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SYNOPSIS

AN INVESTIGATION ON T PREPARATION AND PROPERTIES OF

‘CERTAIN S11-‘-EICONDUCTII\IG SULPHIDE THIN FILMS,

In this thesis the preparation and properties
of thin films of certain semiconducting sulphides (sul
phides of tin, copper and indium) are reported. As
single source evaporation does not yield satisfactory
films of these compounds for a variety of reasons, reac
tive evaporation of the metal in a sulphur atmosphere
has been used for film preparation. It was found that
for each metal sulphide a stoichimetric interval of
fluxes and substrate temperature exists for the format
ion of the compound in accordance with the analysis of
Guenther.

As the particles used for film formation in
reactive evaporation are of low energy, chemical react
ion rate is low and also because a high partial pressure
of the volatile component is used, there is the possibi
lity of the volatile component getting entrapped in the
film which will adversly affect its properties. To
avoid these difficulties the particles for film format
ion has been activated using a low pressure electric
discharge obtained with the help of a low voltage.elec—
tron gun and a magnetic field. ,This process known as



activated reactive evaporation increases chemical reac
tivity so that high deposition rates are possible and
also eliminates the possibility of unreacted volatile
component getting entrapped in the growing film. Acti
vated reactive evaporation hitherto used only when the
reactive substance is in a gaseous state at room tempe

rature (eg. 02 and CZHZ) has been successfully extended
to the case of a solid reactive substance like sulphur
and sulphide films used in this study have been prepared
using this technique also. Films with very good optical
quality have been obtained by this method.

The formation of compound films in these

evaporation techniques which is not well understood, has
been discussed in terms of the kinetic energy of the
particles used for film formation.

The films were characterized with respect to
their structure and morphology by X-ray diffraction, scan
ning electron microscopy, and optical microscopy. It
has been found that these films when deposited on to room
temperature substrates are amorphous in nature. As the
substrate temperature is increased, crystalline films
with certain particular orientation have been obtained.
It can be said that these methods of preparation of the
films are very efficient for the preparation of amorphous
sulphides.



Optical properties of the films have been
studied in the UV-Via-NIR region. Refractive index,
absorption coefficient, and absorption edge of these films
has been determined. The nature of the transition lead
ing to the fundamental absorption is also discussed. It
was found that the amorphous films crystallized when heat

ed and their optical transmission changed due to crysta
llization. This was manifested as a shift in the absorpt
ion edge in the case of tin disulphide and in the case of
Cus the golden yellow colour of the amorphous CuS changed
to deep green.

Electrical conductivity, conductivity type,
carrier concentration, activation energy for conduction
etc. of these films have been studied. The effect of
heating of this as prepared films, where the resistivity
changes by different orders of magnitude due to crystalli
zation, has also been discussed in detail.

Transparent conducting films of tin dioxide
has been prepared by heating the as prepared tin disul

phide films in air and their optical and electrical pro
perties studied. It is found that the oxidation of these

films obey an exponential rate law. Films of Cu2O and
CuO has also been prepared by heating CuS films in air.
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INTRODUCTIQN

In general, any solid or liquid object with its
-one dimension very much less than the other two, may be

called a thin film. Thin layers of oil, floating on the
surface of water, with their fascinating colours, have
attracted man's curiosity from time immemorial. The earli—
est application of thin films was the protective coatings
in the form of paints. .In India a thin layer of tin has
been used from ancient times to protect copper utensils
from corrossion. Thin films of metals were probably first
prepared in a systematic manner by Michael Faraday using

electrolysis. Scientific interest in thin films, both
fundamental and applied, began with their application first
in optics and later in electronics. Application of this
technology has revolutionized both these fields - narrow
band filters with a few nanometer bandwidth and structures

with several thousand semiconductor elements in a square cm.
area. Thin film technology has a whole variety of applicat
ions extending from protective coatings to epitaxial layers
in semiconductor heterojunction lasers. In addition to this,
basic physics and-chemistry have also gained much from the
study of thin films. Homo and_hetero nucleation theories,
heterogenous catalysis, optical absorption studies in the
fundamental absorption region of solids, electrical conduct
ion mechanisms in insulating and amorphous semiconductors
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are a few to mention.

Interest in compound semiconductor thin films
began with the realization of the fact that optimum mater
ial properties in device applications,-which cannot be
achieved in the case of a single element, can easily be
achieved using a combination of two or more elements (i.e.

alloys and compounds). Germanium, silicon and selenium,

which were the earlier known and most used elemental semi

conductors, had to make way fpr the semiconducting II—VI,
III-V, and IV-VI compounds. As the range of applications
increased, material properties had to meet stringent and
wide ranging requirements. Silicon is of little use in
high speed integrated circuits or in optoelectronic devi
ces because of low carrier mobility and indirect gap. In
these respects the members of the III-V family are far more
superior. These compounds have a high carrier mobility,
direct optical gap (except a few members) and hence their
widespread application in high speed integrated circuits,
Hall generators, semiconductor heterojunction lasers and
high efficiency solar cells.

Another area where the properties of elemental
films do not come anywhere near the mark is in the case of
metallurgical and protective coatings, Except in the case
of the so called diamond like carbon (i-carbon) compound

films are the onry hard coatings available with the required
properties.



The deposition of compound films by single sou
rce evaporation is a rather difficult problem. soften a
large fraction of the compound dissociates when heated.
when the compound dissociates in vacuum, the volatile com

ponent will be given off first. This will result in layered
films if all the evaporated material stick to the substrate
surface; or a film of the non-volatile component, if the
volatile component does not stick to the substrate at the
substrate temperature used. The films of the former type
may be annealed in an inert atmosphere (to prevent the eva
poration of the volatile component and also to avoid any
chemical reaction with the ambient gases) at a suitable tem
perature to reproduce the compound. This process, although
successful in the case of certain compounds, is rather time
consuming. Deposition ofhigh melting point carbides and
nitrides is another area where single source evaporation is
not practicable because of the lack of suitable support
materials for evaporation which can withstand the high tem

peratures needed for evaporation.

As a result of these difficulties a number of

experimental techniques have_been devised to synthesis the
compound from their components, which on the one hand elimi

nates the decomposition problem and on the other hand elimi
nates the use of high temperature sources. The first method

to appear in this context was Gfinther's ‘Three Temperature
Method‘ (TTM) and is based on the fact that continuous



condensation of a given vapour at a given deposition rate
is possible only if the substrate temperature drops below
a critical temperature. Differences in magnitude of these
critical values make it possible to condense a given vapour
or combination (i.e. a compound) preferentially on the sub
strate surface. This technique was the forerunner of modern
day Molecular Beam Epitaxy (MBE). TTM has now been so per

fected that it is now possible to deposit certain III-V
1

compounds (InSb and InAs) at rates approaching 1/u min" ,a
rate which is comparable to vapour phase epitaxy.

One of the disadvantage of this process is the
low chemical reactivity of the components_and hence the need
for high partial pressure of the volatile element. It is
found that when high deposition rates are needed, the incre
ased partial pressure affects film properties like hardness
and refractive index, even though stoichiometry is maintai
ned. To overcome these difficulties Prof. Bunshah of UCLA

introduced the technique of Activated Reactive Evaporation
(ARE) where the components are activated by an electric dis

charge. This allowed him to deposit Tic films by reactively
evaporating Ti in an atmosphere of acetylene at high deposi
tion rates. It must be mentioned that without the electric
discharge; compound formation itself was not possible.

One further improvement in this type of techniques
came as Reactive Ion Plating (RIP). Here the ionized corne
nenfs are accelerated to the negatively biased uubstrates
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and films with good adhesion, high microhardness etc. could
be formed by this technique.

In continuation of the work in this laboratory on
the preparation and study of semiconducting compound thin
films by the three temperature method, it has been thought

fit to pursue the work on certain semiconducting compounds
where component elements have widely different vapour pre

sures. And in this thesis is reported the work on the pre
paration and study of thin films of sulphides of tin, copper,
and indium.

The first chapter of the thesis gives a resume
of the basic principles of semiconductor physics relevant
to the work reported here. In the second chapter is discu
ssed in detail the reactive evaporation techniques like
ordinary reactive evaporation, activated reactive evaporat
ion and reactive ion plating. Third chapter deals with the
experimental techniques used in this study for film prepara
tion and characterization. In the next seven chapters is
discussed the preparation and properties of the compound

films studied. The last chapter gives a general theory of
the formation of compound films in various deposition tech
niques in terms of the kinetic energy of the film forming
particles. It must be mentioned here that this is of fun
damental importance to thin film deposition and is virtua
lly untouched in the literature.
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CHAPTER-I

SEMICONDUCTOR PHYSICS

1.1 CRYSTALLINE SEMICONDUCTORS

Crystalline material is one having their atoms
arranged in a periodic manner. The_first application of
quantum mechanics to the motion of electrons in solids was

the treatment of conduction of electricity in metals by
A. Somnerfeld /1/. Here the electrons are assumed to move
in a field free space, the fields of force due to the atomic
cores and other electrons being smoothed out except at the
boundary of the solid. These forces are supposed to attract
the electron strongly if it moves outside the boundary.
This theory enabled such phenomena as field emission and
thermionic emission to be discussed in terms of potential
barriers of finite height at the boundary of the solid. But
this theory gives no explanation of the vast differences in
the properties of metals, semiconductors and insulators.

The next step was to take into account the interact
ion of valence electrons with the atomic cores, assuuing
these to be placed at the lattice points of the crystal.
These electrons are still assumed to move independently but
the smoothed out potential used by Sommerfeld is replaced

.by a periodic potential (see figure 1). The particular
feature of a potential of this form is that it is periodic
having the same periodicity of the lattice. Motion of



(a)
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Figure 1: Potential energy of electron in
crystalline solid a) Sommerfeld model
b) periodic potential.



electrons in such a potential was discussed by F. Bloch
/2/ and a most fundamental result which was independent of
the particular form of potential used came to light. It
turns out that inea perfect periodic lattice an electron
may move freely and is not scattered by the individual atoms
of the lattice but only by imperfections in the periodicity
of the potential. The effect of periodic potential is only
to cause an apparent change in the mass of the charge carr
iers.

In S0mmerfeld's theory, the allowed energy levels
lie very close together and their values extend from nearly
the bottom of the potential trough in which the electrons
move to indefinitely high values. When the periodic potent
ial is introduced, however, the energy levels are confined
to certain allowed bands of.energy, separated by regions in
which no energy levels are allowed. For the inner electrons
these allowed bands are extremely narrow and correspond to

the atomic levels; for the valence electrons the bands are
quite broad. The arrangement of levels is shown in figure 2.
Each band consists of many closely spaced levels and for many

purposes may be regarded as a continuum. when we come to

allocate electrons to these levels, however, we must remem
ber that they are discrete and that there exist a definite
number of them. Just as the inner levels in a heavy atom
are all filled with electrons,all the levels in the lower
allowed bands are filled, and it is only the upper bands which
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}....____ ‘Forbidden. energy
band:

I i ! Xlinergy levels , .: 1 ofbound I I
: electrons '
(8) (b)

Figure 2: Energy levels of (a) Sommerfeld
model of metal (b) periodic lattice.
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may be wholly or partially unoccupied by electrons.

Energy band picture of a solid may be arrived
in another way. Suppose we have N atoms or the same kind

far apart and consider a single level of each of the atom.
The allowed levels of the combined system consist of a
single N-times degenerate level, i.e. each electrons has
precisely the same energy. Now if we let the atoms appro

ach, this degenerate level will be split into N by the in
teraction between the atoms. This will be a band of N

closely spaced levels instead of a single.degenerate level.
For the deep-lying levels the perturbation will be very
small compared with the attractive force of the nuc eus and
the splitting will be very small. But in the case of vale
nce electrons, the splitting may be quite large and in fact
neighbouring bands may overlap.

The bands corresponding to atomic levels in.which
there are paired electrons with opposite spins are complete
ly filled. And also various filled closed shells in an atom
correspond to bands in which all the levels are occupied. It
is only bands corresponding to the outer electrons which may

be partially filled. This distinction between completely
filled bands and partially filled bands are used in the ex
planation of the electrical conductivity of solids. To pro
duce conduction, an electron must receive energy from an

electric field. ln terms of quantum mechanics it must be
raised to a higher level. If all the levels in a band are
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occupied this cannot take place unless the electron is
excited to a higher band in which there are free places.
This is highly improbable as it requires energies of the
order of electron volt. Thus electrons can contribute to
current only if there are available neighbouring empty
levels into which they can go. Such materials which have
an incompletely filled band is known as metals.

If the forbidden energy gap E6 between the highest
filled band and the next empty band is large, no electronic
conduction can take place as no neighbouring empty levels

exist into which electrons may be accelerated. These type
of materials are known as insulators. If on the other hand,

the value of E3 is small there is the possibility that elec
trons may be thermally excited into the band above and these
excited electrons can conduct. The number of excited elec
trons would increase with temperature_in a manner governed

by a process having an activation energy of E3 and we should
expect a rapid increase of conductivity with temperature.
Substances behaving in this way was identified by Wilson as
semiconductors /3/.

when an electron is excited from the full band to

an empty band above, the level occupied by the electron is
left vacant so that other electrons may move into it. In an
applied electric field this position left unoccupied moves
in the opposite direction to that in which an electron would
move, and so appears to have a positive charge and is called
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a ‘hole’. Electrical conduction in an ideal semiconductor
thus consists of motion of electrons in a nearly empty band,
and of positive holes in a nearly full band. The top most
filled band in a semiconductor is known as the valence band

and the next highest one, the conduction band.

If we assume that the variation of mobility of
electrons and holes in an electric field with temperature T
is small, the conductivity 5- is proportional to the number
of carriers and hence a variation of the form

¢-- = c--; exp(—Eg/ZKBT) ('1.1.1)

Such an exponential variation of conductivity
had long been known for semiconductors at high temperature.

At lower temperatures, however, a much less rapid increase
in conductivity is observed_and the value of conductivity
may vary enormously from sample to sample. To explain this
Wilson proposed that the low temperature behaviour was due
to imperfections in the crystal due either to mechanical de
facts or to chemical impurities. Wilson showed that impu
rities may produce isolated levels in the forbidden energy
gap, and it turns out that these levels may lie very near to
the conduction band or very near to the full hand. ;A simpli
fied energy band diagram of a semiconductor is shown in
figure 3.

If impurity levels are separated by only a small
energy gap from the empty band, electrons may be readily
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Figure 3: Simplified energy level diagram
of a semiconductor. Two donor levels E
and Eda and one acceptor level Ea are gflown.



excited into this band. Such impurities are called donor
or n-type impurities; If impurity levels lie near the full
band (valence band), and can accept electrons, these may be
readily excited from this band and leave holes behind which
will conduct. Such impurities are called acceptor or p-type
impurities.

The energy required to excite an electron into
the conduction band from a donor level is sometimes so small
that the electrons from all the donor levels are excited and
are in the conduction band at room temperature. If the num
ber of donors greatly exceeds the number of intrinsic elec
trons, the number of carriers will hardly vary at all with
temperature and the variation of conductivity will be due
only to the variation of mobility. Hence for a semiconduc
tor in this condition the conductivity will decrease with
increasing temperature till a temperature is reached at
which intrinsic electrons begin to predominate. Then the
conductivity will begin to rise exponentially. Similar con
siderations also apply to p-type semiconductors.

Intrinsic Carrier Concentration

The Fermi-Dirac distribution function for electrons
in the conduction band is

fe ¢g.exp(EF-ES)/KBT provided Eg-EF )) kBT (1.1.2)

where EF is the Fermi level.
This is the probability that a conduction electron

orbital is occupied. The energy.of an electron in the
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conduction band is

. _ 2.2LR- Eg+ n K /Zme (1.1.3)
where me is the effective mass of an electron and K the
wave vector. The density of orbitals at E is

1 23/2 1/2 A
136(2) -.= 5:5 (Zme/11 ) (E-E5) (1.1.1+)

The concentration of electrons in the conduction band is

n=f
E15

00

De(E)fedE

=-73(2me/h ) exp(nF/kBT)J (E-E8) exp(-E/kBt)dE27': EE
3/2

2)=2(mekBT/27Yh exp (EF-Eg)/kBT (1.1.S)

similarly the equilibrium concentration of holes is given }y

.. . 2 3/2p = axmhksr/awn ) 9XP(-EB./kB_T) (1.1.6)

we multiply together the expressions for n and p to obtain
the equilibrium relation

3 2
nP=l+(Kb'l‘/271212) (memh)3/ 9Xp(-E3/kBT) (1.1.7)



This result does not involve the Fermi level BF
and is known as the law of mass action. Sine: it is not
assumed in the derivation that the material is intrinsic,
the result holds good in the presence of impurities as well.

In an intrinsic semiconductor the numbex of elec
trons is equal to the number of holes. Thus we have from
equation 3.1.? letting i denote the intrinsic case3

3/2 3/Q
hi: pi: 2(kB'I‘/27\"h2) (memh) exp(—Eg/2kBT) (1.1.8)

Impurity Conductivity

Certain impurities and imperfections drastically
affect the electrical properties of a semiconductor as al

ready mentioned. In a compound semiconductor a stoichio
metric deficiency of one constituent will act as an impurity;
such semiconductors are known as deficit semiconductors.

The deliberate addition of impurities to a semiconductor is
called doping.

The most striking difference between metals and

semicouductors is that, in the former, the number of carriers
is large and constant, whereas in the latter the number is
smaller and variable. This variable characteristic suggest
that, in semiconductors, the number of carriers and hence
the conductivity may be controlled. This control may be
effected by control of impurity content.
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R
“semiconductor may contain a

certain concentration of occupied electronic levels which
At absolute zero

lie in the normally forbidden region between the valence
and conduction bands. These electrons are localized_in
the vicinity of the impurities and therefore do not con
tribute to the conductivity unless they are excited to the
conduction band. Similarly a semiconductor may contain a
certain density of holes which at absolute zero of tempe
rature are trapped in levels lying in tue forbidden gap.
These acceptor levels may become occupied by electrons

excited from the filled band. These excited electrons
leave a hole in the valence band and conduction become

possible in this band.

