merwe (FM) growth

mode, 838

Frank–Van der Merwe model, 722–723

Free jet molecular beam, 391

Free jet sources, 367

Free-floating films, 909

Freeze-drying, 63

Frequency collision, 100

Fugacity coefficient, 44

G

Gallium ion sources, use of, 951

Gamma plot, 733

Gas ballasting, 496

Gas flow regimes

collisionless flow or free molecular flow,

477, 488

Poiseuille flow or viscous flow, 476, 481

Gas flow, quantity of, calculation of, 466

Gas load, 621–622, 680

due to permeation, 675

Gas molecules and surface interaction,

686

categories, 686

types of, 687f

Gas permeation, 673–674

in glasses and polymers, 674–675

Gas phase stoichiometric coefficients, 57

Gas scattering evaporation process. See

Pressure plating

Gas, pumping speed of, 468–469, 473, 492,

496, 499, 502, 504, 522, 599

Gaseous arc vapor sources, 426

Gaseous doping precursors, 861

Gaseous oxidation cleaning, 923

Gaseous sources, use of, 542

Gases and vapors, potential sources in a

vacuum system, 620f

Gases, flow properties of

gas flow regimes, 475–478

molecular flow, 484–489
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Gases, flow properties of (cont.)

slip flow, 482–483

turbulent flow, 489–490

viscous flow, 478–481

Gases, transport properties of

self diffusion, 464–466

thermal conductivity, 462–464

viscosity, 459–462

Gases-solid

dissolution, 620

interaction, 619–620

Getter pump, 510

Getterer, 510

materials that act as, 511

Gettering capacity, 510

Gettering phenomenon, 510, 600

Gibbs adsorption equation, 642

Gibbs dividing surface, 636–638

Gibbs free energy, 12–13, 15, 718, 779, 819,

870

change for the reaction, 550–551

formation of clusters, 614

of formation, 929

Gibbs phase rule, 12, 14

Gibbs, thermodynamics of surfaces by,

635–636

Gibbs–Curie–Wulff theorem, 730

generalized, 736

Gibbs–Duhem relationship, 12

equilibrium conditions, 13

extensive quantity, 13

Gibbs–Thomson equation, 719

Gifford–McMohan refrigeration cycle,

507

Glass ceramics, 912

Glow behavior, 260

Glow discharge plasma, 259–260, 278,

288–289, 586

cathode sheath, 297–301, 310, 328, 565,

586

characteristics of, 302–305

Faraday dark space, 260, 290, 301–302,

304

negative glow, 301–302

Paschen’s criterion, 294–297

positive column, 290–294

Glow discharge, 150, 175, 522

luminous regions of, 302, 303f

Grain boundary diffusion, 928

Grain coalescence, 82

Grain coarsening, 807

Grain growth, theory of, 808

Grain growth, 806

secondary, 807

termination, 807

Grain size distribution in films, 808f

Grains in films

behavior of, 802

boundary diffusion of, 806

coarsening in, 807

factors controlling size and orientation

of, 809

growth of, 806–807

mobility of boundaries in, 806

nucleation process on, effect of,

803–805

orientation distribution, 806

size distribution of, 808f

stagnant columnar, 807

texture associated with, 809

Graphite crucibles, 39

Grapho epitaxy. See Artificial epitaxy

Gravitational drift velocity, 213

Grazing angle of incidence, 542–543

Gridless ion source, 605

Gross condensation flux, 85

Gross contamination, 919, 922

Group IV elements, 862

Growth mechanism

of metallic films, 843–844

of semiconducting films, 843–844

Growth morphologies of thin films

island growth, 838

layer by layer growth, 838

layer by layer growth followed by

growth of three-dimensional

crystals, 838

Growth morphologies of thin films, 838
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Growth of III–V compounds,