The density of free electrons in the conduction

band due to a donor with activation anergy- E = EC-Ei is
given by

p 1/2 2 3/4
no = (and) (27TmekBT/h) exp(— E/2kBT) (1.1.9)

where nd is the donor density and Ei the donor level. It
is to be noted that nc is proportional to the square root
of donor concentration. A similar expression holds for the
case of acceptors also.

The Hall Effect

When a magnetic field is applied to a conductor
carrying a current, in a direction at right angles to the
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current, an e.m.f. is produced across the conductor in

a direction perpendicular to the current and to the mag
netic field. This effect has become one of the most power
ful tools for studying the electronic properties of semi
conductors.

Let us consider an infinite semiconductor having
an electric current density J in the x-direction and a
magnetic field in the z-direction. If we consider the
effect of the magnetic field on the drift velocity of elec
trons in an electric field in the x-y plane, we see that
there must be a component of the field at right angles to
the current flow to balance the transverse force due to the

magnetic field. The drift velocity vx is equal to -J/ne.
The average transverse force on an electron in the y-direc

tion is then eBvx and the balancing field By is given by

e Ey = eBvx = -BJ/n (1.1.10)
where B is the magnetic induction. The component of elect
ric field E parallel to the current is given by the
equation

J=ne/G1 Ex (1.1.11)
The angle 0 between the current and resultant

electric field is then given by

tan .9 .-.Ey/Ex:-B/ue (1.142)
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measurement.
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angle 0 is known as the Hall angle.

The Hall effect is described by the Hall

constant RH defined in terms of the current density J
by the equation

23 = RHJB (14.13)
where EH is the Hall field. If t is the thickness or the
film and W its width, if Va is the Hall voltage and I the
current,

therefore

EH: R83 9/us‘: -B/ue Ex

RH = -1/ne (1.1.15)
This equation holds.exactly only when relaxat

ion time is not a function of the velocity. we generally
have to include a numerical factor r which varies hetween
1 and 2 according to the type of scattering which predomi
nates. Apart from this uncertainty, we may obtain from a

measurement of the Hall constant the important quantity ne
giving the electron concentration in the conduction band.
The sign of the Hall constant tells whether we have an

n-type or p—tyre semiconductor.
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Since<r': nee/1, by measuring the conductivity
of the sample along with the Hall constant, wv can deter

mine /u, the mobility of the carriers.

Qptical absorption in crystallinedmaterials.

The various ways in which light interact with
matter are of obvious practical interest, whether absorpt
ion, transmission, reflection, scattering or emission. The
study of the optical properties of solids has proved to be
a powerful tool in our understanding of the electronic and
atomic structure of solids. Among the most important para
meters characterizing a semiconducting material is the
value of its fundamental energy gap as well as the position
of the band extrema in momentum space. .The measurement of

optical absorption provides the most accurate way to deter

mine the gap value. It is also possible_to get information
about the relative position of the extrema, although for
the evaluation of the absolute position, cyclotron resonance
must be used.

A plane electromagnetic wave travelling in an

absorbing medium can be represented by the eduations for
electric and magnetic field

E: Eoexp-i (K.r -wt) (1.1.16)
H = HO exp - i (K.r -cut) (l.1.17)

where K «s the complex propagation vector K = K,+i K2
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The above equations are solutions of Maxwell's equations
for the electromagnetic field in a medium with magnetic
permiability unity.

The complex dielectric constant

Ezzfa + i 8:: 8 +21 £LEE:. {1.1.18)1 2 1 cu
with the frequency dependant conductivity 5-'describen *he
response of the medium to the driving field D = EB. The
complex refractive index is defined as1/2 N = n + ik ='E (1.1.19)
where n is the real refractive index and k, the extinc
tion cofficient. The optical constants n and k are real
positive numbers and can be determined by optical measurements.

From these we obtain

81 = n2 - k2 (1.1.20)
5 -.- ...._..“u7:°' = 2n}: (1.1.21)2

For homogenous plane waves

= £1...f:£L = kw .. .IK1l C , (K2! .7. (1 1 2.2)
Inserting these in the equation for the electric component
5f the wave, we get,

Ex  Eoxexp iw(nxc"1-i;) exp(-wxxc“) (1.1.23)



This form represents a wave travelling in
x—direction with velocity (c/n) which is attenuated by
exp (-uJkx/c ). The absorption coefficient $3, defined
by the relative decrease of the intensity per unit distance

in the propagation direction through I = 10 exp(...c,;),
is then

at? = Lark/7\ (1..1.2lo)
A survey of photon absorption processes in solids

Figure 6_shows the absorption spectrum of a
hypothetical solid - a semiconductor to which a magnetic
field may be applied and is antiferromagnetic at some low
temperature. Semiconductors show all the optical proper
ties of insulators and metals though not to the same degree.
The main features are as follows:

(a) In the UV, and sometimes in the visible or IR, is
a region of intense absorption which arises from
electronic transitions between the valence and conduct

ion bands. Such transitions generate mobile e}v:zrvnw
and holes which results in photoconductivity. The
absorption coefficient is typically in the range 105
to 106 cm"1. On the high energy side of the band (around

20 eV) there is a smooth fall in absorption over a
range of several electron volts. On the low energy
side the absorption coefficient falls more rapidly and
may fall as much as six orders of magnitude within a few
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tenths Of an eV. This low energy boundary of the
fundamental absorption is referred to as the.absorpt
ion edge. The limit of the absorption edge corresponds
to the photon energy required to promote electrons

across the minimum energy gap 38.

The absorption edge region often show some structure,

in particular that due to excitons. Exciton absorpt
ion is more pronounced in insulators, particularly
in ionic crystals, and can lead to strong narrow-line
absorption as in atomic spectra.

As the wavelength is increased beyond the absorpt

ion edge, the absorptirn starts to rise slowly again.
This increase is due to electronic transitions within
the conduction or valence bands and is known as free

carrier absorption and extends throughout the infrared
Its magnitudeand microwave regions of the spectrum.

is a function of the mobile electron (hole) density.

In the 20-50/u region, due to the interaction between
the incident photons and the vibrational modes of the
lattice a new set of absorption peak occurs. If the
crystal is ionic the absorption coefficient may reach

1105 cm" and strong reflection occurs. Homopolar
crystals show such features but with much lower absorpt
ion coefficients.
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(e) Impurities give rise to absorption. Absorption
due to a shallow impurity with an ionization
energy 0.01 eV is shown in the figure and the
absorption will be observable at low temperatures.

.(f) Absorption may occur in solids due to electron

spin reversal. Thus a solid containing paramagnetic
impurities will show absorption lines in the-pre
sence of an external magnetic field which splits
otherwise degenerate spin levels. In an antiferro
magnetic material_where there is a substantial
internal field, the spins are coupled together and
there is the possibility of the collective excitat
ion of the spins. Such collective excitations are
called spin waves or magnons.

(g) Enhanced absorption by mobile carriers in the
presence of a magnetic field may occur and is
referred to as cyclotron resonance.

Ihe fundamental absorption

We now consider transitions in which an electron

is excited from the valence band to the conduction band with

absorption of a photon of energy approximately equal to E8,
the energy of the forbidden gap. Here we must distinguish
two types of transitions, those involving only one (or more)
photons and those involving also lattice energy in the form
of phonons. Transitions involving no phonons we call
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direct transitions and those involving phonons indirect

transitions. ewe must also distinguish between two types
of semiconductors since their behaviour is rather differ
ent; the first type consists of semiconductors which have

the same value of Kmin of the wave-vector K (usually K=0)
for the lowest energy state in the conduction band, as for
the highest state in the-valence band (K ): the secondmax

type consists of those semiconductors for which this is
not so. (See figure 7)

Qirect transitions

In an absorption process, crystal momentum must

be conserved. The momentvm Pp given by the incident photon,
is equal to (h/2»)i, where .1 is unit vector along the di
rection in which the photon is travelling before it is
absorbed and IR is the waveelength of the incident radiat
ion. The equation expressing the conservation of momentum
is then

P2-P‘ =-. (h/7g)i_ (1.1.25)
where P1 and P2 are the crystal momenta associated with the
states occupied by the electron before and after absorption.

The probability 0? a transition taking place under a pertur
bing potential F is proportional to the matrix element

lMif|2, where

:4”: fwirvf dr (1.1.26)
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Figure 7: Valence and conduction band
edges of the two types of semiconductors.
(a) direct gap semiconductor (b) indirect
gap semiconductor.
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and¢Wi and m% are the initial and final wave-functions.
In this case F has the form

F = A exp [27Ti(r.j)/)3

"W = UK1{r) exp[i(K1.rfl

/Vf: UK2(r) exp[1(K2.r)]

the integral therefore contains the factor

exp[i(K1-K2+ 2 7&3/a)-r]

which varies rapidly and periodically unless

K1-K2+27rj/3 = 0 (1.1.27)
Unless this equation is satisfied the matrix element will
be very small. In transitions from one band to another, we
thus see that only vertical transitions are allowed and we
may have a selection rule ZSK = O. This is illustrated in
figure 7(a). If an electron is in a state with crystal
momentum P in the full band, it goes into a state with

1

crystal momentum P in the conduction band leaving behind a
1

hole in the full band. The velocity of hole is equal to

-P1/mh so that the electron and hole move off in opposite
directions. In this case the minimum frequency for which

such a transition will take place is given by h1!=.Eg, so
that absorption edge begins at this frequency.
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It is of considerable interest to determine the
form of the absorption curve as a function of wavelength
immediately on the short wave side of the edge. The form
depends on whether the transition is allowed or not, apart
from the momentum condition, i.e. on the form of the funct

ions UK1 (r), UK2 (r). If these are such as to give an
allowed transition then the probability of transition
between two such states is very nearly independent of K.

Let us consider_transitions from the valence
band originating from states having values of K in the
interval K to K + dK. The energy of a photonxequired to
induce a transition is then given by

h'19 = EC (K) - Ev (K) (1.1.28)
The probability of absorption of a quantum in the
frequency interval d\’is then proportional to the number
of states in the valence band with energies lying between

-Eg -E‘ and -Egr-E‘ -dE'. Let us assume for the moment that
the conduction band is flat near K = O, i.e. EC (K) is a
constant. Then if we write

Ev (K) = -E3’-E’ we have,

-hd'L9 = dB‘

The number of transitions Ntd‘|9 in the interval an is then
given by

Ntd‘l9= P um) dE' (1.1.29)k



where N(E') dB‘ is the number of states with E‘ in the

interval E‘ to E'+dE' and PK is the probability of transit
ion.

But
1/2N(E') = AB‘ (1.1.3o)

where A is a constant. Absorption coefficient «Ed may
therefore be written in the form

. 1/2‘
oCda = A'PK (ht? - E8), h?! > Eg

fl\ B1= 0, hi’
there A‘ is a constant.

Allowed transitions take place, for example,
if the valence band wave functions are derived from s-states

of the individual atoms, and the conduction band wave funct

ions from p-states; if the latter were derived for example,
from d-states the transition would not be allowed. In this

case it may be shown that when K = 0, PK = 0, but as K
departs from zero, the transition probability is proportional

2
to K , i.e. to (EU «- Eg). Thus we may write

P -.- const. (M! -13) (1.1.32)K 5.
so that the absorption coefficient «J%fis given by the
equation
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Jldf =.- cum -Eg)3/2 (1.1.33)
where C is a constant.

Indirect Transitions

Let P be the crystal momentum of an electron
1

before transition and P2 the momentum after transition.
To conserve the momentum an amount (P1-P2) must be supplied
by the lattice. This may be achieved in two ways, either

by absorption of a phonon of momentum -(P1-P2) or by emi

ssion of a phonon of momentum (P1-P2). Let us take K‘ = O,
K = P2/h = K then a phonon whose wave number is Kmi2 min’ n
must be absorbed or emitted. The minimum frequency for

which a transition may take place is now given by11:- ,h . Eg Ep (1 1 34)
for absorption of a phonon, and by

h'U-= 33+-Ep 0.1.35)‘
for emission of a phonon. EP is the energy of the phonon.
The lowest value of hv for this type of transition is
given by equation 1.1.34». which defines the edge of the
fundamental absorption hand.

If the wave-vector Kmin is well separated from
K = O, the transition probability between a state with a
small value of K situazed near the top of the valence band
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and a state with K = K -K‘ situated near the bottom ofmin

the conduction band will not vary very rapidly with K and
K‘, and may as a first approximation be taken as a constant.
The absorption coefficient then depends on the density of
states from which transitions may take place and on the re
lative probability of emission and absorption of phonons.

The number of states in the interval dE is,

Nc(E) dE = an‘/ads = a(hv -Egisp-Ev)‘/ad}:

where a is a constant. To find the total number of pairs
of states between which transitions corresponding to a
frequency between 19 and l9+ d1? may take place, we must

integrate with respect to E‘ over the portion of the valence

band for which the relation. hi’: Eg 1 Ep+ E+E' can be satis
fied. The largest possible value hi of E‘ is given by

En: : hi’ -Eg-_I-_Ep (1.1.36)
the negative sign being for phonon emission and the positive
sign for phonon absorption.

The total number of pairs of states §Ndfl between which trans
sitions may take place is given by

2;.

N('t9‘)d’t!= aa'h avg (Bi;-E').1/2E‘1/2dE':fDE!;l2d1J 0.1.37)
where D is a constant and a'E'1/2dE' the density of
states in the valence band in the interval dB‘. The absor
-ption coefficient for transitions with phonons is therefore



proportional to (M! -E +;~.2p)2. It is also proportional toS

the number Np of phonons of energy Ep present, which is
given by

Np = 1/ exp(Ep/kBT)-1 (1.1.38)
The contribution to the absorption coefficient JD is there
fore given by

.A(hv -2 +3 )28 P 117!) E+E
ia exp(EP/kBT)-1 3 P

= 0 11115 Eg"'Ep (14.39)
where A is a slowly varying function of‘? . The ratio of
the probabilities for emission and absorption is equal to

(Np+1)/Np.

The contrihution~£ieto the absorption coefficient is given by2A hv -E -E( g P)£. :  > E ‘FE
16 1-exp(-Ep/KBT) 5 P

~.-o h'\’$ ramp (1.1.L+o)
In the case of forbidden transition, it may be shown that
the absorption coefficient is given by

e 3W (1.1.l+1)
if 1—exp(-Eb/kB$)
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Thus an experimental determination of the funct.

iogl dependence of absorption coefficient AC on photon
energy h?’ at the absorption edge can give information
about the relative positions of conduction band minima and
valence band maxima and also information about the individ

ual atomic wave functions from which the valence band or
conduction band wave functions are derived. Knowledge of
the type of wave functions from which valence and conduct

ion band wave functions are derived together with a structural
knowledge of individual atomic positions can be used in
theoretical band structure calculations to get a full picture
of the band structure of the material.

1.2 ANO3EHOU§ SEMICONDUCTOE§.

The ideal, infinite crystal is characterized
by the regular arrangement of the atoms in the lattice.
Two aspects of this order are important. (1) Short range
order; this is due to the regular arrangement of lattice
atoms in the immediate vicinity of the particular atom
considered. It determines the crystal field in which the
atom is embedded. (2) Long range order; this is due to the
strict periodicity and hence the translational invariance
of the crystal lattice. Long range order connects the short
ran e order in such a way that atoms at equivalent lattice
have the same surroundings in the same orientation.
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Long range order is very important for the
theory of band model. But strict long range order scarcely
influences the physical properties of the solid. In reality
a crystal is always perturbed, be it by the finite extent
of the crystal or by the elementary excitations as dynamic
perturbations and by point imperfections as static perturbat

ions. A.lattice is referred to as ordered if it is possids
to explain the characteristics by starting with an infinite
lattice with ideal long range order as the zeroth approxi
mation and to include the dynamic and static perturbations
by perturbation theory. An arrangement of atoms is called
disordered when this approximation is not meaningful.

The two dimensional cubic point lattice shown
in figure 3(a) has three important signs of order. A«i
lattice atoms are equal, the neighbours of a particular la
ttice atom are arranged in a geometrically fixed short range
order5 and the coordination number, i.e., the number of
nearest neighbours, is the same for all atoms. The first
sign of order is absent in figure 8(b): two sorts of atoms
arelfizmistically distributed-over the available lattice
sites. This type of disorder is called compositional. Fi
gure 8(0) illustrates another type of disorder: positional
disorder. Here all the lattice atoms are same as in the
ordered lattice, but the geometric arrangement is statistica
lly disturbed. Positional disorder is the characteristic
of amorphous solids. A further sign of disorder can be
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Figure 8: Possible types of lattice disorder:
(a) orderd lattice, (b) mixed crystal format
ion by statistical distribution of two sorts
of atoms over the lattice sites: compositio
nal disorder, (c) positional disorder by dis
tortion of the lattice, (d) topological dis
order with simultaneous formation of dangling
bonds.
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added to positional disorder, namely topological disorder.
Here the topology of the lattice is perturbed. In addit
ion to the four-atom rings which are characteristic for
the cubic net, figure 8(d) shows the appearance of rings
with five or six atoms. If the coordination number is not
maintained, individual valences remain unsaturated (dangl
ing bonds). These form additional localized defects and
are similar to vacancies in an ordered lattice.

In the disordered solid, in contrast to crysta
lline infinite medium, localized states can occur. In
crystalline media a single imperfection leads to the spli
tting-off and simulataneous localization of a state from
the band edge. with increasing number of imperfections the
number of localized states outside the band increases. The
defect levels combine into a band (impurity band) which can
overlap with the band of the delocalized states if the
defect concentration is sufficiently high. We can imagine
that the same phenomenon occurs with increasing disorder of
a lattice. The states at the edge of an energy band becomes
localized first, and simultaneously shift into the energy
gap. The bands thus acquires tails with localized states at

its top and bottom edges. A distinct energy Ed separates
localized and extended states.. If one approaches from the
extended state side, the mean free path becomes smaller.

However, since the mean free path cannot become smaller

than a lattice constant, a minimum conductivity cg‘ remains.
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Below Ed the states are localized. The conductivity at
absolute zero of temperature is then zero. At Ed an
abrupt step occurs in 6‘ and hence in mobility. Accord

ingly Ed is referred in the literature as mobility edge.

In energy ranges where the one-electron states

E1 are localized, the wave-vector K is no longer a good
quantum number. A band structure function E(K) can then
not be introduced, nor can the derived concepts like effect
ive mass, crystal momentum, etc. As long as the one electron
states can be defined, the density of states concept is valid.
Its general definition is

gas) = 3- 2, 3(1)-Bi)3 vi

Both experiment and theory show that, as in the
crystalline case, bands of delocalized states can exist.
Tails with localized states are attached to their edges.
Between the tails of two adjacent hands a region without
states, a gap, can occur, or the tails can overlap (pseudo
gap). Models for density of states in amorphous semiconduc
tors are given in figure 9.

Qemperature variation of D.C. conductivity

In an amorphous semiconductor, three mechanisms

of electrical conduction can be distinguished /4/.



Figure 9: Possible density of states in
amorphous semiconductors (a) localized statesat the ed es of the valence and conduction
bands, (b overlap of the tails of the loca
lized states, (c) additional impurity band oflocal defects.
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Conduction due to carriers excited beyond the mobility
shoulders into extended states. If the main current
is carried by holes, we expect

6'' =-6'0 exp-(EF-EV)/kB‘I' (1.2.1-)

the pre-exponential factor.gB is expected to be
given by- .2

e"6¢._,9_._Q..é_s.~
haE

for a coordination number 6 and is the distanceas
between the localized states. In generals‘; may lie

1 -1between 100 and 500 _nf cm in most materials.

Conduction due to carriers excited into the localized

or Ev.
current is carried by holes, and conduction is by hopping,
states at the band edges,i.e. at EC If the main

G"=¢"' (1.2.2)1 exp-(BF-EB+ A W1)/kBT

where A W]
is the energy at the band edge.

is the activation energy for hopping and EB

An estimate ofa1 is not easy to make, but is
expected to be a factor of 102-10“ less than 5-0. This
is partly due to an effective density of states lower by

a factor ca (EB-Ev)/kér, but mainly by a lower mobility

A
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Conduction due to carriers tunnelling between locali
zed states near the Fermi energy. This is the process
analogous to impurity conduction in heavily-doped semi
conductors,_andwe may write

5.’ '=: 6'2 r>xp(-AWE/kBT) (1.2.3)

where 6'2 £5-'1' and AWE is the hopping energy of
the order of half the width of the defect band shown in
figure 9(c). A .st'raight'line in a plot of In 6-‘against
1/T is expected only if hopping is between nearest neigh
bours. As the temperature is lowered, it may become
favourable for the carriers to tunnel to more_distant

sites, zswa will fall and ultimately the conductivity
is expected to behave like

lnr'= A - BT"/4 (1.2.4)
Knowledge of activation energy needed for con

duction and the value of the pre-exponential factor at diff
erent temperature ranges provide us information on the type
of conduction occuring in the concerned temperature range.

Optical absorption in amorphous semiconductors

In disordered solids we can distinguish three
characteristically different regions of absorption (Table I,
figure 10 and 11) i/5/.



optical

I transitionsE-——> (A)
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Figure 10: Optical transitions in disorderd
materials (see Table I).

Figure 11: Shape of the optical edge of
disorderd material (see Table I).



TABLE I

Optical transitions in disordered semiconductors

I1

“‘::Z‘:::“£“ “::Z:iZ“.: 4': "'4 .3 €2<w>

C 1 Localized Localized expCWVE1)
B 2 Extended Localized exP(W/E2)

3 Localized Extended
A L. Extended Extended (w -E‘)’
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The transitions from localized into localized

states are important in explaining the shape of the E2
curve for small photon energies. This region is very
difficult to treat theoretically and experimentally. Us
ing exponential valence and conduction band tails one can
estimate the absorption coefficient.

woC<w> ~expcu3/3,) (1.25)

where E1 is some characteristic temperature dependant
parameter, (E1 ¢290.1 eV). For transitions between loca
lized and delocalized states (and vice versa) one can also
derive an exponential law, by using exponential density of
states for the localized states and a free electron density
of states for the extended states.

uJaC(l.a‘~.t) ~.exp(°-U/E (1.2.6)2)

For transitions between extended valence states

and extended conduction states we can assume a power law to

hold, i.e. , rv
nvxE) nv (Ev-E)i

Tc
nc(E) ~ (E—Ec)

Then with constant matrix elements,

r +r +1
woC(uu) ~(E-E3) " ° (1.2.7)



with a phenomenological optical energy gap E3

r = r =1/2 we obtainV C

wa£(w) ~ (E-E8)2

This is the so called non-direct transition law.

For

(1.2.8)
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CHAPTER-II

E C V EV DOR T ON MET ODi

Reactive evaporation is a variant of Gfinther'a

Three Temperature Method (TTM) /1/ and is based on the
fact.that continnouscondensation of a given vapour at
a given deposition rate takes place only if the substrate
temperature drops below a critical value. Differences
in magnitude of these critical values, which are funct
ions of the interfacial energies, make it possible to
condense a given vapour type or a combination (i.e. a
compound) preferentially on the substrate surface.

The condensation flux NK of a given vapour on

a given substrate, exceeds zero only if the ratio p/pa of
the actual vapour pressure p and the equilibrium pressure

pe exceeds a critical value qc.

i.e. NK9> 0 if (p/pe)‘> qc (2.1.l)

since this pressure may be related to the substrate
temperature, it can be shown that the condition for pro
gressive condensation at a given substrate temperature

involves exceeding a critical incident flux, i.e.,

N -_— o if N 4 N ('1') (z.1.2)K + +c
NK > o if N+ > N“: (T) (24.3)
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where N+ is the incident flux and N+c is the critical
value of incident flux. If the flux exceeds N+c, the
gnndensation flux rises rapidly and appru;«h:n a maximum
value given by

NK max =(4 (N+-Ne) (2.1.u)
where J} is the condensation coefficient and N6 the
number of reevaporated atoms.

The state of affairs described above and
illustrated in figure 1 may be represented in terms

of a critical Lemperature TE assuming a constant incident
flux N+

MK -.= o if’ 1-). 1-c(ive+) (,...1.\5)

Nk > o 11' ‘l‘< 'l'c(N.+) (2.1.6)

Ihus by analogy with figure 1, the condensation can be
represented schematically as a function of substrate

temperature as in figure 2,i.e.,after dropping below the
critical temperature Tg, condensation sets in spontani
ously and quickly approaches a maximum.

Suppose the vapour phase consists of two

components A and B and both being incident on the subs
trate under consideration. If the vapour density is
low enough, we may neglect collisions between particles



Ta const.

Figure 1:
NK

(m%%(mmu N,
Variation of condensation flux

with flux N+ of incident particles.
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of the components A and B in the vapour phase. However

interactions can take place between such particles with
in the adsorbed stage on the substrate surface. These
interactions may lead to the formation of molecules

where AB stands for all possible compounds An Em. A
rough estimate of the interaction probability on the
surface gives a density

nAB = const. nAnB‘D (2..1i.8)
where nA and n3 are the number of adsorbed atoms A and B
and 5 the mean diffusion coefficient. This estimate is
rough.because we are not considering the energies of the
particles and we know that only if the particles collide
with sufficient translational energy they will react to
form the compound molecule. Since the number of adsorbed

atoms is proportional to actuallvapour pressure p, or the

incident flux N+ of the particular vapour, the density

nAB should also be proportional to the product of incident
fluxes (N+A N+B) or vapour pressures (pApB).

In order to estimate the critical values which

now apply, the equilibrium pressures pea, peB of the

components and peAB of the compound must be considered.
peAB usually corresponds to the dissociation pressure of



(J1 #9

(/\/+ = const)

Temperature T

Figdre 2: Variation of condensation flux
NK with substrate temperature T.



the compound and is equivalent to the pressure of the
more volatile component (say, A) in equilibrium with
the compound. In most cases, this value is much lower

than the equilibrium pressure peA of the pure component A.
Thus the critical values of one component A in the presence
of the other component B should vary as follows:

NW‘ (B) << NWA (22.1.9)
TCA (B) > TCA (2.1.10)
This means that it w111 be possible to condense

A (in combination with B, of course) at a lower critical
flux in the presence of B for a given substrate tempera
ture. Or in terms of substrate temperature it means that
a higher substrate temperature may be used to deposit A
in combination with B for a given flux of A.

At a given substrate temperature T and for

incident fluxes N+B' ( N , no condensation of any+cB

kind is possible while the_incident rate N+A is 10!. HoI~

ever, at a critical value N+cA (B), sufficient molecules
AB are formed on the substrate, and nucleation and pro
gressive condensation of AB starts. This critical value

N+cA (B) itself depends on the incident flux of the
component B. with further increase of N+A, no increase
of condensation flux NK is possible until, with N+A)-N,cA,
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Figure 5: Condensation diagram for two
incident components A and B.



condensation of unreacted A takes place,

5‘?

Figure 3 shows

the condensation diagram for two incident components A

and B for a given substrate temperature .

The plus points of reactive evaporation include
the following.

(1)

(2)

(3)

Elimination of the synthesis of the compound prior
to deposition. This is advantageous because the tedi

ous and sometimes expensive metallurgical process
which needs high temperature rocking furnanes and
facilities to seal the ampoule containing the reac
tants at high vacuum (10-5Torr), is eliminated.

High temperatures (I) 200000) are frequently needed
to evaporate high melting point carbides, nitrides,.

and oxides. If resistive heaters are used, the film
will get contaminated because of the evaporation of
the heater itself. And also it may not be possible
to get high evaporation rates which are essential in
industrial processes. Reactive evaporation overcomes
this defect, because almost all the metals evaporate
below ISOOOC with sufficient vapour pressure, so that
high deposition rates of the compounds are possible.

The decomposition of the compound on heating in

vacuum and consequent loss of the original composit
ion in the films are inherently not present. It
must be mentioned that TTM and reactive evaporation
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(5)

(6)

(7)
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were originally developed to overcome this disadvan

tage in ordinary evaporation technique.

The lowest substrate temperature possible is dictated
by the condensation temperature of the more volatile

component and is usually low (eg. 02, S2, and Sea)
and consequently this method can be used as an effici
ent technique for the preparation of amorphous films.

Dopants can be evaporated simultaniously at a sui
table rate and thus a uniform dispersal of the dopant
can be easily achieved.

Film growth;can be started and stopped abruptly and
hence abrupt interfacfs are possible.

In general, different compounds in a binary or ternary
system may be prepared by adjusting the evaporation
rate of the individual components and substrate tem
perature.

The technique has now been so perfected that it
is possible to deposit epitaxial films of certain compounds
(InAs and Insb) at rates approaching that of vapour phase
epitaxy (0.5 -1 micron mifiJ ) with excellent carrier
mobilities /2/. If this high rate of deposition can be
extended to other III-V compounds like GaAs and InP, it
will be possible to dispense with UHV conditions, where it

is solely used for-preventing the incorporation of



impurities in the growing film.
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This will certainly
give a boost to semiconductor heterojunction laser
technology which now requires costly and time consuming
MBE.

This technique which has been so successfully
used in the case of many technologically important com
pounds suffers from the following drawbacks which arise‘
from the low chemical reactivity of the particles used
for film formation as discussed in chapter XI.

(1)

(2)

(3)

The use of large volatile flux and consequent wastage
of the volatile element.

when high.deposition rates are needed, large vdbatile
flux leads to the use of high volatile partial pressure
(10"“ to 1O'2Tbrn) which reduces the mean free path
and also scatters the non-volatile beam away from the
substrate surface. Also the high pressure in the
vacuum system reduces the evaporation rate of the non
volatile component.

Because of the high volatile elemental pressure, some
unreacted volatile flux may get entrapped in the grow~
ing film which will have drastic effects in the film
properties. It has been reported that refractive index,
hardness etc. of T10 .films prepared by this technique2

decreases_as the oxygen partial pressure is increased to
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get high deposition rates /5/. Though this has
been explained as due to the large number of
collisions T10 molecules suffer in the gas phase
and consequent lack of energy of the particles, it
seems that this is due to the entrapment of unreacted
volatile element (here oxygen) in the growing film.
And that explains why the films have a lower hard
ness and refractive index.

Chemical reaction rate may be increased in

two ways. The first method is by increasing the translat
ional energy of the particles so that they can overcome
the potential barrier and the second method is by lower
ing the potential barrier itself so that particles with
very low energies can react.

It may not be easily possible to enhance react
ion rate by increasing the substrate temperature so as
to increase translational energy, as this will lead to
increased dissociation of the compound formed and also
increase chemical reactions with the underlying subs
trate. Stability of the substrate at high temperature
is another problem which has to be taken into considerat
ion. One way to increase the translational energy or
the particles is by increasing the source temperature.
But the associated increase in rate of evaporation must
be prevented and this can be achieved by using flash
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evaporation like techniques. But the practical kinetic
energies attainable by this technique is limited to 0.2
to 0.3 eV. The most versatile way of increasing the
kinetic energy of the particles is by ionizing the par
ticles with electron beams or suitable radiations and
accelerating them in electric fields.

Historically the first method which used some
of these techniques to increase chemical reaction rate
is the activated reactive evaporation /4/ of Bunshah and
Raghuram. Their original set up is shown in figure A.
The secondary electrons from the molten pool of the metal
is attracted by a low voltage probe (biased positively
around 100 V) and these electrons ionize the reactive gas
atoms generating a thick plasma. Because of the presence

of the plasma, chemical reaction rate is very much increa
sed and Bunshah and Raghuram could deposit TiC at a rate

of 12/u min'1 at a source substrate distance of 15 cm
using this technique. It may be mentioned that using or
dinary reactive evaporation, titanium and the reactive
gas used, acetylene, do not react to form the compound.

Let us analyze this process in some detail.
It will be.shown in Chapter XI that the reacting species
must posses a certain amount of translational energy to
overcome the potential energy barrier for reaction. It
is also shown there that the reaction rate should increase

if we increase particle energies. In ARE the ions are
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not accelerated to the substrate as may be seen from
Figure 4. This is because usually ions are positively
charged and will be attracted only to the negatively
charged pool of the metal and this is in a direction
opposite to that of the substrate. .Moreover, the appli
ed electric field is confined to a small region above
the source of secondary electrons and ionization of the

atoms predominantly take place beyond this field. Hence
the only increase in translational energy of the atoms

is from collisions with electrons. Consider, for simpli
city, an electron colliding head-on with a gas atom at
rest. From the principle of conservation of momentum,

mv + MV = mv1 + MV1 (2.1.11)

where m ands M are the electronic and ionic mass ands

v, v1 and V, V1 are the initial and final electron and
ion velocities respectively.

From the principle of conservation of energy,

1

2§.mv3= ‘ MV2 ¢ w (2.1;12)mv‘12+ , P

where W? is the ionization energy of the atom. Solving
these.equations for V1, we get,

”2* 2 ' 21‘ A
Mv + c v - 2M (1+m.)wpe= l’ (2»..1.13)‘ M ( I + ” )V
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Since fl is a large cuartity, V, can be approximated1'3

to

v = 2m[ v j_..;-.r - awn/m] /M (2..1.u.)

Substituting typical valves, it may be seen that, the
increase in kinetic energy of the particle is approxi
mately equal tr 0.7 eV which is less than the thermal
energ of the particle.

Hence we have to look for other causes for a

3 large increase in chemical reaction rate. In ordinary4 (D w

reactive eveneration, the particles are not ionized and
they have ts collide with sufficient translational energy
to overcome the potential barrier (see Chapter XI). But
when one of the particles is ionized, the activation
energy necessary for chemical reaction become very low
or equal to zero. In other words for ion molecule react
ions, the potential barrier is very low or does not
exist at all. This is because of an inverse fifth power
attractive force arising from point charge-induced dipole
interaction between the inn and the molecule /5/. This
long-range attraction, greatly increases the rate of
collisiens above what xould usually obtain if both the
particles were ground state neutrals, and is responsible

‘J large cross sections (10-1%/cmz) of many

ion-molecule reactions at thermal energies. So c» Lision
rate is increased and almost all collision leads to a
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reaction and also the reaction rate is nearly independent
of temperature. In the case of a plasma as used in ARE,
the velocities of ionized and neutral particles obey the
Maxwellian distribution of velocities (because due to
collision with electrons, the velocities of the atoms or
molecules are not changed much) and the rate constant is
approximated by Gioumousis and Stevenson's formula /6/

/21!: 27te(.C,,//111,)‘ (2.1.15')
where £5 is the polarizability of the molecule,/ur the
reduced mass of the colliding pair and e: the electronic
charge. From this expression, a rate constant of about,
10-9 cm} sec'1 can be predicted for most collisions of
ion with non-polar molecules. In order to get an idea.
of the increase in reaction rate due to ionization, this
rate constant must be compared with bimolecular reactions
involving atoms and radicals which have rate constants-1 - of the order of only 10 1 -40 1# cm} sec 1.

Though chemical reaction rate is tremendously
increased, making it possible to get high deposition rates
by the use of ARE, there is still the problem of amorphous
areas and unreacted species getting entrapped in the grow

ing film. This, as we know, will adversly affect film
properties. It is well known that if the substrate tem
perature is so chosen that the reevaporation of amorphous



and unreacted areas are favourably increased, high
quality films can be obtained. It is also found that
if the ratio of substrate temperature T to the normal
boiling point of the compound T5 is approximately 0.33,
films with optimum properties are obtain I /7,9/. This
particular substrate temperature will also increase
‘diffusion into the reevaporated areas and microhole free
films with good carrier mobility etc. can be obtained.
If too high a substrate temperature is chosen, the cry
stalline areas of the film itself willrreevaporate and
film quality will be poor.