thermodynamic features, 50

H

Hall current, 607

Halogens, 440

Hamaker constant, 920

Harmonics, 243

Heat of evaporation, 16

Heisenberg principle of uncertainty, 422,

434

Helical resonator (HWS), 343–344,

346–348

Helium, 346, 571, 608

detector, 629

Henrian activity coefficient, 665–666

Henry’s law, 654, 665

Hertz–Langmuir–Knudsen equation, 85

Heteroepitaxial films, 882

Heteroepitaxy, 831, 835

Heterogeneous reactions, 166. See also

Collisions in plasma

Heterophase fluctuations, 761

High-density RF plasma reactors, 346

High-energy ions, use of, 561

High-temperature transient, 110

Hillocks, 883–884

Homoepitaxy, 831

Homogeneous reactions, 166

Homogeneous strain, 845, 849, 853

energy, 845

Homogenizer, definition of, 440

Homophase fluctuations, 761

Hooke’s law, 811

Hopping conduction, 858

activation energy, 858

Hot zone, 558

Hybrid frequencies. See Plasma waves in

magnetic field

I

Ideal gases, 58

Ideal surface, 739

Imbalance of charges, 279

Impact parameter and angle of scattering,

124

Impellers, 497

Impurity band conduction, 858

Incoherent lattice. See Superstructures

Incommensurate structure. See

Superstructures

Incomplete wetting. See Wetting process

Indigenous point defect concentration,

50

Indium, use of, 937

Inductive coupled plasma sources

detached plasma source (DPS), 344

helical resonator (HWS), 344, 346–348

symmetric inductive coupled plasma

(ICP), 344

transformer coupled plasma (TCP),

344

Inductive plasma discharges, 260

Inefficient misfit dislocations, 846

Inelastic collision, 58, 60, 106, 159, 164. See

also Collisions

Inelastic energy transfer function, 111

Inelastic scattering event. See Scattering

event

Inelastic scattering mean free path, 273

Inorganic doping precursors, 860

Interdiffusion, 878, 885

Interferogram, 952

Intermolecular collision, 124

Interstitial defects, 799, 881

Interstitial mechanism, 929

Intrinsic sources of strain, 874

Inverse of population, 434, 441

Ion assisted deposition, 611

Ion beam assisted deposition (IBAD), 609

Ion beam etching, 607

application of, 608

Ion beam sputtering, cause of, 607

Ion bombardment, 584, 924–927

effect of, 609, 611

Ion implantation, 560, 602, 609, 924, 926

Ion neutralization, 563–566

nature of interaction, 563
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Ion plating, sources of vapor in