If highisubstrate temperature is not practicable
for any reason, another way to obtain almost all the
beneficial effects of high substrate temperature is by
giving additional kinetic energy to the ionized and neut
ral particles by accelerating the ionized particles to
the substrate and making it collide with neutral parti
cles before they reach the substrate surface. Such a
method is known by various names like Biased Activated

Reactive Evaporation (BARE) /10/ or Reactive Ion Plating

(RIP) /11/. In this method, the substrate is kept at a
high negative potential (around BKV) and the ions.are
accelerated to the substrate. An analysis by Teer /12/
showed that for a typical system with an applied voltage
of SKV and a gas pressure of 10.2 Torr, the ions lose
almost 90% of the energy by transferring their energy to
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neutral atomsin traversing the cathode dark space. If

the mean free path §{Oand the length EC of cathode dark
space are assumed tote 0.5 cm and 10 cm respectively
under the conditions given above, a total number

(ZC/)b)NO : 20 NO of energetic neutrals are produced,
where NO is the number of ions leaving the edge of the
cathode dark space towards the cathode in unit time. The
average energy of the ions arriving at the cathode is

approximately (VC/ZC) 2 2b: 300 eV and of the neutral

particles is VC(ZC-2 20) ( 2b/ZC)/ZC = 135 eV, for the
same conditions, assuming they suffer no collisions after
gaining their energy. From this it can be seen that
energetic neutral atoms (less than 135 eV) are in the
majority and ions with moderately high energy (about
500 eV) are in the minority for film formation.

The most important physical process which occur

during ion~plating and allied techniques are

(1) ion induced (and energetic atom induced)
desorption of adsorbed impurities from
substrate surface. This cleaning effect
gives excellant adhesion of the film
to the substrate.

(2) ion penetration and entrapment in the
substrate and coating.



(3)

(h)
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ion induced sputtering of substrate
and coating. If the en "gy of the
ions are properly adju 3d, this
backsputtering effect ~n be used
to sputter away amorphous and dis
ordered regions leaving the crysta
lline region intact. This process
may be used to get films with optimal
.properties.

recoil displacement of substrate and
coating atoms. This leads to good
intermixing and improvement in adhes
ion and microhardness results.
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CHAPTER-III

EXPERIMENTAL T§CHNIQflE§.

3.1 DETERMINATION OF OPTICQL CONSTANTS OF THIN El;fl§

The measurement of the optical constants,
refractive index n and extinction coefficient k of
a solid is of crucial importance from the point of view
of basic and applied research. This is because, these
constants are determined by the structure and bond
ing of atoms in solids and hence measurement of these
quantities as a function of wavelength can give valuable
information regarding structure and bonding. And also
in any application of solids in optics or in opto
electronics n and k are the most important quantities.

The usual methods used to measure these quan

tities as a function of wavelength are spectroscopic
ellipsometry, simultanious measurement of transmission
and reflection, and the measurement of ref1ection/trans
mission only. Spectroscopic eliipsometry which is the
most precise technique, is applicable only in the regions
of wavelength where polarizers and analyzers are avai
lable. This and the lengthy mathematical calculations
involved restrict somewhat its application. “he great
advantage of this technique is that the material need
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not be transparent to the radiation used. Simultane
ous measurement of transmission and reflection is
the most used method for the measurement of n and

k. This method is applicable in any region of the spect
rum if suitable light sources and detectors are avai
lable and also if the material is fairly transparent.
In the highly absorbing regions of the spectra of a
material, measurement of reflectivity is the only method
available. This region for most semiconductors and
insulators lie above 10 eV where ellipsometry is not
applicable because of the lack of suitable analyzers
and polarizers and also the use of vacuum spectrographs.

Recently it was shown by Manifacier et al /1/
that the measurement of transmission through a parallel
faced film in the region of transparency is sufficient
to determine the real and imaginary parts of the complex
refractive index. This method, because of its eitreme
simplicity and the availability of commercial scanning
spectrophotometers in the UV, Vis, NIR, and IR regions
of wavelength, was used in all the studies reported
in this thesis.

Figure 1 shows a film with complex refrac

tive index Wl = n - ik bounded by two transparent.
media with refractive indices no and n, . Consider
ing a unit amplitude for the incident light wave,in
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Incident energy Reflected energy
n. H
7}-n-U<

1"‘
Transmitted energy

A

jn(%)

Figure 1: Reflection and transmission of light
by a single film along with a typical transmiss
ion spectrum.



73

the case of normal incidence, the amplitude of the
transmitted wave is given by

t1t2Lexp (-27\'i°qt/7;)
= 1 ,. 1-11-2, exp (-uliqt/1) 0.1.1)

in which t t2,r], r2 are the transmission and reflect19

ion coefficients at the front and rear faces. The
transmission of the layer is given by

n, 2T = V5: [A] (3.1.2)
In the case of weak absorption with k2 ((, (n-n°)2and
kg (( (n-n1)2,

2T = 16n°n‘n “' 0.1.3)
C‘$+C§,(,'2 _+ 2C1C2.C'cos (5-2%-I53)

where C = (n+n ) (n +n) , C = (n-n ) (n - n)1 o 1 2 o I
and J,’-= exp (-trfikt/1) = exp (--fit)

The extreme values of transmission are given by the
formulae

T = 16 n n n2 .c’/(c + c .c')2 (3-1-'+)max 0 1 I 2
T _ = 16 n n 11346’/(C - C uC'_)2 <30‘-L5)min 0 1 1 2
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Considering T and T as continuous functionsmax min
of 7\ through n ( 1 ) and .c’( 7\ ), which will be
the envelopes of the maxima T ( 7L ) and the minimamax

Tmin ( j\ ), and forming the ratio of equations (3.1.h)
and (3.1.5),

‘L: C1D-'(Tmax/Tmin)1/2-] (3 6)~ = .1.
Ca [H(Tmax/Train)‘/2]

Then from equation (5.1.#),

1/2 ‘/2n = [N + (N2-no?n,3) 1 (3.1.7)
2 2

whereN = ‘no +n1. +2nOn1 (?max’:m1n )2 max min
From these equations refractive index n,

extinction coefficient k and absorption coefficient
oC was determined.

The following conditions have to be satisfied
for getting good results.

1. To obtain good fringe pattern, which is necessary

for the pfi%ise measurement of refractive index,
the difference between film refractive indetg n
and the substrate refractive index n should be

1

as great as possible.
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2. Effective bandwidth of the spectrophotometer
should be kept smaller than the half width
of the interference maximum.

3. The sample must be homogeneous and parallel

faced.
ha Variation of n and k with wavelength should

be small; this condition fails in the vicinity.
of fundamental absorption.

In the region of fundamental absorption,
another simpler method may be used to measure 5

Transmission through a film on a transparent
substrate in a medium of refractive index n is giveno

b!

T 16 non‘. (n2+k2) ( ‘U (3 1 8): _ - ex - o .
[(no+n)2+k2j[(n,+n)2+k2] P

In weakly absorbing regions of the spectra, n2 >) 1:2,
this equation approximates to

16 nOn,n2'1" -.—. exp (-ct) 0.1.9)
<no+n>2<n,+n>

If we have two samples with thickness t‘ and t2 and
if the samples are put in the sample and reference beam
of the spectrophotometer,

16 non1n2
'1" .-_- L 2 A e exp (-£13,) (5.1.l0)

(no+n) (n1+n)
for the specimen in the sample beam



16 n n1n2-1» =-. ° exp (-Lt) (3.1.11)
2

(nO+n) (n1+n)

for the specimen in the reference beam,

The spectrophotometer displays the log of the ratio
of the two transmissions, and hence for any particular
wavelength

‘Ln (T2/T1) = «C 1: (3.1.12)

where t = t1 — ta. From this equation aC may be
determined.

The advantage of this method is that only
simple calculations are needed and one does not have
to know the refractive index of the film. The only
disadvantage is that a precise knowledge of film thick
ness is necessary as .;C is dependant on -the differences
in sample thickness, which is a small quantity.

For measurements in the UV-Vis region, mostly

a Hitachi 200-20 UV-Vis spectrophotometer was used.

This instrument can cover the wavelength range from

900 nm 200 nm with a light source change at 370 nm. For
measurements in the NIR region, a Cary 17D or Carl
Zeiss DMR 21 which can cover wavelengths from 2500 nm

to 200 nm was used. All these instruments have fairly
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high resolution and a spectral bandwidth of 1 or 2 nm
was used in the measurements. After switching on the
instrument, before taking the spectra, 15 minutes were
allowed for the instrument to stabilize.

Measurements were made in the transmission

mode of the spectrophotometer for the cétulation of
refractive index and extinction coefficient, In the
fundamental absorption region, when the two specimen
comparison technique was used, spectra was taken with

the spectrophotometer in the absorption mode. The base
line of the spectrophotometer was periodically adjusted,
so that measurements could be made with 1% accuracy

in transmission. The wavelength accuracy of the spectro
photometers were within 0.2 nm.

Films were deposited on optically flat glass

substrates of dimension 3cm x 1cm x O.1cm when the.

measurements were to be made in the visible region of
wavelength and on quartz, when the measurements were to
be made in the UV or NIR region.

MEASUREMENT OF ECTRIC RES ST C .

Electrical resistance of.a semiconductor is
controlled by the number of charge carriers available

for conduction. As temperature increases from absolute
zero, electrons from the closest defect level get excited
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to the conduction band. This will be manifested as an‘
exponenti 1 rise in conductivity and the activation
energy needed for the process will be equal to the depth

in energy level diagram of the particular level from
the conduction band. As the temperature is further in
creased, electrons from the next level closest to the
conduction band get excited and this process continues
until all such levels in the forbidden gap are exhausted.
Similar considerations hold true in the case of holes
also. Each level will show up as a change of slope of

the straight line portions in a.lnWf versus % curve,
where J° is the resistivity of the film. At suffici
ently high temperatures, the number of electrons excited
from the valence band to the conduction band will come

into prominence and the activation energy for conduction
is then equal to the band gap of the semiconductor.

Thus, in principle, the measurement of electri
cal resistance as a function of temperature can yield
information regarding levels in the forbidden gap and
also the value of the band gap. But in practice, the
material has to be highly purified and fairly free of
structural defects to get the successive levels experie
mentally. Otherwise the level which is closest to the
conduction band (valence band in the case of holes) will

control the conductivity if it is sufficiently populated o
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Also if this level lies very close to the band, resis
tance may increase with temperature after a certain
temperature. This is because all the carriers from
the level is already excited at that temperature and
any further increase in temperature decreases mobility
and hence the increase of resistance. Only at very
high temperatures the intrinsic conductivity will set
in (but at that temperature the semiconductor may have
melted and vapourised!).

Measurement of electrical resistivity of

highly insulating samples are rather difficult. This
is because of the small value of currents ( a~l1O'15£)

encountered in these measurements. To measure such
currents, good quality electrometers have to be used.
When electrometers are used for measurements, it is not
safe to increase the measuring voltage to more than IOV,
as any short circuiting will damage the electrometer. As
the currents are small, electrometer has to be worked
at its maximum sensitivity and this calls for heavy
shielding of specimen and electrometer cable from electri

cal disturbances. For this purpose an all metal cell
was fabricated which could be evacuated to better than
10-2 Torr. High resistance measurements should be

conducted in vacuum, otherwise water vapour present in the
atmosphere may short circuit the specimen and give a
false low resistance, The measuring cell and a typical
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specimen is shown in figure 2.

Current to the heater block on which the

specimen is mounted for varying the specimen tempera
ture, should be well smoothed DC and one terminal of

it épuld be earthed. This is because any ripple present
in the DC will induce large currents in the film or
contacts which will completely mask the required signal,
when the resistance is measured as a function of tempera
ture, sufficient time should be given for the specimen
to take up the heater block temperature.

The metal contact made to the film must be

ohmic in characteristic. Substrate on which film is
coated should be atleast hundred times more resistive
than the film. Otherwise film will be electrically
short circuited by the substrate. It must be noted
that all electrical insulations in the cell should be
made of teflon. The electrical circuit used for measur
ing the specimen resistance is shown in figure 3.

The potentiometer is a 10 K helical potention
meter and V is a digital multimeter. Since the vol
tage drop across the electrometer is negligible, the‘
voltmeter reading may be taken as the true voltage
‘applied to the specimen. Model EA 815 electrometer of
ECIL has been used for current measurement. The tem

.perature (thermocouple output) was neasured using a
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4% digit, 200 mV full scale DPM. The potentiometer out

put was measured using an Hewlett Packard 3h65 A digital
multimeter.

DETERMIN TION F 0" CT V T .

It is often convenient to have a means for

determining whether a sample is p - type or n - type;
the Hall effect is one means of doing this, but it
requires a good deal of sample preparation and is not
applicable when the sample is of high resistivity. A
simple and convenient technique to test the type of
carriers make use of the thermoelectric properties of
semiconductors and is known as the hot probe method.

when one end of the sample is heated by the

hot probe, carriers there get a high velocity and drift
to the colder end. This produces a disturbance in the
equilibruim distribution of carriers and sets up an
electric field which opposes the flow of carriers. This
electric field will be +ve with respect to the cold
end if the carriers are electrons and negative if the
carriers are holes.

One probe of a microvoltmeter is heated with
a slodering iron for a few minutes and Both the probes
(hot and the other cold one)‘ are touched to the sample
and the meter deflection is observed. It the hot probe
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voltage is +ve with respect to cold probe, the sample
is n - type and if the voltage is -ve, the sample is
P ' tyPe0

M_73AS1T f> W *«W"".._.U ..,J..¢ L QF HALL VOLTAGE.

The measurement of Hall voltage gives the
carrier concentration. This information together with.
the electrical conductivity can be used to get the mobi
lity of the carriers. Hence measurement of Hall effect

.n‘_‘I '~_v~ -1 fin;‘I Lt,‘/3
"\in with conductivity measurements may in

Wprinciple be used for the complete electrical charact
'\o; the material.- we‘ <:'7~.*"*'. “vi0. ..-.g;r'_4 v..;.\)l'.

The measurement of Hall effect using ordinary

technicues is practicable only when the carrier mobi
1 : -;"v\r 4. _-~-L-Ln V‘, .4

. __ 9 _atieast a few.cm“/volt sec (upto 10 Bcmg/volt sec
t-chniques like single or double AC methods).

Lhiq is because of three reasons; (1) the inverse pro
c;rti,neLi:y of Hall volt ge and carrier concentration
f’, if the specimen resistance is high it will be
*’3ficu;t to send a current through the specimen which
W”ZL five a reasonable Hall voltage (atleast a few
n.;..a..\/A.W ‘revolts; without appreciably joule heating the speci
men (5) as zne sample resistance increases, specimen
nciso also increases and this will mask whatever small

/\-‘l‘‘,{ '*,4—‘ ‘ 1. .volcage tn-t has developed.- .
J¢C\.A.+
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The circuit used for measuring Hall voltage
is shown in figure 4. Current through the specimen was
kept below 10mA and was measured by a digital multi

meter. The Hall voltage developed was measured using
a Hewlett Packard §h65 A digital multimeter which has

,u.v.
and all measurements were made in an

a resolution of 1 Magnetic fields upto 10K gause
W8? &h“liGd,

evacuated cell made of copper which can go in between
the pole peices of the magnet. A cross section of the
cell is shown in figure 5 and is fully described in /2/.

The films for measurement were deposited on
A x 1cm glass substrate with the aid of suitable masks.
A typical speci en is shown in figure 6. Readings were
taken with the direction of the current normal and re
versed and the average of two readings was taken as the
true Hall voltage. The carrier concentration was cal
culated using the formula

8Hall voltage v = 10’ RIH/t (3.u.1)

where R = -1/nq, I, current in ampere, H, magnetic field
in gauss and t, specimen thickness in cm.

X-EAY DIFFRACTION.

In preparing compound films using reactive
_evaporation, it is necessary to identify the compound
formed and also its structure unambigiously. For this



X-ray diffraction is a non-destructive technique if
the film thickness is greater than about 2000 R . Elec
tron diffraction is more sensitive and can be used even

if the film is very thin, but suffers from the drawback .
that the film has to be detached from the substrate.

In usual X-ray diffractometers the Bragg
Brentano geometry is used, where the X-ray beam falls
at an angle 6 to the substrate and the detector is pla
ced at an angle 26. The specimen and the detector are
rotated at angular velocities cu and 2c» to get the
various diffracting planes. In this geometry, when
thin films are used, the effective thickness the X~ray
beam sees at any angle of incidence will be t/sin 6, where
t is the film thickness and 6- the angle of incidence
of the X-ray beam. Consequently scattered intensities
will be angle dependant (enhanced by a factor t/sin G)
and this must be borne in mind when comparing the inten
sities with ASTM cards. If proper care is taken, X-ray
diffraction can yield good results and any particular

compound in the binary or ternary system can be identi
fied without difficulty.

A Philips PW 1140/90.x-ray unit fitted with
Philips PW 1050/70 goniometer was used in these studies.

The detector was a proportional counter connected to a
pulse height analyzer. Fi1te1;ed' Cu Kt radiation was used.
The accelerating potential applied to the X-ray tube was
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35 KV and the tube current 18 mA. The specimenqhere
at least 2000 A0 thick films coated on glass substrates
of 3.5 cm x 2.5 cm. The X-ray beam was scanned from 6

values of 10° to 25°. The spectra (intensity of the re
flected beam versus 2 9) were recorded on a chart recor
der running in synchronization with the goniometer.

SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy is a useful
tool for observing the surface features of the films.
From the micrographs, grain size and their orientation
relative to the substrate surface can be obtained. Scann

ing electron microspcopic studies in conjqttion with
X-ray diffraction can be used to get a complete underst
anding of the structural properties of the films.

In an SEM a finely focused electron beam (energy
of the beam may be varied from 1 to 35K eV) scans the
specimen surface. The secondary or backscattered elec
trons are detected using properly mounted electron detec
tors. The output of the detector is displayed on a cathode
ray tube which is scanned in synchronization with the elec
tron beam. Resolutions of the order of 10 nm and magnifi
cations more than 105 are possible using SEMS.

A JEOL JSM 35 electron microscope was used in

this study. The acceleration voltage and beam current
was selected to give the maximum contrast.
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The films were at least 3000 3 thick coated
on 1cm x 1cm glass substrates. The films should be

electrically conducting and earthed to prevent the accu
mulation of charges which will repel the electron beam.
If the specimen is insulating a thin coating of gold
should be given on top of the surface to be observed,
and this thin coating should be earthed for the above
mentioned reason.

THIN FILM THICKNESS MEASUREMENT (fig.

Multiple beam interferometry offers a direct
accurate method for measuring the thickness of thin

films. The film to be measured is deposited on an opti
cally flat glass slide with part of the film removed along‘
a straight edge so that film forms a step on the glass

surface. An opgfie highly relfecting film of aluminium
or silver is then deposited over the surface of'the film_
and bare glass. A second silvered optical flat is then
.brought near to the filmed surface and clamped on a

specially made Jig with three tilt adjustment screws as
shown in figure 7, with the silvered surfaces facing
each other. When the interferometer is illuminated with

a parallel monochromatic beam at normal incidence and
viewed with a low power microscope, dark interference
fringes canny observed which trace out the points of
equal air gap thickness. By adjusting the relative
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Figure 7: (a) Set-up for multiple beam interfero
metry (b) jig for multiple beam interferometry.
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positions to form a.wedge shaped air gap, the fringes
can he made to run in straight lines perpendicular to
the steps on the opaque film. ‘The fringes show a dis
placement as they pass over the step edge. The diffe
rence in the air gap spacing for the two adjacent
fringes is SK/2 and the displacement of any fringe ex
pressed as a fraction of the fringe spacing gives the
film thickness in units of 2/2. The film thickness is
g ven by

(3~7-1)n H
CH9 nu):

where d is the fringe shift, D .the fringe spacing
and. 3 the wavelength of the monochromatic light used.

‘It is essential that the specimen film and
the bare glass substrate are coated with the reflecting
fil , otherwise the phase changes suffered by the light
on reflection from the two sides of the step edge would
not be due solely to the difference in air gap spacing
but also depend'in an unknown manner on the phase chan
ges for the two materials.

For the production of sharp fringes the follow
ing conditions must be taken.care of:

1) The surfaces must be coated with highly
reflecting films. A reflectivity of O.3h
has been found to be optinum.
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2) The reflecting film must be of uniform
thickness over the specimen and the
distance between the plate surfaces
must be as small as possible (preferably
less than 0.01 mm).

3) The divergence of the incident parallel
beam should be less than 10 to 30.

M) The incidence should be normal.

If narrow, well separated fringes can be
produced, film thickness can be measured to an accuracy
of : 2oA°.

SET-QP FOR THE OXIDATION OF THE FILE.

Films were heat treated or oxidized in air
in the set-up shown in figure 8. The set-up consists
of a large heater block made of aluminium on which there
was provision for clamping two substrates simultaneously
close together, one with the film on it and the other a
dummy substrate. The block was heated by means of a

coil of nichrome heating wire placed inside the split
block. A chromel-alumel thermocouple was fixed on the
dummy substrate to measure the temperature. The output
rof the thermocouple was read on a digital panel meter
with 10 microvolt resolution. Power was supplied to the
heater through a dimmerstat from a servo-voltage stabi
lizer. The rate of heating and the final temperature



.Figure 8: Heat-treatment set-up (1) substrates;
(2) thermocouple; (3) heater block; (h) clamp
1ng%arrgngement; (5) film.
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attained were controlled manually by adjusting the
dimmerstat carefully. The temperature could be con

trolled only to an accuracy of 1 2K around AOOK and
1 7K around 600K. This uncontrollability was mainly
due to air currents over the completely exposed heated
surface. Average heating rate could be controlled from
a few degrees per minute to a few degrees per second.

PREPARATION OF THE FILM BY REACTIVE EVAPORATIQN.

All the films reported in this study were
prepared mainly by the reactive evaporation of the metal
in an atmosphere of sulphur. By adjusting the tempera
ture of the sulphur source, it was possible to maintain_
an atmosphere of sulphur vapour in the chamber. This
is easily achieved with sulphur for the low partial
pressures needed C nu10‘u Torr), because inside the cham
ber as the surfaces are clean and the supersaturation of
sulphur vapours is not large, a sulphur film will not
form on the walls of the chamber and also the loss of
sulphur vapour through the pumping port is small. Usually
for the preparation of sulphides by the reactive eva

poration techniques, HZS has been used as the reactive
gas./ But H29 is a poisonous gas and its'preparation
and purification to the level needed in thin film work
is rather difficult. The controlled evaporation of

sulphur itself for the creation of sulphur atmosphere
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Figure 9: Variation of vapour pressure with
temperature for In, Sn,and Cu.
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overcomes this difficulty.

The rate of evaporation G from a surface

at a temperature T is given by the Langmuir expression,

G" = Px/M/ZWRT 0.5.1)
where p is the vapour pressure and M the molecular
weigft of the material, ~R is the gas constant per
mole. The relationships between p and T have been
published by various authors for a wide variety of
materials /4/. Figure 9 shows the variation of vapour
pressures of tin, copper, and indium with temperature.
A temperature which is normally considered suitable for

evaporation is that at which the vapour pressure of the
material is equal to 10-2 Torr.

For purposes of reactive evaporation, the
rate at which metal atoms arrive at a substrate is best
expressed in terms of the deposition rate as observed

from the same source at the same temperature and subs
trate to source distance, but in the absence of reactive
element flux /5/

mm N f d'/M tom /cmzsec (3 -"- 2)Ta? 3 a m m a 3 on-eI‘

where J‘,’,, is the density of the metal film in g cm.’3 ,
M",is the molar mass of the metal film in g cm'3, d'.is
‘the pure metal condensation rate in cm sec'1 and Ar the
receiving surface area in cmz.



The impingement rate of sulphur molecules is given by

dNS2

——af 2 3.513x1O22(M T)"/2 p molecules/cmzsec (5 8 3)Ar -   O 0
where MS is the mass of 52. T is the vapour tempera2 .
ture, which is approximately h5OK and pszis the partial
pressure in Torr.

Equation (3.8.2) and (3.8.3) can be used to
calculate the number of atoms/molecules impinging on the
substrate for given deposition rates/partial pressures.

Experimental details of the preparation of the
films by activated reactive evaporation is given in Chap
ter X.

fiubstrate Cleaning

Optically flat glass or quartz slides of the
required dimension were first cleaned with an industrial
detergant (Teepol). After this the substrates were wash
ed in tap water followed by distilled water. The substra
tes were then cleaned in analytical reagent grade acetone
followed by twenty minute cleaning in distilled water in
an ultrasonic cleaner. They were then dried in a flow
of hot air and loaded in the vacuum system. In the
vacuum system the substrates were further cleaned by
ion-bombardment for ten minutes prior to the actual film
deposition.
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This cleaning procedure was satisfactory and
allowed us to get films with good adhesion to the subs
trate surface.

Vacuum system

Preparation-of the films were carried out in
a conventional vacuum system with a 14 inch glass bell

Jar. The_system was pumped by a 6 inch diffusion pump
backed by a 500 liters/min rotary pump. Without the use

6of a liquid nitrogen trap, pressures down to 9 X 10' Torr
could be achieved with care, but routinely it was

5Torr. The evaporation chamber had provisions for2 X 10"

three independent resistively heated sources with two
transformers capable of supplying 200A each and one 10A.

One 200A transformer was used to evaporate the metal and

the smaller 10A source was used to evaporate sulphur.
There were also provision in the.chamber for ion-bombard

ment cleaning, substrate heating and substrate temperature
measurement. For pressure measurements the chamber had
one Pirani gauge and one Penning gauge. The normal pump
ing down time to get the ultimate vacuum was around
#5 minutes.
Qgposigign oi the Film

The system was first pumped to the ultimate

low pressure obtainable and the substrates heated to the
required temperature. Temperature was measured by a
chromel-alumel thermocouple placed in contact with the
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substrate. High purity metal (SN) and sulphur (MN)
was used as evaporants. A glass crucible placed in a
conical basket of molybdenum wire was used as the sulphur

source (81). The temperature of the source and hence
the flux could easily be controlled by adjusting the
current through the molybdenum wire. A helical filament

or a boat (82) made of molybdenum wire or sheet, as the
case may be, was used to evaporate the metal. The
metal source was covered with stainless steel heat

shields to minimise substrate heating due to radiations
from the high temperature (fv1000°C) source. This meant
that we could control the temperature within 2 — AK. A
schematic diagram of the set-up is shown in figure 10.

When the substrate had attained and stabili

zed at the required temperature, with a shutter placed

over the sulphur and tin sources, the current through S1
was switched on. The sulphur melted and the current
through S was adjusted such that a sulphur partial pre

1

ssure of 10'“ Torr was maintained in the chamber. The

current through S2 was then switched on and increased to
a preset value which gave a deposition rate of 0.1-0.2 nm
eec" of the metal film. The shutter was then withdrawn
and the deposition of the compound film allowed to take

place.

At the substrate temperatures and partial
pressures used in these experiments, the supersaturation
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of sulphur atoms is not sufficient to form a film by
itself. Only the metal/compound film forms at this
temperature. When the shutter was withdrawn, the metal
atoms reaching the substrate react with the sulphur
atoms nresent on the substrate and the compound film
was deoosited.
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CHAPTER-IV

REACTIVELY EVAPORATED FILMS OF TIN DISULPHIDE

Tin disulphide is a layer compound which

crystallizes in the Cdla crystal structure. These com
pounds are characterised by strong bonding in the layers
and weak bonding between the layers. The chalcogenide
atoms form densly packed hexagonal layers and the metal
atoms are arranged in layers with the same hexagonal

structure to give a stacking sequence X—M-X, X-M-X, etc.
in the c-direction of the crystal. Bonds between these
sandwich layers are weak and thought to be of van-der
Waal's type. But within the layers the bonding is mainly
covalent. Because of their layered nature these crystals
exhibit strong anisotropty in their physical properties.
Polytypism is another interesting phenomena exhibited by
these crystals. Eventhough the reason for the existence
of polytypes is still unknown, it is known that polytype
periodicity affect the width of the forbidden energy gap.

optical properties of tin disulphide near the
fundamental absorption edge was first reported by

Greenaway and Nitsche /1/. They reported that tin di
sulphide is an indirect band gap semiconductor with a
band gap of 2.21 eV and the optical transition leading
to this is an indirect allowed one. Domingo et al /2/
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studied the optical properties of these crystals and
concluded that the fundamental gap of tin disulphide
is an indirect one at 2.07'eV and the transition lead
ing to this is a forbidden one. Moreover they showed
that there is a direct gap at 2.88 eV. Further studies

were made by Lee et al /3/ on the optical properties
in the solid solutions of tin disulphide and tin di
selenide. Results of Lee et al are similar to that
reported by Greenaway and Nitsche but with a slight
difference in the reported value of band gap. Powell
and Grant /u/ from the pressure dependence of absorpt
ion coefficient reported that the value of indirect
energy gap is 2.15 eV.

Photoconductivity in tin disulphide was first
studied by Domingo et al /2/ and they observed a photo
conductivity peak around 2.3 eV. Subsequent studies by
Patil an Tredgold /5/, Nakata et al /6/, Bletakan et al
/7/ also reported a photoconductivity peak around 2.3 eV.
Usally photoconductivity peak coincides with the absorpt
ion edge and as is seen from what is given above, there
is disagreement between the photoconductivity peak and
absorption edge. The photoconductivity peak neither
coincides with the indirect gap at 2.07 eV or the direct
gap at 2.88 eV. This disagreement between the photo
conductivity data and the lowest band gap was recently
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resolved using high resolution absorption edge measure
ments by George, Valsala Kumari and Joseph /8/. They
showed that the valence band in tin disulphide is split
into three, by crystal field splitting and spin-orbit
interaction. The lowest band gap found in this case was
2.07 eV in agreement with Domingo et al /2/ and the
transition leading to this is shown to be an indirect
forbidden one. It was also shown that the photoconduc
tivity maxima obtained at 2.3 eV is due to transitions
from the third valence band.

Electrical properties of tin disulphide has

been studied by Said and Lee /9/. Current controlled
negative resistance and bistable switching were observed
in this material by Lee et al /10/. Gowers and Lee,41/
have shown that AC conductivity as a function of fre

quency and temperature, is similar to that found in some
amorphous materials. Measurement of electron mobility
by the same authors /11/ showed that the electrons in
the planes (i.e..L. to the c-axis) have a mobility

¢g.3O cma/volt sec whereas mobility perpendicular to
4the planes was only 10- cma/volt sec. These authors

interpretted these results by assuming that electrons
has to tunnelbetween sandwiches when conduction is per

pendicular to the planes and hence the very low mobility
in that direction. But recent measurement of mobility

perpendicular to the planes using MIM structures in



crystals grown by physical transport by George and
Valsala Kumari /12/ showed that this mobility may be
as high as ’‘»<.’/ 10 cm2 /volt. sec which is approximately
equal to the value given by Gbwers and Lee for conduct
ion along the planes. The results of Gowers and Lee for
conduction perpendicular to the planes may be due to
contamination of the crystals grown by iodine vapour
transport. The presence of adsorbed iodine in between
the layers can certainly decrease the mobility perpen
dicular to the planes.

Acharya and Srivastava /13/ studied the acti
vation energy needed for electrical conduction as a
function of polytype periodicity and concluded that

activation energy (equal to the band gap) decreases
with increasing polytype periodicity.

Raman spectra of these crystals were studied
by Mead and Irwin /14/ and they reported phonon energies
of 0.04 eV and 0.025 eV. Infra-red reflectivity measure
ments were made by Lucovsky and White /15/ to investigate
the nature of the interlayer bonding forces in a variety
of layered crystals including tin disulphide.

Theoretical band structure calculations for
tin disulphide have been performed by empirical pseudo

potential method by Fong and Cohen /16/ and by Schluter
and Schluter /17/. The band structure of tin disulphide
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was calculated using tight—binding method by Murray
and Williams /18/. An a priori pseudopotential band
structure calculation was made by Mula et al /19/.
The pseudopotential calculation made by Powell et.al
/20/, has been experimentally varified (qualitatively)
by the work of George et al /8/.

All these experimental work mentioned above

were made on single crystals of tin disulphide grown
by either vapour transport (both physical and chemical)
or Bridgman method. As is known, single crystals are
expensive to prepare and it is not easy to prepare
large single crystals. For the economic utilization
of materials in device applications where polycry
stallinity is not a severe problem, it is better to
prepare the material in thin film form as it offers
advantages of easy preparation, large area and material
saving. Tin disulphide is a material which can transmit
almost all of the visible spectra without much attenuat
ion when the thickness of the deposited layer is low
and hence this material has potential applications as a
window material in heterojunction solar cells, or if
it can be made sufficiently conducting, as a transparent
conductor. This chapter presents work on thin films of
tin disulphide prepared for the first time. The films
are prepared by evaporating tin in an atmosphere of
sulphur.
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4.1 EXPERIMENTAL

Because of the thermal instability of the
compound above 900°C, it is impossible to evaporate
tin disulphide as such and get good quality films.
Above 900°C, the compound dissociates and sulphur evapo

rates preferentially. The evaporation temperature of
tin is nu115OOC and hence after some.time all the
sulphur will be evaporated leaving tin alone in the
boat. This will give rise to a final film which is
almost metallic in nature.

In this study films of tin disulphide were
prepared by evaporating tin in an atmosphere of sulphur.
In this fashion it is possible to get an excess partial
pressure of sulphur molecules which will produce)
stoichiometric films of the compound. It has been found
that a stoichiometric interval exists for the reactive
evaporation of tin disulphide from its individual com
ponents with the following deposition parameters:

1metal film deposition rate 0.1 - 0.2 nm sec
5 x 1o'5- 9 x 1o'5 mom,
295 - 335 K

The cor;espcnding metal atom flux and chalcogen

chalcogen partial pressure
substrate temperature

flux crlculated using equations (3.8.2) and (3.8.3) of
chapter III gives
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metal atom flux QXIOIQ -1.5x1O]5 atoms cm'2 secf‘16 16 2 -1molecules cm’ secchalcogen flux 1.5x1O -2.8x1O

Evaporation was carried out in a convent
ional vacuum system as discussed in Chapter III. 5 N
purity tin and three times recrystallized sulphur was
used as evaporants. A glass crucible placed in a coni
cal basket of molybdenum wire was used as the sulphur
source. The temperature of the source and hence the

flux could be easily controlled by adjusting the current
through the molybdenum wire. A helical filament made
of molybdenum wire was used to evaporate tin. The
helical filament was covered with stainless steel heat
shields to minimise substrate heating. This meant that
we could control the temperature within 2 K.

when the substrate had attained and stabilized

at the required temperature, with a shutter placed over
sulphur and tin sources, the current through the sulphur
source was switched on. The sulphur melted and the
current was adjusted such that a sulphur partial pressure
of 5 X 10's to 9 X 10-5 Torr was maintained in the
chamber. The current through the tin source was then
switched on and increased to a preset value which gave a
deposition rate of 0.1 to 0.2 nm sec'J of the
mctai film. The shutter was then withdrawn and the
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deposition of the compound films allowed to take place.

At the substrate temperature and partial pre
ssures used in these experiments, the supersaturation of
sulphur atoms is not sufficient to form a film by itself.
Only the metal / compound film form at this temperature.

When the shutter is withdrawn, the metal atoms reaching
the substrate react with the sulphur atoms present on
the substrate and the compound film is deposited. Films
thus obtained are golden yellow in colour and extremely
transparent. Highly reproducible films were obtained
under these conditions. Films prepared with the subs
trate temperature lower than 295 K were found to contain
some sulphur-rich regions when the sulphur flux was
maximum. These patches of sulphur films form because

at low substrate temperature, the reevaporation of sulphur
atoms from the substrate become lower and hence nucleat

ion of the sulphur film become possible. At substrate
temperature higher than 3h5 K, the films tended to be
of chocolate brown colour and their optical transmission
was very poor. Moreover at high substrate temperatures
a dust like coating was found on the top of the films.
This dust-like coating could be easily wiped out using
a paper, but the underlying compound film had good
adhesion to the substrate.

It wrs also found that if the sulphur flux

was decreased for a given metal deposition rate, films
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tended to become chocolate brown in colour and also if

the sulphur flux was increased for a given deposition
rate, the films became more and more yellow till reg
ions containing exclusively of sulphur appears.