chemical vapor species, 610

sputtering sources, 610

thermal evaporation, 610

Ion scattering spectrometry (ISS), 559

Ion

channels, 571

energy, 801, 809

plating, 609

yield, 950

Ion-acoustic wave, 251

Ionization collisions, 178–182

importance of, 178. See also Collisions

in plasma

Ionization energy, 412

Ionization gauges, 630

Bayard and Alpert gauge, 521

cold cathode, 522

Ionized cluster beam deposition (ICB),

612

Ionized scattering, 864

Ion-pair reaction, 192

Ion-stitching adhesion, 926

Island growth, 543

mode, 883

transition of, 545

J

Jogs, 741

K

Kaufman direct current ion source, 603

Kepler’s law, 117f

Kikuchi

lines, 900, 904

pattern, 899

Kinematic factor, 108–109

Kinematic theory of collisions, 106

Kinetic energy of molecules, 25

random translational, 14

rotational, 14

vibrational, 14

Kinetic model for the formation of thin

films, 775–776

Kinetic nucleation theory, 768, 775–776

Kinetic reactions, steps involved in, 551

Kinetic theory based on atomic

hypothesis, 58

Kinetic theory of gases

calculation of averages by distribution

function, 73

calculation of pressure, 59

distribution of molecular velocities, 67

effusion, 88

emission characteristics, 91

evaporation, 84

Maxwell velocity distribution function,

76

number of molecules striking on

surface, 79

thermal transpiration, 94

Kinetically stable defects. See Dislocations

Kink atom. See Point defects in surfaces

Kinks, 741, 758

Kirchhoff’s law, 21

Knowledge of the plane (HKL), 835

Knudsen cell, 367, 381–384, 387, 539–540

characteristics of, 381

design of, 540

measuring temperatures of, 540

Knudsen number, 382, 387, 475–478, 482,

484, 936

Koening and Maissel’s model of RF

discharge, 328, 329f

Krytox1, 497

L

Lagrange multipliers, 42

Laminar flow, 478, 481, 489, 503

Langmuir model, 653

limitations, 653

Langmuir’s adsorption, 650–651, 653

adsorption isotherm, 651

Langmuir’s theory, limitations of, 653

Langmuir–Hinshelwood mechanism, 704

Laplace’s equation, 719

Larmor

frequency, 199
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radius, 199

Laser ablations, 431, 433, 444

calculation of minimum power density

for evaporation, 445–446

processes of, 445

Laser beams

advantages of, 432–433

application of, 431

Laser radiation beam heating, 385

Lateral epitaxy, 888–889

Law of conservation of energy, 110, 266,

305

Laws of ideal gas behavior, 58t

Leak rate, 627, 629–630

in molecular flow, 629

in viscous flow, 629

Leak types in vacuum system, 627

Leakage, affect on properties of films,

627

Leaks in vacuum system, 627

detection, ways of, 629–630

example, 631–632

pressure changes in sealed devices, due

to, 631f

rate of, 629–630

testing, 627–628

Ledge adatom. See Point defects in

surfaces

Ledge atom. See Point defects in surfaces

Ledge vacancy. See Point defects in

surfaces

Ledges or steps, 740

Legendre transformation, 638–639

Lennard Jones potential, 660

Linear cascade theory of sputtering, 574,

576

Liquid nitrogen cryopanels, use of, 539

Load lock chambers, 680

Lorentz force, 197, 242

Loschmidt’s number, 66

Loss of energy of incident ion, 555

Low energy electrons, 162

Low energy ion scattering (LEIS), 559

Low heat conductivity, 63

Low-energy electron diffraction (LEED),

699–700

atoms arrangement on surface

determined by, 744–747

patterns, 753

Lyophobic interactions, 921

M

Mach disk, 392

Mach number, 392, 395, 398, 475–476

Macro particle free coatings, 430

Macroscopic characterization of plasma,

224

Magnetic anisotropy, uniaxial, 602

Magnetic fields, application of, 335–337

Magnetic lenses, 902–904

Magneto acoustic waves. See Plasma

waves in magnetic field

Magnetron configurations, use of, 595–596

Magnetron discharge, 596

Magnetron sputtering, 594–598

application of, 596

Magnetrons

definition of, 337

developments of, 260

Magnetron, types of

conical, 338

cylindrical, 338

planar, 338, 340

Mass of holes

heavy hole (hh), 856

light hole (lh), 856

spin orbit coupling hole (so), 856

Mass spectrometer, 629

Mass spectrometry, use of, 542

Materials used for cleaving

alkali halides, 924

gallium arsenic (GaAs), 924

silicon (Si), 924

zinc oxide (ZnO), 924

Materials used to maintain vacuum in

molecular beams

boron nitride, 540

graphite, 540
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Materials used to maintain vacuum in

molecular beams (cont.)

molybdenum, 540

niobium, 540

quartz, 540

rhenium, 389, 540–541

tantalum, 389, 540

tungsten, 540–541

Matrix sheath width, 309

Maxwell–Boltzmann distribution

function, 69, 105, 162, 308, 358, 381

Maxwell distribution of speed, 70, 73

Maxwell’s equations, 245

MBE technique, 702

limitations, 662

McLeod gauge. See Force measuring

gauges

Mean free path of gas molecule, 96–97,

105, 590

Mechanical planarization, 929

Mechanical stylus profilometry, use of,

955–956

Mechanisms of vacuum generation,

491–494

Mega sonic cleaning, 917

technique, 917

Metal organic chemical vapor deposition

(MOCVD), 537

Metal plasma immersion ion implantation

and deposition process (MePIIID),

430

Metallic films

electrical properties, 686

growth mechanism, 843–844

Metallic mode of sputtering, 600–601

Metastable phases in amorphous silicon,

890

Metastable state, 170, 173

Microstructure thin film of, 793

Microwaves, importance of, 350–351

Migration-enhanced epitaxy (MEE), 662

limitations, 662

Miller indices, 736

Minority carrier devices, 860

Misfit, 834–836

critical value, 852

natural, 848–849

negative, 834

positive, 834

strain, 840

Misfit dislocations, 844–846, 849, 853–854,

877

efficient, 846

inefficient, 846

structure, 847

Missing atoms, 749f

Mixed mode of epitaxial growth, 840

Mobility of ions in electric field,

expression of, 280–285

Mode of epitaxial growth, effect of ad

atom diffusivity, 841

Model of zone structure, 794–795

Modes of growth, in RHEED oscillations,

841, 842f

Modified evaporation process, 548–551

Modular construction of molecular beam,

advantages of, 537

Modulated beam growth methods

atomic layer epitaxy (ALE), 661

migration-enhanced epitaxy (MEE),

661

molecular layer epitaxy (MLE),

662–663

phase locked epitaxy (PLE), 661

Molar flow rate of gas, 467

Molecular beam deposition systems

design of, 537–539

typical chambers of, 537

Molecular beam deposition system, other

sources used in

electron beam sources, 542

ion sources, 542

plasma, 542

resistively heated dopant sources, 542

valved effusion cells, 542

Molecular beam epitaxial (MBE) system,

536, 538

reason for using, 546

Harsha: Principles of Physical Vapor Deposition of Thin Films index Final Proof page 1148 17.11.2005 9:12pm