ELECTRICAL MEASUREMENTS

Electrical measurements were performed on
films deposited on highly insulating quartz substrates
after depositing two metallic electrodes on either end
of the film. The set-up used for electrical measure
ments and the specimen geometry are as discussed in
Chapter III. The specimens were immediately transferred
to the measuring cell and evacuated after taking them
out from the electrode coating.chamber. This was to
reduce adsorption of water vapour by the film which may

After
2

affect the electrical properties. evacuating
the measuring cell to a pressure of 10' Torr for one
hour, the film resistance at room temperature was
measured with enough time given for the electrometer
reading to stabilize. The film was then heated and
allowed to stabilize at a temperature which was higher
than about 15 K from the previous value and once again
the resistance of the.film was measured. The measure
ment was continued till the required temperature range
is covered. The temperature of the sample was measured
using a chrome;-alumel thermocouple to an accuracy of 1K.
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Figure 1: Resistivity versus inverse
temperature of the as prepared film.
Film thickgess 2 /um, deposition fate2.5 nm sec .
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Variation of In f’ with inverse temperature
for a typical film of thickness 2 micron is shown in
figure 1. The straight line curve immediately suggests
a relationship of the form

f’: J: eXP(Ea/kB'1‘) <u.2.n
which is obviously due to a thermally activated process.

Here _F is the resistivity, Ea, the activation energy
needed for conduction, J: a constant and kB, the
Boltzman constant. The activation energy for conduct

ion for different films was found to be within O.6510.05eV.
The films can be repeatedly heated and cooled between
room temperature and 400K without any appreciable change

in the value of resistance at any particular temperature
during the cycle. However when the films were heated
to a steady temperature of 410K the resistance began to
drop sharply toga steady low value, the time taken for the
process being about 30 minutes. This change was found
to be irreversible. The resistivity value drops about
ten orders of magnitude in this process (i.e. from
1OH1Lcm to 1O1n.cm).

These results can be explained as, the films
are amorphous in nature when prepared and hence their

very high resistance; but when they are heated to LHOK
the films crystalizes. The variation of resistivity of



the as prepared film is similar to that observed in
many amorphous semiconductors. In our case when the

films are heated to 410K, the films crystallizes and
their resistance falls sharply. Such large change in
resistivities when films crystallizes can be explained
as due to the increase in grain size and consequent
increase in mobility of the charge carriers. Another
reason for the fall in resistivity is that in amorphous
state even if there are chemical impurities in the film;
their effect will not be pronounced since in amorphous
structures impurities can he accomodated with all their
valencies filled because of the flexibility of the
structure.

This type of large resistivity change found
when amorphous films are crystallized has earlier been

observed in .Ge1_x SnTe alloy films where the resis
3 ohm cm /21/ and alsotivity decreased from 10 3to 10

in undoped Znse films where the resistivity decreased
from 1011 ohm cm to 10 ohm cm on crystallization /2a’.

Hot probe measurements show that crystallized
films exhibit n-type conductivity. The variation of
electrical resistivity of the recrystallized films are
shown in figure 2. Two straight line portions are seen
in the figure. Activation energies obtained for two

1145’
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Figure 2: Resistivity versus inverse
temperature of the recrystallized film.
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xregions of temperature, from BOOK to 365K (O.20:0.02 0V)

and from 365K to 400K (O.2510.02 eV) can be explained by
assuming the existence of two different donor levels
situated very close to the conduction band. Said and Lee
/9/ also report in their study of electrical conductivity
in tin disulphide single crystals two such levels
(0.22 eV and 0.1 eV). These levels can originate due to
doubly ionizable sulphur vacancies. In tin dioxide,
which is a chemically analogous compound, two levels

exist below the conduction band due to doubly ionizable
oxygen vacancies /23/. Table I gives the electrical
properties reported by various authors for tin disulphide.

OPTICAL MEASUREMENTS

Optical measurements were made using a Hitachi

model 200-20 UV-Vis spectrophotometer. A spectral band
width of 2nm was used. Two films of nearly equal thick

ness were made in a single run. One film was placed in
the reference beam and the other in the sample beam of
.he spectrophotometer for absorption measurements in the
fundamental absorption region. For transmission measure
ments, the film was placed only in the sample beam of the
spectrophotometer. Absorption coefficient, refractive
index and extinction coefficient was determined as des

cribed in Chapter III.
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Figure 3: Transmission spectra of the
as-prepared (full curve) and recrysta
llized film (broken line).
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Transmission spectra of a tynical film in as
prepared and crystallized conditions are shown in figure
5. It can be seen that films have an average transmiss
ion of 80%. The crystallized films have a reduced trans
mission at higher wavelengths and the threshold of absorpt
ion shifts to lower wavelengths compared to the as pre
pared films. The decrease in transmission of the ra
crystallized films in the long wavelength region can be
attributed to absorption by free carriers in the dege
nerate films. The shift in absorption edge may be due
to two reasons. In amorphous films some sort of band
tailing exists and this may cause the absorption to start
at higher wavelengths compared to crystallized films.
Another reason could be that the bottom of the conduct
ion band becomes filled to rather high energy states in
degenerate films and the allowed transition from valence
band begins at a correspondingly higher energy than in
the forbidden gap /24/.

Refractive index and extinction coefficient

of the as-prepared and recrystallized films are shown in
figure 4 and figure 5 respectively. The values of
refractive index for both as-prepared and recrystalli
zed films are less than the bulk value of 2.8 /2/. This
could possibly due to the presence of voids, impurities
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Figure 4: Refractive index of the
as-prepared (0) and recrystallized
film (A).
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‘Figure 5: Extinction coefficient of
as-prepared (0) and recrystallized
film (A).
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and imperfections in large numbers in the film mater
ial. It may also be noticed that the refractive index
of the annealed film is slightly lower than the
as-prepared film. This type of behaviour is reported
in tin dioxide (conducting glass) where highly conduct
ing films have a lesser refractive index than non-i
conducting films /25/.

Figure 6 shows the dependence of absorption
coefficient on photon energy at room temperature. The
optical absorption data of tin disulphide films were
investigated for evidence of either indirect or direct
transitions in accordance with the theory of Bardeen
et al /26/. For such transitions

A(h'v -Eé zt E13)’aC -.- W (z+.3.1)
where r = 3 for forbidden indirect transitions and

r = 2 for allowed indirect transitions; Eé is the
indirect band gap and Ep ‘he absorbed (+) or emitted
(-) phonon energy.

Both (.Ch'l9)1/3 and (.,[‘ n19)‘/2 versus photon

energy hi9 have been plotted and the plot of (&§h1J)1/2

versus EU (figure 7} gives two straight line portions.
The one at low photon energies extends from 2.29 9V to
2.45 eV and the energy intercept gives a band gap of
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Figure 6: Absorption coefficient versus ,phot6n
energy.
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Figure 8: (.Ch't9)1/3 versus 111’.
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2-12 1 0.02 eV. In this region (.Ch9)1/3 versus hi’
also gives a straight line (figure 8) but only over a
narrow region of 0.07 eV, and the intercept of the
straight line along the energy axis gives a value of
2.07 eV, in excellent agreement with Domingo et al /2/
and George et al /8/. Since the plot of (d2h19)1/2
versus h” gives a wider region of agreement, it is
concluded that the transition leading to the fundamental
absorption edge take place at 2.12 1 0.02 eV and the
transition is an indirect one.

For photon energies from 2.45 to 2.65 eV,
another straight line portion is seen in figure 7 and
gives an energy intercept of 2.31 I 0.02 eV. ‘Greenavay
and Nitsche /1/ and Lee et al /3/ both reported the value
of band gap from the mean of the intercepts on the energy
axis in their respective square root of absorption versus
energy plots. But the difference in energy intercepts
(which should give twice the phonon energy) in both cases
do not seem to agree with the phonon energies reported
in tin disulphide /14/. It may be seen that in both
cases the intercepts compare well with the present_work.
Also photoconductive studies made by Domingo at al /2/,
Patil and Tredgold /5/, Nakata et al /6/, Bletskan et al
/7/ indicate a peak photoconductive response at 2.3 eV.
Hence the transition found at 2.31 1 0.02 ev must be
intercepted as a new transition which was not recognised
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in earlier optical absorption studies.

For photon energies from 2.7 to 2.9 eV there is

Franz—Keldysh line broadening /26,27/ and the absorption
data gives a good fit whenmf is plotted against (h\!)3/2
(figure 9). This may be due to strong electron/phonon
interaction. Beyond 2.9 eV, the absorption coefficient
shows an exponential dependence on photon energy,and the

direct forbidden transition reported at 2.88 eV by Domingo

et al /2/ could not be observed. There is, however, a
change in the slope of the absorption curve at 2.8 eV.

The reported values of band gaps for tin di
sulphide are given in Table II.

CONCLUSION

Thin films of tin disulphide were prepared by
reactive evaporation for the first time. It is found
that the as-prepared films are amorphous in nature. Heat
ing above 41OK converts these into crystalline films.
Electrical resistivity of the films changes by about ten
orders of magnitude (from 1011 ohm cm to 10 ohm cm) due to

crystallization. The crystallized films are degenerate
and show n-type conductivity. The refractive index of
both the as-prepared and crystallized films is less than
that of single crystals. Optical absorption studies show
indirect allowed transitions at 2.12 eV and 2.51 eV.
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CHAPTER-V

TRANSPARENT CONDUCTING EILMS OF TIN DIOXIDE

PREPARED BY THE OXIDATION OF TIN DIsULPHIQ§

‘ILM '

The occuranceci high optical transparency in
the visible region and low electrical resistivity makes
the so called transparent conductors extremely interest
ing from the stand point-of technology. These group of
materials, which are oxides of low melting point metals,
include tin oxide, indium oxide, cadmium oxide, zinc oxide,

and cadmium stannate. A large number of electronic,
opto-electronic and mechanical applications based on
transparent conductors has emerged in the industry. High
stability resistors, transparent heating elements used
in aircraft and automobile windows, antistatic coating
for instrument windows, touch sensitive switches, heat
reflecting mirrors, antireflection coatings, electrodes
for liquid crystal displays, solar cells, gas sensors
and protective and wear resistant coatings for glass
containers are some of the application of these materials.
with increasing sophistication of active and passive
devices based on transparent conductors, the need for
improved properties and their understanding became a
necessity and this justifies the great amount of work
still going on in these materials.

13 rd
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The first transparent conductor was prepared
by thermal oxidation of sputtered cadmium by Badeker

in 1907 /1/ and eversince this discovery technological
interest in these materials has gone high. Numerous
techniques has been developed for the deposition of
these materials which include evaporation techniques
like direct evaporation of the compound /2/ post oxidat
ion of the respective metal films /3/, reactive evaporat
ion in oxygen atmosphere /u/,_activated reactive eva
poretion /5/, ion plating /6/, sputtering techniques
like reactive sputtering of metallic targets in oxygen
atmosphere /7/, sputtering from oxide targets /8/, ion
beam sputtering /9/ and also chemical vapour deposition
/10/ and spray pyrolisis /11/. Many of these methods
have been developed to large scale production stages.

In 1942 Mo Masters of Libely Owens - Ford

Glass Company synthesized good quality tin oxide films
for the first time on a commercial scale /12/. The
next significant improvement in film properties came
when J.L. Vossen of RCA Labora.ories in 1971 synthe

sized tin doped indium oxide films with transmission
averaging 90% and sheet resistivities as low as 15
ohm/square /13/. The best films to date have been
‘prepared by R.F. Bunshah of UCLA with transmission

over 90% and 2 ohm/square resistivity by using activated
reactive evaporation in 1980 /14/.
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The phenomena of conductivity and transparency
are quite strongly interrelated, leading to a trade-off
between the two. The high optical transparency of these
oxides in the visible and NIR region of the spectrum is
a direct consequence of they being wide band gap mate

rials (E 3 ;, 3eV). Their fundamental absorption edge
lies in the UV and shifts to shorter wavelengths with
increasing carrier concentration due to the well known
Moss-Burstein shift /15/. Electron-hole generation due
to fundamental absorption limits transparency at short
wavelengths and the steep increase in free carrier ab
sorption limits it at long wavelengths. As the number
of free carriers is direct?y related to the conductivity,
increase in conductivity tend to decrease transmission.
Table I summarises properties of tin dioxide films pre
pared by various techniques.

In this chapter a new method for the preparat

ion of transparent conducting films of tin oxide is
reported. The films are prepared by thermal oxidation
in air of reactively evaporated tin disulphide films.
This method is in a way analogous to the oxidation of
thin metal films as both uses thermal oxidation. But
it differs from the oxidation of the metal film in a

significant way; when the sulphide film is-oxidized it
involves only the replacement of sulphur atoms by oxygen

atoms, the required lattice structure being present there
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already; when a metal film is oxidized, the required
lattice structure is not present. Tin oxide films pre
pared in this manner has_a resistivity of 800 ohm/square
and an average transmission of 87% in the visible region.
The films have good adhesion to the substrate and will
tolerate heating in air and cold acids.

Tin disulphide films were deposited on opti
cally flat glass/quartz slides of dimension 2cm x 2cm x

theO.2cm as described in Chapterlll. After deposition,
films are taken out of the deposition chamber and oxi
dized in air in the set-up described in Chapter III.
The temperature of the film is measured using a chromel
alumel thermocouple and a digital microvoltmeter. The
final oxidation temperature was manually controlled and
because of small air-currents the controlling was accu

rate only to 1 7K. The heating rate was approximately
All the sulphide films used in these inves

The

0.5K sec'1.
tigations were of thickness between 250 and #00 nm.
deposition rate of the sulphide films was 1 nm sec‘1.
The substrate temperature during evaporation of the
sulphide films was 325 1 4K.

Electrical resistance of the oxidized film!

were measured using a Hewlett-Packard 3u65A digital multi
meter after depositing silver electrodes on either ends
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of the film. Transmission measurements were made

using Hitachi 200-20 UV-Vis spectrophotometer.

OXIDATION OF THE FILM.

The reaction leading to the thermal oxidation
of the sulphide film may be represented as

SD52 + 302 ‘> SD02 2302 (5.2.1)

Oxidation of the films was monitored by
observing the colour of the film in reflected light.
As prepared tin disulphide films are amorphous in nature.
These films have a low reflectivity and hence in the
initial stages of heating the reflectivity was poor.
Reflectivity increased with temperature as the sulp
hide film crystallized. At the instant the oxidation
began, an abrupt change in the colour of the film was
observed. The time taken for this abrupt change in
colour to occur after the film has attained the parti
cular temperature used for oxidation was taken as the
time required for oxidation at that particular tempera

taken forture. It has been found that the time t
the onset of oxidation at different temperature T can
be represented by a simple rate relationship of the
form

t = to 9xP( §£_) (5t2o2)k T
B.
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Figure 1: Plot of (1/k T) versus time takenfor the onset of oxidgtion (t) at different
oxidation temperatures (T) for a typical set
of samples.
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where to is a constant, kB the Boltzmann constant
and Ea may be identified with the activation energyi
needed for the process.

The plot of the time taken for the onset of
oxidation (t) and the temperature T is shown in
figure 1 for a typical set of smaples, all prepared in
the same deposition run. The activation energy needed
for oxidation obtained from the plot is 2.25 : O.1eV.
It has been found that activation energy varies for’
different sets of specimens by about O.2eV. This may
have been caused bflseveral_factors like rate of deposit
ion, variation in thickness of the sulphide films etc.
Though the monitoring technique used may seem crude,

the results obtained are quite consistent and reason
Ebleo

Homogenous and good quality films were obtai

ned only when the thickness of the starting sulphide
films were less than 300 nm. It is found that with
thicker films, because of the different thermal expans
ion coefficients of film and substrate material, the
sulphide films always cracked when suddenly heated in
air. Eventhough these thick sulphide films may be con

verted fully to oxide films, the quality of the films
suffered with increasing thickness. when the starting
sulphide film thickness was more than one micron,



oxidation of the films was incomplete, i.e. only
certain areas were oxidized. This suggests that diffus
ion is the mechanism by which oxygen is penetrating the
film. In thicker films it takes more time for oxygen
to diffuse into the substrate side of the film and by
that time the surface of the film may become completely
oxidized and may perhaps create a diffusion barrier
which impedes further.flow of oxygen into the film and
sulphur or sulphur dioxide out of the film.

A simple phenomenological theory may be

developed for the oxidation process and can be used to
derive (5.2.2). If the volume of the film in the oxidi
zed state is Vb and the volume transforming is proport
ional to the untransformed volume, than the rate of
transformation is

dVc = k°(V-Vc) (5.2.3)
‘Eff’

so that

Vc = V E-exp(-kot__)_] (5.2.l+)

where V is the total volume and k0 the rate constant_

k 2 ‘fij exp (-Ea/RBT) (5o2.5)

where 1) is a constant and E3_the activation energy
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needed for the process.
From (4), the fraction which is unoxidized

at a time t is,c

V4V6 = ° = eXp(-kotc) (5.2.6)

The time tc corresponds to the observed”
optical criterion for oxidation (the sudden change in
the colour of the film) at a temperature T and thus
determines some untransformed fraction g; this constant

fiéction may be combined with (5.2.5) to give

t : to exp(Ea/RBT)

Equation (2) has a form common to many poly
morphic transformations which do not include nucleat
ion. A similar relationship has been observed in the
crystallization of amorphous silicon films /23/. The

constant to has been identified in certain cases as
.the time taken for the microscopic interaction between
the atOinS 0

5.3 ELECTR CAL P PERTIES

Tin dioxide films prepared by this method
show n-type conductivity. We say a film is a low resis~
tivity type if its resistivity is less than 10 ohm cm.
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Figure 2: Variation of resistivity with oxi
dation temperature for the same set of samples
as shown in figure 1. ‘
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The variation of film resistivity with oxidation tem
perature for the same set of smaples shown in figure 1
is shown in figure 2. From the figure it can be seen
that the films oxidized at the highest temperature (625K)
have the lowest resistivity. At this temperature it
took only 30 sec for the oxidation to be completed with
the rate of heating we used and so heating beyond 625K
was not attempted. It was also observed that high
heating rates of about 0.5K sec-1 had to be used to get
low resistivity films. With low heating rates only
high resistivity films were obtained even at the highest
temeperature of 625K.