1148 Index



Molecular beam epitaxial methods, 928

Molecular beam epitaxial method, in situ

diagnostic techniques used in

ion gauge or mass spectrometer, 542

mass spectrometry, 542

optical pyrometry, 524

quartz crystal deposition rates, 542

RHEED, 542

thermocouples, 542

Molecular beam, 381

Molecular beam epitaxial process, 64

Molecular beam evaporation

advantages of, 537

disadvantages of, 537

Molecular impingement rate, 81

Molecular layer epitaxy (MLE), 662–663

Molecular physisorption, 706

Molybdenum grids, 605

Momentum transfer gauges, 519–520

spinning rotor gauge, 519

Momentum transfer pumps. See Vacuum

pumps, categories of

Momentum transferred by fast moving

electron, calculation of, 168

Monatomic gas, 61

Monolayer adsorbed films, saturation limit

at high pressures, 653

Monte Carlo simulation, 358

kinetic, 777

Motion of particle in central field of force

angular momentum, 114

center of mass reference frame, 114

conservative central force, 114

external torque, 115

trajectory of mass particle, 115

Mott transition. See Semiconductors,

transition from insulator to metal

behavior

Multicomponent system, 638

Multilayer adsorption model, 655–660

Multilayer films, 816

Multiphonon processes, 700

Multiple crucible technique, 410

Mutual collision cross section, 101

N

Nanofabrication techniques, 685

Natural misfit. See Misfit

Natural or synthetic organic agents

combined with water, use of, 923

Negative glow. See Glow discharge plasma

Negative misfit. See Misfit

Neodymium iron boron magnet, 336

Neutralization of incident ion, 275

Neutralization. See Surface specificity,

causes of

Newton’s laws of motion, 312

Nitrides, 37

Non thermal plasma, 156

Noncontact method, 816

Nondestructive characterization

techniques, 892

Non-dissociative adsorption, 704

Non-neutral potential region, 260–261

Nonpolar semiconductors, 837

Non-radiative recombination of

electron–hole pairs, 50

Nonthermal plasmas, 160

Nuclear collisions, 555, 577. See also Loss

of energy of incident ion

Nuclear energy loss, 948

Nuclear loss, 557

Nuclear stopping, 578

Nucleation of metastable phase, 820

Nucleation rate, 769–772, 776

Nucleation site density, 770

Nucleation, three-dimensional, 761–766

heterogeneous, 761

homogenous, 762, 764

on substrate, 764–766

vapor phase condension to solid phase,

762–764

Nucleation, two-dimensional, 767–768

change in Gibbs free energy, 768

Nuclei lateral propagation in two

dimensions, 785

O

Occlusion, 644
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Ohmic heating, 925

Optical absorption depth, 443

Optical feed back techniques, use of, 601

Optical methods of characterization, 893

Optical path length, 952

Optical pyrometry, use of, 542

Optoelectronic devices, 545

Ordering of semiconductor alloys, 868,

872

benefits, 869

parameters to control, 871

role of surface phases, 871

Ordinary waves. See Plasma waves in

magnetic field

Organic metallic doping precursors, 860

Orientation of texture, 830

Oriented crystallization on amorphous

substrates, 888

Oriented selection through planar

restriction, 888

Oscillating electric fields in glow, role of,

315

Oscillating electrons, 590

Ostwald ripening, 789–790

Ostwald’s step rule, 819–820

Outgassing, 678–680

by dense materials, 680

by metals, 680

by polymers, 678

by porous materials, 680–681

diffusion controlled, 680

gas load, 678

rate, influencing conditions of, 680

rate measurement, 680

surface controlled, 680

Oxide film, 38

P

Partial pressure gauges. See Pressure

gauges, categories of

Particle in cell (PIC) method, 358

Particle scattering, 688–690

Particles collecting per unit area by

diffusion, estimation of, 914–915

Particulates, summary of various source

of, 918t

Paschen

criterion, 294–297. See also Glow

discharge plasma

curves, 296

law, 288

relationship, 260

Patterned films, stresses in, 817

Pauli exclusion principle, 415–416, 563,

688

Peculiar velocity, 217, 225

Penning

effect, 289

gauge, 335

ionization, types of, 187

Perfect slip condition, 483

Periodic strain, 845, 849

Permeation of gases, 673–675

Perveance, 604

Petroleum distillate solvents, use of, 923

Phase diagram of one-component system,

24f

critical point, 23

triple point, 25

Phase diagram of solid–vapor equilibrium,

23

Phase equilibrium, 29

Phase rule, 30

Phase separation in semiconductor alloys,

872

Phase shifting interferometry (PSI), 955

Phase transformation, 12

in one-component systems, 12–13

temperature, 25

Phase transition, 36

Phase velocity, 243

Phonon(s) energies, 699, 701

Photoelectron spectroscopy, 938–939

Photoemission, 275

Photoluminescence, 893

spectroscopy, 893–895

Photon bombardment, 678

Photon-induced desorption, 678
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Physical adsorption, 644–646, 701

Physical vapor deposition process,

features of, 86, 535

Physical vapor deposition system, 453

Physisorption. See Physical adsorption

Pickling process, 920

PID control, 936

Piezoelectric films, application of,

685

Pirani gauge. See Energy transfer gauges

Pirani vacuum gauges, 630

Piston effect, 445

Piston vacuum pump, 490

Pitted interface, formation of, 929

Planar magnetrons. See Magnetron,

types of

Planar motion of two-particle collision,

116f

Planetary systems, 94

Plasma discharges

inductive, 260

wave heated, 349–355

Plasma processing

gradients in, 268

important feature in, 265

Plasma sheath, 260

Plasma state, 149–150, 259, 550

role of, 551

Plasma tools, hardware design of, 355

Plasma waves in magnetic field

Alfven waves, 251, 252

cyclotron frequency, 251

extraordinary waves, 253

hybrid frequencies, 253

magneto acoustic waves, 251

ordinary waves, 253

Plasma

container, 243

estimation of scattering between two

charged particles in, 155–156

influence of speed of electrons in, 264

oscillations, 249

polarization, 158

presheath, 259, 265

process, 166

process modeling, importance of, 356

utilization in processing, 268

Plasma, particles in

electrons, 260, 264, 270

ions, 260, 270

neutrals, 260, 270

Plasma, role of, in plasma-assisted

processes, 551

Plasma, ways of generating, 155

Plasma-processing technology, 355

Plasmon energy, 272

Pneumatic transport systems, 63

Point defects in surfaces

adatom, 756–757

antisite defects, 757

kink atom, 756–757

ledge adatom, 756–757

ledge atom, 756–757

ledge vacancy, 756–757

surface atom, 756–757

surface vacancy, 756–757

Point defects, 881

in amorphous films, 799

Poisoning of target, effect of, 600

Poisson’s equation, 227–228

Polar diagrams, 735f

Polar semiconductors, 837

Polycrystalline films, 793, 801–802

factors affecting evolution of, 810t

Polycrystalline semiconductors, 685

Polymers, additives in, 194

Polymorphic phase, 25

Polytetrafluoroethylene (PTFE), 497

Polytypism, 883

Positive column. See Glow discharge

plasma

Positive displacement pumps, 491,

494–495

Positive misfit. See Misfit

Potential emission, 275

Potential energy, 688–690

of interaction, 688–689

repulsive, 688f
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Potential energy versus distance curve