On heating the amorphous sulphide films, the
amorphous to crystalline transition take place around
AIOK and then the grains of the sulphide film begin to
grow with time. At low heating rates the small crysta

llites will have sufficient time to grow into larger
crystallites as the rate of crystallization of the
amorphous films far exceeds the rate of oxidation at
low temperatures. On oxidation of such large crysta

llites it is possible that the bulk of the S02 formed
will sublime away resulting in tin oxide crystallites

and small amounts of S02 and free S. This is similar
to the oxidation behaviour reported in many II-VI

compound crystals /2h-26/. The free 8 atoms may modify
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the conductivity of the films in two ways depending on
whether the S atoms are inside the crystallites or
are adsorbed in grain boundaries. It has been reported

in the literature that the conductivity of undoped tin
dioxide arises due to oxygen vacancy /27-28/. If the
S atoms are inside the crystallites, these atoms can
substitutionally occupy oxygen vacancies thereby decreas
ing the carrier concentration. In the other case the S
atoms adsorbed in the grain boundaries can modify the
barrier at the grain boundaries thereby decreasing the
mobility of the carriers. It is not clear at present
which of these mechanisms is responsible for the de

creased conductivity. The role of S02 is also not
understood.

But when the films are oxidized at high tem

peratures and high heating rates, the oxidation rate is
almost comparable to the crystallization rate and the
oxidation is completed much quicker depending on the

temperature of the film. Also there is enhanced proba
to escapebility for the highly volatile s and soe

from the film at high temperatures, thereby making it
electrically more conductive.

OPTICAL PROPERTIES.

Figure 3 shows the transmission spectra of a
typical oxidized film. For comparison purposes the
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transmission spectra of an as prepared tin disulphide
film is also included. It can be seen that the tin
dioxide film has an average transmission of 87%. The
transmission spectra was recorded without a compensating
blank substrate in the reference beam of the spectrophoto
meter and hence include any absorption due to the quartz
substrate of the sample film. It can be inferred from
the transmission spectra that the films are of good opti
cal quality as they show interference fringes. The varia
tion of refractive index with wavelength is shwon in
igure 4. The refractive-index was calculated as des

cribed in Chapter III. The value obtained here agrees
well with that reported in the literature /11/. This
value is slightly less than that reported for tin di
oxide crystals (n=1.9) /29/.

Absorption coefficient of the film was calcu

lated as described in Chapter III. The absorption data
was analyzed in terms of the theory of Bardeen et al /30/.
For a direct transition the theory gives

I‘

OE .—.- “(W ‘Ea’ (5.t+.1)
h?

r- = 1/2 for an allowed transition

r = 3/2 for a forbidden transition

where A is a constant, h19 photon energy and E8 the
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direct band gap. It has been generally reported that
tin dioxide is an indirect band gap semiconductor.
Because of the thinness of the samples and also due to

3the low absorption coefficients ( J:< IO cm'1) asso
ciated with indirect transitions, the indirect transit
ion could not be observed, In figure 6, (¢£ hT9)2 is
plotted against his for a typical film and gives an in
tercept of 3.93 i 0.01 ev corresponding to a direct
transition. The intercepts obtained for different films
range from 3.9 to u.1 eV. This large scatter in the
value of the band gap is due to the different amounts
of carrier concentration in the film material which
shifts the absorption edge to shorter wavelengths. Values
reported in the literature for this transition varies
from 5.7 to u.5 ev/31-53/.

QONCLUSION

Transparent conducting films of tin oxide

(T : 87%, I’: 2 X 1O'2ohm cm) have been prepared by the
oxidation in air of reactively evaporated tin disulphide
films. It has been found that the time taken for the onset
of oxidation at different temperatures can be represented
by a simple rate relationship. Low resistivity films are
obtained with oxidation temperature around 625K and heat

1ing rate around 0.5K sec’ . The films are n-type and
have strong adhesion to the substrate.

jufifi
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CHAPTER-VIo' > '  IID
In recent years there has been much interest

in copper sulphide films because of its use as absorber
material in CdS:Cu S thin film solar cells which still2

hold promise for large scale terrestrial power generat
ion. The photovoltaic conversion efficiency in these

cells depends markedly on the composition of the Cu2_xS
layer /1/. It is reported that chalcocite phase gives
the maximum short circuit current and efficiency followed
by djurleite phase. Other than this particular interest,
copper sulphide in itself is an important material from
the point of View of basic research, because this

material is known to exist in several crystallogfiihic
phases. The number of independent chemical phases which
exist at room temperature is still a matter under dis
cussion. There are at least five known phases in the

Cuxs system at room temperature when x varies from 1
to 2. These are, in the copper rich region, orthorhom

bic chalcocite (X -Cues), djurleite (orthorhombic,
x = 1.96 - 1.94), low temperature dignite (pseudocubic,
x = 1.79 - 1.765), anilite (orthorhombic, x = 1.75) and
in the sulphur rich region, covellite (CuS, hexagonal).
when the temperature increases, the new phases which

exist are mid temperature form of chalcocite (fl-Cues)
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between 103.500 and h35OC, and the high temperature

form (J1-Cues). Another phase, the tetragonal, exists
from x :*1.8 to x : 2. This phase was supposed to be
metastable until Cook /2/ showed that it forms a solid

solution between Cu2S and Cu 8 at temperatures from1.95
9u°c to 1uo°c. This is also the domain of high tempera
ture form of dignite. Figure 1 shows the phase diagram
of the Cu-S system; the upper figure showing all com
positions between O and 60000 and the lower figure show

ing compositions involved in CdS:CuxS solar cells. The
present view is that a stoichiometric Cu S crystal2

consist of a highly orderd S-sublattice and a dis
orderd Cu-sublattice. The Sgsublattice being the rigid
armature of the crystal. The Cu ions are mobile and
can occupy a large number of equivalent sites thus giving

rise to different phases afileast in the vicinity of the
region where x ¢s2.

Optical and electrical properties of the

[different phases in the Cu-S system has not been investi
gated thoroughly. Only properties of the composition

relevant to application in CdS:Cu2S solar cells has been
studied in some detail. Here too, the results obtained
by differentgroups of workers vary toéiconsiderable
extent. For example the value of the forbidden energy

gap reported by various authors for“!-Cues vary from



1.05 to 2.50 eV/3-7/. Electrical properties also show
large scattering. It is reported that the carrier con
centration varies from nu1O15 to rv1O21 cm-3 and hole

mobility varies from 1 to 15 cma/volt sec. These scat
tering are primarily due to the existence of different
phases in the same stoichiometric interval and also due
to the non-stoichiometries of the phases themselves.. In
the sulphur rich region of the Cu-S phase diagram, elec
trical properties of pressed samples of Cus (Covellite)
has been reported /8/ and it is also reported here
that Cus exhibits metallic conductivity.

Copper sulphide (Cues) films had in the past

been prepared in a number of ways. Carlson prepared
copper sulphide films by vacuum evaporation /9/9 Ellis
used flash evaporation /10/, Jonath et al used reactive
sputtering /11/ and Islam and Haque used coevaporation

/12/. A number of chemical methods are also available

to deposit Cu28 on CdS for solar cell applications /13-15/.
It was thought that reactive evaporation of

copper in a sulphur atmosphere which was not yet repor
ted, is a promising technique for the preparation of
copper sulphide films and this method was used for pre
paring films reported in this chapter.5.: .

Films were prepared in a conventional vacuum
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system as described in Chapter III. The system was
first pumped to 2 x 10"5Torr and the optically flat subs
trate heated to the required temperature. Doubly electro
lyzed copper and three times recrystallized sulphur were
used as evaporants. A glass crucible placed in a conical
basket made of molybdenum wire was used as the sulphur

source. A molybdenum boat was used to evaporate copper.
The boat was covered with stainless steel heat shields
so that the substrate temperature could be kept within
QK of the required temperature.

lt is found that a stoichiometric interval
exists for the reactive evaporation of copper in a sulphur
atmosphere with the following parameters:

1-2 x 101“ atoms/cma/sec
16

metal atom flux

1-2 x 10 molecules/cma/secchalcogen flux
substrate temperature : 295-AAOK

It is also found that films prepared with subs~
trate temperatures from 295K to 315K have a golden yellow
colour and films prepared from 325K to QAOK have a deep

green colour. The deposition rate of the films were
0.2 - 0.5 nm/sec.

Composition of the films were determined by

taking the X-ray diffraction pattern of the films prepared
at various temperatures. For these measurements films

were not detached from the substrate. A Philips PW
Ixuo/90 X-ray unit fitted with pw 1050/70 goniometer was
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used for X-ray diffraction studies. Filtered Cu K4:
radiation (ZR = 1.5uO5AO) was employed. Thickness of

the films used for X-ray diffraction studies were between
300 and 500 nm.

Optical measurements were made using a Carry

17D double beam spectrophotometer which can cover the

wavelength region from 2500 nm to 200 nm. Refractive
index and absorption coeCficient of the films were
determined as described in Chapter III.

Electrical conductivity and Hall effect mea

surements were made after depositing gold electrodes to
the film.
trodes does not give an ohmic contact to these films;

It was found that copper and aluminium elec

only gold electrodes give an ohmic contact. Electrical
conductivity and Hall effect of the films were measured
in the set-up described in Chapter III.

STRUCTURAL STUDIES

The X-ray diffraction pattern of the film
substrate system prepared at various substrate tempera
tures are shown in.figure 2. It can be seen that films
prepared at the higher substrate temperatures are crys
talline in nature. From the colour of the films crysta
lline and amorphous films can be easily distinguished.
Crystalline films have a deep green colour and amorphous
ones a golden yellow colour. From the colour of the
films it was inferred that films prepared above a subs
trate temperature of 320K are crystalline in nature
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TABLE I

JCPDS FILM -A FILM -Bhkl - ----------------------------------------- -
d A.U. I/I1 d A.U. 1/I d A.U. I/I1

oo2 8.180 7
100 3.287 11 3.269 11 3.258 11
101 3.223 16 3.207 15 3.205 15
102 3.050 47 3.034 16 3.028 27
103 2.815 100 2.803 7 2.795 5
006 2.726 44
105 2.319 9
106 2.099 4
008 2.045 4
110 1.898 53 1.891 51 1.888 60
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and films prepared below 315K are amorphous in nature.
The d-spacings calculated for films with well-defined

diffraction peaks ( a and b ) agrees with that given
for covellite (Gus) in JCPDS cards /16/. The d-spacings
and relative intensities given in JCPDS card for cove
llite along with our results are given in Table I}.
This table is obtained after normalyzing the intensities
obtained from the films to the 100 line of the JCPDS
card and also taking into consideration the fact that
in the diffractometer with Bragg-Brentano geometry, at
any incident angle 6, the films gives an effective
thickness of t/sin 9 and consequently the reflected
intensity will be angle dependant. Films prepared at
room temperature (305K) does not show any sharp peaks
(film c). It can be concluded that these films are amor
phous in nature. The diffused back-ground exibited by
all films is due to the glass substrate.

Referring to Table-I it can be seen that
reflections from planes having Miller indices O01 are
missing in crystalline films. From this it can be
concluded that the grains are oriented with 001

planes perpendicular to the substrate surface. Scann
ing electron microscopic observations also confirmed

this. An SEM micrograph of a film prepared at 440K is
shown in figure 3. This is rather surprising, because
when materials with hexagonal structure grow with
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preferred orientation on amorphous surfaces, they usua
lly have a columnar growth with 001 planes along the
substrate surface; a well known example being the colum
nar growth of Cds.

From the X-ray diffraction pattern, no other

phases in the Cu—S system is detected. Taking into

consideration the deposition condition (chalcogen flux
to metal flux ratio greater than hundred) it can be seen
that if there are enough sulphur molecules present for
reaction, only covellite phase is formed. There has not
yet been any report of covellite formation in evaporat

ion of bulk Cués. The formation of covellite phase in
this case is highly probable because in the initial

.stages of evaporation when the bulk Cues melts, a large
proportion of Cues molecules may dissociate causing pre
ferential evaporation of sulphur. This excess partial
pressure at the initial stages of evaporation will assist
in the formation of covellite.

ELECTRICAL PROPERTIES OF CRYSTALLINE CuS fiigg,

Hot probe measurement showed that the film

is p-type. Electrical conductivity of the films were
measured after depositing gold electrodes on either end
of the film. Electrical measurements showed that films
were highly conducting with a resistivity of 10‘h ohm cm,
The variation of resistivity of the film with temperature
was positive and very small down to liquid nitrogen
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temperature. No significant information could be obtai-
ned from these measurements. The posgitive temperature
coefficient of resistance and the very low film resis
tivity shows that the films are degenerate. Electrical
resistivity measurements reported by Okomoto et al /8/
on pressed smaples of CuS are very similar to this.

Hall effect measurements showed that the

carrier concentration in these films was 1O22cm'3and

the-mobility 2.5cm2/volt sec. Because of the high
carrier concentration and the low mobility of the carri
ers, the Hall voltage developed was only a few micro
volts, typically 6 to 8 microvolts for a current of
10mA and a magnetic field of 7K gauss. The tempera

ture variation of thislsnall Hall voltage, if an}, could
not be determined because of the lack of resolution of
the measuring instrument used (maximum resolution of the
digital meter was only one microvolt).

QEIIQAL_EBQEEBI1ES_QE_QRX£IALLlNE_QnS_EILM5.

The transmission spectra of crystalline Gus

films are shwon in figure 4. It can be seen that the
spectra is characteristic of a semiconductor. Absorpt
ion at wavelengths less than 500 nm is due to the onset
of band to band transitions in the semiconductor. In
creasing absorpiton beyond 55OUnm to the long wavelength

side is due to free carrier absorption or due to transi
tions taking place from a filled acceptor level situated
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just above the valence band to the conduction band.
The large absorption (£«u1O5 cm-1) shown by the films
before the onset of fundamental absorption is due to the
degenerate nature of the films.

Absorption data in the fundamental absorpt
ion region was analyzed in terms of the theory of
Bardeen et al /17/. This theory gives for a direct tran
sition

- A(hV -Eg)r-'
r = 1/2 for an allowed transition
r = 3/2 for a forbidden transition

The plot of (£ hU)2/3 versus hv is shown in
figure 5. This gives a band gap of 2.37 : 0.01 eV and
the transition leading to this is a direct forbidden one.
This value of band gap is only a representative one, since
in degenerate materials, the value of band gap obtained
can vary somewhat depending on the carrier concentrat
ion. The exact band gap of the material can only be obta
ined when high quality defect free films of Cus are avai

This also holds true for the determination whether
In

lable.
CuS is a direct or indirect band gap semiconductor.
the films used in the present study any indirect transit
ion occuring before the direct transition will be masked
by the high absorption coefficient of the film before
the onset oi band to band transitions.

16?
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Mooser and Pearson /18/ have introduced the

concept of semiconducting bond, which has proved valuable

in analyzing and predicting semiconducting properties of
compounds and in particular in differentiating between
metallic alloys'and semiconductors. According to the
concept of the semiconducting bond, the solid is a semi
conductor if all the possible valence structures lead
to filled sub-shells, whereas the metallic state is
characterized by partially filled valence orbitals of the
component atoms. This valence bond rule was successfully
applied to many intermetallic compounds which are formed

by s or p electrons of each atoms. But this rule
was not applicable to compounds which contain transition
elements or rare earths. Hullinger and Mooser /19/ exten
ded the bond treatments.of intermetallic compounds to
the criterion where d-orbitals as well as s- or p
orbitals concern to the valencies of the compounds. They
established that semiconductivity occurs if cation
d-electrons are assumed to be localized, while if sub-shells
are less than half filled, metallic conduction results.

Mooser and Pearsons' expression for the condit
ion of occurance of semiconductivity in solids is

$12 +" b -. b = 8 (6.z+.2)
where ne is the number of valence electrons (not counting
any unshared electrons on the cations) per unit

formula, n is the number of anions per unit formula,. a
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ba is the average number of anion-anion bonds and be
is the average number of cation-cation bonds. If the
above condition is not satisfied, the solid is a metallic
conductor.

Application of the above rule to Cus predict
that it is a semiconductor. From the results of thein
electrical measurements, Okomoto et al concluded that
CuS is metallic in nature and as such Mooser and Pearsons

rule does not hold in this case. But results reported in
this chapter confirms that Cus is a semiconductor and
that Mooser and Pearsons rule hold in this case also. Mag
netic suceptibility data given by Okomoto et al indicates
the presence of partially localized 3d electrons in CuS
which is a necessary condition for the occurance of semi
conductivity in compounds where d-orbitals as well as
3- or p- orbitals concern to the valencies of the compound
according to Hullinger and Mooser . From what is given
above it can be safely concluded that Gus is a semiconduc
tor with a band gap of 2.37 eV.

6.5 AMORPHOUS FfLMS OF CuS

It was found that when copper is reactively
evaporated in an atmosphere of sulphur, and when the subs

trate temperature is lower than 315K, the films are amorphous
in nature (see figure 2). These films have a golden yellow
colour and highly transparent before the onset of fundamental

absorption. Since crystalline Cus films have a deep green
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colour, amorphous CuS films with their golden yellow
colour can be easily distinguished. Films prepared with
substrate temperature between 315K and 320K has a colour

in between golden yellow and green and with a slight in
crease in temperature the films turned to the crystalline
deep green colour. Obviously films prepared at these
temperatures contain amorphous and crystalline regions.

6.6 ELECTRICAL PROPERTIES OF‘AMORPHOUS CuS FILMS

Hot probe measurements show that amorphous

CuS films exhibit n-type conductivity. It is interesting
to note that all the other compounds in the copper-sulphur
system are p-type semiconductors, including crystalline
Cus. Electrical measurements show that films are fairly
resistive (room temperature resistivityru1O5 ohm cm). The
variation of resistance of the films with temperature is
shown in figure 6. The activation energy for conduction
calculated on the basis of the equation

f = J; exp(Ea/KBT) (6.6.1)
is 0.26 eV. This indicates a thermally activated process
and is exhibited by many amorphous semiconductors in this
temperature range.

‘When these films are heated to above 220K, these

films crystallize and their resistivity falls by about
4nine orders of magnitude (from 105 ohm cm to 10' ohm cm).

The variation in resistivity of these crystallized films
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with temperature, is very low as in the case of crysta
lline Cus films. Both exhibit positive temperature co
efficient of resistance. The overall behaviour exhibited
by CuS films are similar to that for tin disulphide films
as discussed in Chapter IV. The only difference being,
amorphous films of tin disulphide are more stable, as
they crystallize only when heated to AIOK, whereas amor
vphous films of Cus crystallize when heated to 320K.