for adsorption of heterogeneous

molecule, 706f

for molecule with physical adsorption as

precursor to chemisorptions, 707f

showing dissociative adsorption, 705f

showing non-dissociative adsorption,

704f

showing physical adsorption, 703f

Potential energy versus distance diagram,

688f

one-dimensional variation, 688–689

Potential well, 705

Poynting vector, 247

Precursor gases, impurities in, 65

Precursor state, 702

Premelting of evaporant, 373

Pressure gauges, categories of, 512

energy transfer, 517–519

force measuring, 513–517

ionization, 521–522

momentum transfer, 519–520

partial pressure, 523–524

Pressure plating, 548

Pressure tensor, 223

Primary use of energy source, 535

Probability collision, 98, 101

Process of thin film formation by

evaporation, 11

Processing design considerations, 356

PS. See Photoelectron spectroscopy

Pseudomorphic film, 846, 882

metastable phases of, 882–883

Pseudomorphism, 844–845, 874

Pulsed laser, use of, 432

Pumping process, 434, 438–439

Pumping speed, 623

Pumping to low pressure, in reaction

vessel, 621–625

effects of, 627

evacuation of chamber, 621–622, 625

maintaining process pressure, 622–623

Pyrolytic boron nitride, 383, 539

Q

Quadrupole mass spectrometer, 628–629,

949

Quartz, 680

Quartz crystal deposition, 542

Quasi-neutral condition, 151, 262, 267

Quasi-neutrality, 151

R

Race track formation, 596

Radial potential difference of positive ions

and electrons, calculation of, 291–293

Radiation damage, role of ions in, 561

Radicals, 164

Radio frequency (RF) discharges, 259,

324, 591

circuit model for, 317–325

matching network, 332–334

self bias of RF electrodes, 325–332

Radio frequency ion source, 603

Rainbow scattering, 690–691, 691f, 692f

Raman scattering, 893

Ramsauer minima, 101

Ramsauer–Townsend effect, 162

Rapid surface migration effect, 662

Rare earth impurities, 881

Rare gases, 675

Rare gas halides (RGH), 431

Rate of degassing, 678

Rate of nucleation, 769–772, 776

Reaction vessel, pumping to low pressure

in, 621–625

effects of, 627

evacuation of chamber, 621–622, 625

maintaining process pressure, 622–623

Reactive gas cleaning, 923

Reactive gas evaporation technique, 548

Reactive ion beam etching (RIBE), 608

Reactive sputtering, 553, 598–601

Real space imaging of semiconductor

crystals, 905

Reciprocating pump, 497

Recrystallization, 800

Harsha: Principles of Physical Vapor Deposition of Thin Films index Final Proof page 1152 17.11.2005 9:12pm

1152 Index



Reflection high energy electron diffraction

(RHEED), 539, 542, 895–896, 900

oscillations, 543, 547, 898–899

patterns, 897–898

Refractory

ceramics, 38

metals, 38

Relaxation of atoms, 747–749

Relaxation time, 99

Repulsive interaction, 127, 127f

Residence time, 469

Residual gas analyzer (RGA), 523, 539

Resistive materials used as evaporation

source, 369

Resonant electron tunneling transitions,

563

Resonant frequency, 243

Resonator. See Plasma, container

Retarded acceleration, 176

Reynold’s number, 476, 489

RF discharge, 591

advantage of, 604

RF sputtering, 590–594

advantages of, 590

application of, 593

control of ion bombardment in, 593

use of, 591, 593

RHEED oscillations in modes of growth,

841, 842f

RHEED. See Reflection High Energy

Electron Diffraction

Rhenium, 389, 541

Ripening, 789–790

of cluster, 721

kinetics, 790

Root mean square

speed, 74

velocity, 75

Rotary booster pump, 497

Rotary vane vacuum pump, 494–495,

496f, 499. See also Positive

displacement pumps

Roughening temperature, 759–760

Roughness function, 761

Roughness transition, 758–760

in 4He, 759f

Roughness transition temperature, 759,

761

as height–height correlation function,

760–761

Rutherford backscattering spectrometry

(RBS), 108, 562, 575, 578, 602, 890

Rutherford’s formula, 134, 271

S

SAM. See Scanning Auger microscope

Saponifiers, 923

Saturated vapor pressure (SVP), 505

Saturation current, 282

Scanning Auger microscope, 947

Scanning tunneling microscope (STM),

753–755

Scattering cross section, 103

for charge transfer, calculation of,

185

Scattering event, 547

elastic, 103, 270, 272, 351, 687, 690, 745,

752

inelastic, 270, 272, 351, 424, 690, 701

Schottky barrier, 928

Screened Coulomb collisions, 557, 577

Screw dislocation(s), 758

spiral growth on, 784f

Scrubbing technique, 917

Secondary electrons, 270, 404

emissions, 288, 304

true, 272

yield, 270, 272–273, 275

Secondary grain growth, 807–808

Secondary ion mass spectroscopy (SIMS),

560, 948

Seeding technique, 396

Selection rules for dipole radiation, 177

Self diffusion of gases, 464–466

Self-shadowing, 98

Self-sustaining discharge, 288

Semiconducting films, growth mechanism

of, 843–844
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Semiconductor alloys, 868

ordering behavior, 868

phase separation, 872

Semiconductor compounds, III-V

application of, 545

optimum growth in, 546

presence of point defects, 547

Semiconductor crystals, real space

imaging of, 905

Semiconductor device fabrication, 918

Semiconductor valence band structure,

856

Semiconductors wide band gap, 830

Semiconductors, impurities incorporation

in, 855

Semiconductors, transition from insulator

to metal behavior, 856–858

activation energy, 857

criterion, 857

Shadowing effects, 794–795

Shallow

acceptor, 861

donors, 860, 862

impurities, 855, 860

Sheath voltage, 265

Sheath voltage drop using ions with Bohm

velocity, calculation of, 269

Shutters and radiation shields, use of, 373

Sievert’s law, 666

Sigmund, theory of, 582

Silicon monoxide, 619

SIMS. See Secondary ion mass

spectroscopy

Single crystalline films on amorphous

substrates

applications, 890

defects, 889

Single-component system two phases in,

16

Singular surfaces, 740

Slip correction factor, 914

Slippage phenomenon, 482

Slurry, use of, 929–931

Soaking technique, 917

Soft pump down procedures, application

of, 490

Solid phase epitaxy, 890

Solid–solid interfaces, 928–929

Solubility of gases in solids, 664–671

Sorption, 644

Source of dopants, 860

Specific adhesion energy, 732

Specific surface energy, 715–717

Specific surface free energy, 731–737

Speckle technique, 955

Specular scattering, 690–691, 691f

Spike regime, 579

Spike region, 558

Spinning rotor gauge. See Momentum

transfer gauges

Spits, 796

Spraying technique, 917

Sputter cleaning, effect of, 926

Sputter etching, 560, 562, 593

Sputter gun, 339

Sputter ion pump, 492, 508–509

Sputtering deposition, 586

application of, 553

definition of, 553

Sputtering of metal

application of, 597

rate of, 594

steps involved in, 590

Sputtering process

applications of, 553

configuration used for, 553

definition of, 552

energy ranges of, 554

multicomponent materials, 582–584

nature of, 552

role of pressure, 552

Sputtering regimes, three categories of

cascade development, 579

knock on regime, 579

linear cascade, 579

Sputtering condition for

DC sputtering, 553

ion beam sputtering, 553, 607
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magnetron sputtering, 553, 594–598

RF sputtering, 553, 590–594

Sputtering yield, 558, 566–569, 579, 583,

588, 596, 948

data, use of, 566

factors affecting, 556

of different metals, 573–574

threshold energy level, 566–567

uneven surface, 571

Stability of thin film, 811

Stagnation state, 391

Standard state(s), 17, 29

Stanski-Krastanov (SK) (1938) growth

mode, 839–841

State of polarization, 246

Static SIMS, 951

Statistics of

adatoms, 758

defects, 758

Steady state nucleation rate, 771

Steered sources, 430

Step lines, 781

Steps, 758

Sticking, 701

Sticking coefficient, 701–702, 708–709,

708f

factors affecting, 709

Stimulated absorption, 434

Stimulated desorption, 676

electron-stimulated desorption,

676–678

ion angular distribution, 678

Stimulated emission, 434

Stoichiometric heating, 322–323

Stoichiometric numbers, 55

Stoichiometry of compound, factors

responsible for

mean residence time of fragments of

substrate, 548–549

ratio of various molecular fragments in

vapor, 548–549

reaction rate of fragments on substrate

to reconstitute compound, 548–549

vaporization rate, 548–549

Stoney’s equation, 816

Strain relief, mechanisms of, 874–875

Strain, intrinsic sources of, 874

Strained layer epitaxy, 873

Stranski–Krastanov model, 722–724

Stresses in thin films, 809

biaxial, 815–816

chemical potential of, 817

compressive, 813–814

distribution of, 815

evaluation from curvature

measurements, 816

external causes of, 813

Hemholtz free energy change in,

817–818

relationship with strain, 811–814

substrate response in, 814–815

tensile, 813

Stretching surfaces, effect of, 714, 716–717

Striations, 290

Structural zone model, 800f

Structure of surface, nature of,

determination of, 543

Structure reconstruction, 749–750

Stylus probe, 955

Sublimation energy per particle, heat of,

expression of, 567

Substitutional mechanism, 929

Substrate and epitaxial layer, relationship

of, 834

Substrate role in epitaxial growth, 834, 837

Substrate rotation, 539

Substrate, surfaces of, 778

flat, 778

kinked, 778

stepped, 778

Substrate surface termination, 934

Substrate temperature, importance of,

934–937

Superconducting and piezoelectric films,

high temperature, 685

Superconducting film devices, 685

Super lattices, 883

doping of, 866
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Super saturation, 730, 764, 819

Supersonic jets, 391, 395

Superstructures, 752

Surface adatom diffusion, 927

Surf riding mechanism, 315

Surface analysis tools

Auger electron spectroscopy, 539

secondary ion mass spectroscopy, 539

ultraviolet photoelectron spectroscopy,

539

x-ray photoelectron spectroscopy, 539

Surface atom. See Point defects in surfaces

Surface charge in liquid particles, reason

for development of

accumulation of electrolytes, 920–921

adsorption polyelectrolytes, 920–921

dissociation of surface groups,

920–921

isomorphic substitution, 920–921

preferential adsorption of ions, 920–921

Surface construction, role in epitaxial

growth, 837

Surface diffusion, 712–713

of adatom, 793

Surface energy, 640

of solids, 686

Surface excess concentration, 638

Surface free energy in crystal formation,

731–737

Surface migration, 862

Surface reconstruction

effect on semiconductor surface atomic

configuration, 748

from displacement of atoms, 749f

of metals, 748

Surface roughening, 875–876

kinetics of evolution, 876

Surface science characterization

techniques, 939t

Surface specific techniques

Auger electron spectroscopy (AES),

938

photoelectron spectroscopy (PS),

938–939

secondary ion mass spectroscopy

(SIMS), 938

Surface specificity, causes of

elastic shadowing, 559

neutralization, 559, 607, 611

Surface stiffness, 736–737

Surface stress, 715–717, 748

tensor, 717

Surface tension, 733, 736

forces of, 645

variation with orientation, 736

Surface vacancy, 756–757. See also Point

defects in surfaces

Surfactants, 923

Symmetric charge transfer, 183

Synchrotron radiation, 940

T

Tail states, 858

Tantalum baffles, 373

TCP. See Transformer coupled plasma

Techniques to bring fluid in contact with

substrate

scrubbing, 917

soaking, 917

spraying, 917

ultrasonic cleaning or mega sonic

cleaning, 917

Techniques to maintain composition

gradient in sputtering chamber, 600

TEM. See Transmission electron

microscopy

Tensile stresses in thin films, 813

Ternary phase diagram, 52

Terrace-ledge-kink model (TLK),

740–741

Terraces, 740, 781

Testing leaks, 627–628

Texture orientation, 830

Texturing, 809

Theory of fractals, 660

Theory of grain growth, 808

Thermal accommodation coefficient

in activated reactive evaporation, 697
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in evaporation, 697

in inelastic collision, 699–701

in re-evaporation, 697, 699

in sputtering, 697

Thermal conductivity, 27, 370–371

of gases, 462–464

Thermal energy, 25

Thermal plasma, 156

Thermal spike, 110

Thermal transpiration, 94

Thermal treatment, 11

Thermistor gauge. See Energy transfer

gauges

Thermistor, 519

Thermocouple gauge. See Energy transfer

gauges

Thermocouples, 518, 540, 542, 630

Thermodynamic potential, 640

variation, 641–642

Thermodynamic

analysis, 43, 53–54

equilibrium plasma, 159

stability, 667

quantities, 638

Thermodynamically stable defects, 756

adatom, 756–757

kink atom, 756–757

ledge adatom, 756–757

ledge atom, 756–757

ledge vacancy, 756–757

surface atom, 756–757

surface vacancy, 756–757

Thermodynamics of evaporation, 11–12

changes in composition during alloy

evaporation, 40–48

chemical reactions and equilibrium,

53–57

Clausius–Clapeyron equation, 14–27

equilibrium condition for phase

transformation in one-component

systems, 12–13

source-container reaction, 28–40

stability of compounds and non-

stoichiometry, 49–53

Thermodynamics of surfaces

in one component system, 641–642

in constant total volume of the system,

642–643

in multicomponent system, 638

in system consisting of interface and

parts of two homogenous phases,

639–641

in two phases separated by interface,

637–638

Thin film deposition, 367–368

condensation on a substrate, 11

evaporation of material, 11

Thin film microstructure, parameters

determining

deposition rate, 793

substrate temperature, 793

Thin film microstructure, steps of

formation

formation of adatom, 793

relocation of atoms by bulk diffusion

process, 793

surface diffusion of adatom, 793

trapping of adatom in low-energy site

on substrate, 793

Thin film stability, 811

Thin film technology

sublimation, 11

vaporization, 11

Thin films of metals and alloys, 685

Thin films stresses in, 801–802, 809

biaxial, 815–816

chemical potential, 817

compressive, 813–814

distribution of, 815

evaluation from curvature

measurements of, 816

external causes of, 813

Hemholtz free energy, 817–818

change in relationship with strain,

811–814

change in substrate response in,

814–815

change in tensile stress, 813
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Thin films

deposition in, 799

impurities in, 799

stability of, 811

Thin films, growth morphologies

island growth, 838

layer by layer growth, 838

layer by layer growth followed by

growth of three-dimensional

crystals, 838

Thin films, nucleation and growth of, three

modes of, 722–725

Frank–Van der Merwe model, 722–723

Stranski–Krastanov model, 722–724

Volmer–Weber model, 722–723

Thomas–Fermi potential, 555

Thomas–Fermi screening length, 571, 577

Thomson cross section, 183

Threading dislocation, 846, 877, 881

Three temperature method, 546

Threshold energy, 145, 170, 180

Time of flight spectroscopy, 701

TiN–Al couple, 52

Toroidal magnetic trap, 204

Torr range, 51

Townsend coefficient, 283

Townsend discharge, 286

Trajectory, 120

charged particles in plasma, 154

gas molecule, 154

Transfer of thermal energy

evaporation of material, 25

transportation of atoms and molecules,

25

vapor phase formation, 25

Transformation of coordinates by center

of mass, 134

Transformer coupled plasma (TCP), 344

Transition regime, 477

Translation vectors in two

dimensions, 750

Transmission electron microscopy (TEM),

902–905

Tribochemical polishing, 933

Tunneling current, 754

Turbo molecular pumps, 502, 504

Turning point, 690

Two phases in single-component system

Clapeyron equation, 16

Clausius–Clapeyron equation, 14, 15–16

Gibbs free energy, 15

Two-body collision between electron and

positive ion, expression of, 190–191

Two-dimensional

diffusion, 791–792

electron gas (2DEG), 864

nuclei lateral propagation, 785f

translation vectors, 750

Types of reaction producing ions, 179

U

Ultrahigh vacuum technology, 676

Ultrasonic cleaning, 917

Ultraviolet photoelectron spectroscopy

(UPS), 940

Uniaxial magnetic anisotropy, 602

Unsymmetric charge transfer, 184

UPS. See Ultraviolet photoelectron

spectroscopy

Utilization factor of evaporated material,

414

U-tube manometer, 513. See also Force

measuring gauges

V

Vacancies defects, 881

Vaccum arc vapor sources, 425

Vacuum generation, mechanisms of,

491–494

Vacuum processing, importance of, 453

Vacuum pump, 621, 678

back flow, 678–679

diffusion, 678

mechanical, 625, 678

solvents, 679

degreasing, 679
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Vacuum pumps, categories of, 494t

capture pumps, 491–492, 504

momentum exchange pumps, 491–492,

499

positive displacement pumps, 491, 494

Vacuum reactors, contaminants removal

from, 679–680

Vacuum system(s), 628, 680

Vacuum system, leak types in, 627

true leaks, 627, 630

virtual leaks, 627, 630

Vacuum technology, 59

Valence band, 415. See also Energy band

Valved cracker cells, 542

Van der Waals

equation, 654

forces, 398

interaction, 920

type of interaction, 701, 703

Vapor atoms, characteristics of, 535

Vapor beams, means of obtaining, 539

Vapor deposition system, 367

directed, 367, 413

physical, 453

Vapor impingement rate, 770–771

Vapor jet, 499–500

pumps, 499, 501–502

Vapor pressure of gases, 633–634

common, 634f

Vapor pressure, 26

above cluster, 718–721

at equilibrium, 720–721

dependence on temperature, 50

Vaporization coefficient, 85

Vaporization flux, 85

Vaporization, 11

enthalpy, 20

entropy, 20

Vaporizing mechanism, 367

Velocity distribution function, 71

Vena contracta, 481

Vicinal

substrates, 781

surfaces, 759, 781

Virtual variation, 56

Viscosity of gases, 459–462

Viscous flow conditions, 548

Vlasov’s equation, 216

Voids, 796–797, 799

Volmer–Weber (VW) mode, 838–839

Volmer–Weber model, 722–723

Voltage drop, to maintain maximum, 592

W

Water-cooled copper crucible, 38

Wave heated plasma discharges, 349–355

Wave vector, 244

Waves in cold plasma

electrostatic waves, 249

fundamental frequency, 243

harmonics, 243

plasma waves in magnetic field, 251

resonant frequency, 243

resonator, 243

waveguides, 243

Wetting of resistive element, 373

Wetting process

complete, 732

complete non-wetting, 732

Incomplete, 732

Wide band gap semiconductors, 830

Width, 858

Wulff rule, 730

Wurtzite structure, 801

X

XPS. See X-ray photoelectron

spectroscopy

X-ray diffraction, 816–817

X-ray photoelectron spectroscopy (XPS),

940

Z

Zeldovitch factor, 770, 773

Zeolites, 504

Zone I structure, 795, 797
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Zone I structure (cont.)

defects in films in, 799

deposited films in, 798

effect of ion bombardment on, 796

Zone II structure, 799–801

Zone of silence, 392

Zone structure, 796

model, 794–795

of grains in film, 795f
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 محتواهای جذاب متنی، ویدئویی و اینفوگرافیک

 از موضوعات متنوع مواد مهندسی و فرایندهای ساخت و تولید
 را مشاهده و دانلود کنید

 و از اخبار، رویدادها و تحلیل های صنعتی مطلع باشید،
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