6.7 OPTICAL PROPERTIES OF AMORPHOUS CuS FILfl§

Figure 7 shows the transmission spectra of
an amorphous CuS film of thickness 390 nm. Tt can be
seen that films are fairly transparent before the onset
of band to band transitions except for a slight decrease

in transmission around 1200 nm. Electrical data given
above (negative temperature coefficient of resistance)
and the transmission spectra conclusively establish that
amorphous Cus is a semiconductor.

The variation of refractive index of the films
with wavelength is shown in figure 8. The refractive
index of crystalline Cus films and also of amorphous
films recrystallized could not be determined as they exhi
bited no interference fringes.

ln many amorphous materials in the photon

energy region where £~105 cm-1 , the absorption coeffi
cient is found to obey a law of the form /20/

of: -c (h'U -Eg)’ (6.7.2)
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values of r between 1 and 3 have been observed. The

constant E8 can be used to define an optical gap
although it may represent an extrapolated rather than a
real zero in the density of states.

The plot ofoC versus h‘\9 is shown in figure 9.

The value_of.E‘ obtained 1.60 eV is in agreement with the
transmission data. The plot of (& h10)1/2versus hi’,
which is the more commonly observed relationship (r=2),
gives an energy gap of 1 eV which obviously is not in

agreement with the transmission data. The unity value
obtained for r indicates a sharp rise in the density
of states at the band edges. This type of behaviour

(«£ d (hv-Eg)) was earlier reported in the case of amor
phous selenium /21/.

In amorphous materials when a law of the form

given by equation (€57~2) holds, transitions are belie
ved to take place between the extended states of the valence
band and the extended states of the conduction band and

hence the band gap in the crystalline and amorphous phase:
must be approximately equal /22/. But it can be seen
that in the case of covellite, the value of the band gap
for the crystalline material is 0.77 eV higher than that
for amorphous material. This high value may be due
to the top of the valence band being empty of electrons
and transitions taking place from deeper lying levels
in the valence band to the conduction band. This emptying



of the valence band is highly probable because of the

high p-type conductivity (‘p rv 1O-4ohm cm) exhibited
by the crystalline samples.

CONCLU§IONS

when copper is evaporated in an atmosphere of
sulphur vapour, films of covellite (CuS) are formed.
Films prepared below a substrate temperature of 315K
are amorphous in nature, whereas films prepared above
320K are crystalline in nature. Films prepared in the
transition region (i.e. substrate temperature between
315 and 320K) exhibit both crystalline and amorphous areas.
Crystalline films have their grains oriented with 001
planes perpendicular to the substrate surface. Cry
stalline films show p-type conductivity with a room tem

-1+perature resistivity of nJ1O ohm cm and positive tem
perature coefficient of resistance down to liquid nitro

gen temperature. Amorphous films of CuS exhibit n-type
conductivity with a room temperature resistivity of

5au1O ohm cm. Activation energy for electronic conduct
ion in amorphous Cus films is 0.29 : 0.05 eV. The amor
phous films crystallize when heated to 320K and their
resistivity changes by nine orders of magnitude (i.e.
from N105 ohm cm to ~10-A ohm cm). Crystalline
films have a deep green colour and amorphous films, a
golden yellow colour. Crystalline films exhibit large

17 flit-,4;
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absorption (<£ na1O5 cm-1) before the onset of band to
band transitions. This together with the positive tem
perature coefficient of resistance indicate that the cry
stalline films are degenerate. The forbidden band gap
obtained for crystalline films from optical studies is
2.37 eV. This establishes that Cus is a semiconductor
contrary to what was believed earlier. Amorphous
films of CuS are fairly transparent before the onset
of band to band transitions and are of good optical
quality. The band gap obtained for amorphous CuS is
1.60 eV. The absorption coefficient in the fundamental
absorption region in these films obey a law of the form

cfd (nu -Eg) which indicates a sharp rise in density of
states at the band edges.
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CHAPTER-VII

EFFECT OF HEATING ON THE PROPERTIES OF CuS FILMS

It has already been shown that CuS films
prepared below 315K are amorphous in nature and those

prepared above 320K are crystalline in nature. In this
chapter is reported the changes taking place as these
films are gradually heated in air. This study is
important because any application of these films in
practical devices require a thorough knowledge about its
high temperature behaviour and stability. Amorphous CuS
films and crystalline Cus films prepared at low substrate

temperatures (TS( 375K) were used in this study. CuS

films prepared at high substrate temperature (TS)~375K)
tended to behave in a different manner from that of films

prepared at lower substrate temperatures. Whereas films
prepared at low substrate temperatures went through a

series of phase transitions to form Cu2O and CuO, the
films prepared at high substrate temperatures tended to

get oxidized into Cu2O and CuO without undergoing any
other phase transformations. This is not surprising if
we take into consideration the fact that when films are
prepared at low substrate temperatures, they are effec

tively being quenched from the high source temperature
to the low substrate temperature. Hence films prepared
at low substrate temperatures will be too much strained
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and these strained films can be more easily converted
to different phases by giving sufficient thermal energy.
But when films are prepared at high substrate tempera
ture, the film forming particles get good mobility on
the substrate surface and the films will be strain free

Because of the lack of strainsto a large extent.
these films will be structurally more stable.

EXPERIMENTAL

Films of amorphous CuS and crystalline Cus

were deposited as described in Chapter VI. These films.
were heated in air in the set-up described in Chapter III.
Extremely low heating rates (1-2K/min) were used. The
resultant films were characterized by X-ray diffraction
and optical absorption studies. Both amorphous and
crystalline films prepared at low temperatures were heat
treated and amorphous films gave essentially the same
results after their crystallization.

RESULTS AND DISCUSSIONS

when gradually heated in air at 320 ; 3K, the
golden yellow colour of the amorphous films changed sudd

enly to the deep green colour of the crystalline phase.
This is certainly due to the crystallization of the amor

The X-ray diffraction.pattern of such_aphous film.

crystallized film together with the X-ray diffraction
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pattern of an amorphous film is shown in figure 1. In
the crystallized film only lines due to the phase cove
llite is observed and is identical to the X-ray diffrac
tion pattern given by CuS films prepared at substrate
temperatures greater than 320K.

The transmissiqn spectra of the amorphous
and crystallized Cus films are shown in figure 2. It
may be seen that crystallization reduces the transmiss
ion of the amorphous film considerably. The absorption
coofficient exhibited by these films is of the same
order as that of crystalline Cus films. The plot of
(d?h19)2/3 versus hv for a typical crystallized'film is
shown in figure 3. This gives a forbidden gap value of
2.37 1 0.02 eV which is in agreement with that of the
crystalline Cus films.

when these films are further heat treated
without increasing the temperature, gradually spherulites

of sulphur begin to appear on the surface of the film.
These spherulites have a flower like appearance and have
dimensions as large as a few mm. But if a higher tempe
rature is used for heat treatment, a large number of

small spherulites are formed. Figure A shows a large
spherulite grown at low temperature. Figure 5 shows a

film which was heat treated at a slightly higher tempe
rature and a large number of small spherulites could be
S6611.
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X-ray diffraction pattern of a film with
spherulites on it is shown in figure 6. Diffraction
pattern of covellite films are also shown for comparison.
It can be seen that lines due to covellite phase has
completely disappeared. Lines of rhombohedral sulphur
together with lines of another phase is seen. In the
cups ,phase system both chalcocite and djurleite has
almost the same diffraction lines. The distinguishing
lines of chalcocite are d = 2.9w2A°, d = 2.207A° and that
of djurleite is d = 3.39A°. Because of the presence of
the distinguishing line for djurleite together with other
lines which are'common to djurleite and chalcocite phase,
it may be concluded that when Gus films prepared at low
substrate temperatures is heated the following reaction
takes place:

a- Cus 4-; c- Cus —+ djurleite + rhombohedral sulphur

Because the films are heated in air, the atmos
pheric pressure prevents the evaporation of sulphur and
also since the temperature is low, the formation of the

much volatile S02 is also minimised. Hence the sulphur li
berated due to the decomposition ofgthe Cus film segregates
out and because of the large undercooling (£STrv 150K)
the sulphur grows in the form of spherulites. In most
examples of crystal growth one finds that, after attaining
a stablesize, a typical primary nucleus grows into a
crystallite having a discrete crystallographic orientation.
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Generally speaking, this continues to develop as a
single crystal until it impinges either upon external
boundaries or upon other similar crystallites advanc
ing from neighbouring nuclei. Certain systems are

known, in which primary nuclei are seemingly incapable
of such development /1/, each one giving rise instead
to a more complicated structure of the kind shown in
figure 4. This consist of radiating array of crystalline
fibers all having the same fiber axis and possessing,
therefore, the unusual property of branching in such a
way that the crystallographic orientation of a branch
departs appreciably from that of its parent fiber.

t is interesting to note that sulphur spheru—
lites grow with the rhombohedral modification of sulphur.
This may possibly be an epitaxial growth on the underly

ing Cus film which too has a closely related hexagonal
structure. Since CuS grains grow with their c-axis along
the glass surface, rhombohedral sulphur growing on the
surface of these crystals may also take such an habit.
X-ray data is not sufficient to find the growth axis of
the sulphur spherulites in the present case. The presence
or absence of reflections from planes of the form OOl

would have confirmed the growth axis. But JCPDS data on
rhombohedral sulphur /2/ does not list any lines from the
planes of the form 001. This prevented the determination
of the growth axis from X-ray diffraction studies.
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when these djurleite films are heated to
about 370K, sulphur evaporates away from the film giving

the characteristic odour of 802. So the mechanism by
which sulphur evaporates is not the usual melting and

evaporation, but formation of highly volatile S02. It
is tentatively assumed that evaporation of sulphur does
not bring about any phase transitions in the underlying

material. The colour of the film does not.change by
this evaporation and the assumption is somewhat insti
fied. Such films were used for optical studies. Transm
ission spectra of a film, from whose surface sulphur has
been evaporated_away is shown in figure 7. Figure shows
~the transmission spectra of a crystalline Gus film also.
It may be seen that transmission increases due to the
change from CuS to djurleite. Refractive index of the
films could not be determined as the transmission spec
tra exhibited no interference fringes. For the calculat
ion of-absorption coefficient, refractive index of thin
crystals of djurleite given by Mulder /3/ (n = 2.h) was
used. The plot of (£ h‘D)2/3' versus hi is given in
figure 8. This give a direct band gap of 1.94 i 0.02 eV.
From the functional dependence of absorption coefficient
on photon energy, it can also be inferred that the direct
transition is a forbidden one.

As the films are further heated to 425K, the
»colour of the file changes to yellow. The X—ray
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diffraction pattern of such a film is shown in figure 9.
This diffraction pattern also shows almost all of the
lines which are common to djurleite and chalcocite.
But here the iédentification line of djurleite phasehgg
fidaappoarod indicating that the film is pure chalcocite.

Transmission spectra of a chalcocite film
is shown in figure 10. This spectra is similar to that
reported in the literature for thin layers of chalcocite.
The absorption coefficient was calculated with n value
taken from the literature (n = 2.6) /5/. The plot of
(d‘h19)2/3 versus h'|’ is shown in figure 11. The value
of the direct band gap obtained is 1.84 i 0.02 eV. The
functional dependgnce of {Lon h“ shows that the transi
tion is a forbidden one. This value of the band gap is
in agreement with that reported in the literature/4-6/.
An indirect gap around 1 av has been reported in the
literature for chalcocite. Because of the thinness of
the samples used in the present study (t = IOOOA9) the
existence of such an indirect transition could not be
verified.

The path of the transformation of CuS to

Cuas may be represented asheating heating
Gus .-—----9 djurleite ——----P chalcocite

There is not much meaning in assigning any
particular temperature to these transformations. Because
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these transformations will proceed at any finite tempe
rature, the higher the temperature, the higher the
transformation rate. One inferrence which may be taken
from these chain of phase transformation is that the most
stable phase in the Cu-S phase diagram is chalcocite and
intermediate phases tend to attain this phase, if given
enough freedom.

CONCLU§IONS

Amorphous films of Cus crystallizes when

heated to 320K. When the heating is continued at 320K,
amorphous and crystalline films prepared at low substrate
temperatures get decomposed to djurleite and rhombohedral
sulphur. As the evaporation of sulphur is prevented
because of the large undercooling (z3T?::15OK) spherulites

of sulphur are formed. The spherulites grow with the
rhombohedral modification of sulphur possibly because of
an epitaxial ordering it gets from the underlying CuS
film which also has a hexagonal crystal symmetry. When

the temperature is raised, sulphur forms volatile S02 and.
gets evaporated. On continued heating of the films,
djurleite gets converted to chalcocite.
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CHAPTER-VIII

OXIDE FILMS or COPPER PREPARED BY THE XID T on

or COPPER SULPHLDE FILfl§

Copper oxide (Cu2O) is a well known semi
conductor that is finding renewed interest in the search
for low cost materials for solar cell application /1/.
It is a defect semiconductor with p-type conductivity
and through the work carried out in the 1920s and 1930s,
this became one of the first semiconducting materials
to be investigated. Cuprous oxide layers on Cu have
been known for many years to be photoconducting and to

show photovoltaic effect. The first investigation on
photoconductivity of these materials were made by Pfund
/2/. More precise photoconductivity study began with
the work of Schonwald /3/. He showed that p-type con

duction in Cu2O occurs through the presence of copper
ion vacancies. Switching phenomena, similar to that
observed in the case of many chalcogenide glasses was

observed in Cu2O crystals by Wang and Weichman /4/.

Electrical /5-7/ and optical /8+11/ properties of Cu2O,
has been reported in the literature by various authors.
But reports on the electrical and optical properties of
CuO are rare.

For use in thin film solar cell technology
it must be possible to prepare low resistivity films of



2%

Cu2O with good optical properties in a reproducible
manner on a variety of substrates. Preparation methods
that are currently being investigated are thermal oxi
dation /12-14/, electrodeposition /15/ and reactive
sputtering /16/. A problem common to oxidation and

electrodeposition methods is that the resulting Cua
material tends to be of high resistivity, namely
102 -10h ohm cm in the thermal case /1h/ and 104 -106ohm

Best films arecm in the electrodeposited case /I5/.
formed by reactive sputtering of copper in an oxygen
argon mixture which gives films with controlled resisti
vity over the range 25 to 10“ ohm cm /16/.

In this chapter the preparation and optical
properties of Cu O and CuO films prepared by the oxidat2

ion of-copper sulphide films in air are discussed.

EXPERIMENT L

Oxidation of the film was carried out by
heating the films to a high temperature in air as in the
case of tin disulphide. The heating set-up is as descri
bed in Chapter III. Both amorphous and crystalline films
of Cus were used in these experiments. Since CuS films
underwent a series of phase transformations before
it reached the oxidized state, the activation energy for
oxidation could not be determined by_the method used for

tin disulphide. The criterion used for the oxidation
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of the final phase of Cu-S (chalcocite, colour yellow)
to Cu2O was the sudden change in the colour of the film
to g©lden.yeliow. And the criterion used for the further

oxidation of Cu2O into CuO was the change of golden
yellow colour to a foggy appearance. These oxidized
films was not as perfect as that of tin dioxide descri
bed in Chapter V and contained pin holes and non-unifor
mities. This was especially severe in the case of
thicker films.

Optical measurements of these films were
made by using a Hitachi 200-20 UV-Vis spectrophotometer.

Films used in the optical study had a thickness around
100 nm. X—ray diffraction measurements were carried out

in a Philips PW 1140/90 X—ray diffractometer. About

300 nm_thick films were used in X—ray diffraction study.

RESULTS AND DISCUSSIONS

when Cus films are heated beyond SOOK, after

the series of phase transformations dgrcribed in Chapter
This oxidation of the filmVII, the films get oxidized.

is characterized by a sudden change in the colour of the
film from yellow of chaicocite to the golden yellow of
Cu O. The X-ray diffraction pattern of a film so oxidized_2

is given in figure 1. The table given along with the
figure lists the d-spacings given in JCPDS card and our
results. It can be seen that after a 'd' value of
3.1735’, every lines in the JCPDS card and our results are
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the same. The unidentified lines are not listed in the
JCPDS card. It is not clear at present whether these

lines are due to the presence of any other unknown phase
or it was simply left unlisted in the JCPDS card because
of the low inherent accuracy of these lines (low angle
diffractions). The uniform colour of the film and the
failure to detect two or more phases under crossed pola
roids in an optical microscope and also the fact that
the unlisted lines are not due to CuO almost rule out
the first possibility.

From X-ray diffraction study no preferred
orientation of the grains in the films could be found.

The samples obtained show p-type conductivity
and were of high electrical resistivity. This is in
general agreement with earlier reported data in the lite
rature.

Transmission spectra of a Cu2O film of thick
ness Qs100nm is shown innfigure 2. It may be seen that
this film shows a high absorption ( «LN 104 cm“) before
the onset of band to band transitions. A visual inspect
ion of the film shows that the film is not clear i.e.they
scattered light too much. The absence of interference
fringes also shows that films are not optically perfect.
It may also be noted that transmission decreases continu
ously from 900 nm. This may be due to the existence of
large number of levels in the forbidden gap just below
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the conduction band or just above the valence band which
merges to these bands. Weichman and Reyes /17/ report
that copper inclusions are responsible for absorption
peaks in the 1.1 eV to 2.0 ev range. In the present case
these absorption peaks may have merged into a single one
due to the large number of defects present causing high
absorption before the onset of band to band transitions.

,Because of the large absorption before the
absorption edge, interference fringes were absent and
consequently refractive index of the film could not be
determined. For the calculation of absorption coefficient,
refractive index data given in reference 16 was used. The
plot of («C h‘\!)2 versus my is shown in figure 5. This
gives a band gap of 2.29 1 0.02 IV and the transition
leading to this is a direct allowed one. The reported

band gap of Cu2O polycrystalline specimens from photocon
ductivity data lies between 1.94 eV.and 2.14 eV. This
‘band gap’ corresponds to transitions from valence band
to exciton levels /18/ just below the conduction band.
Since the samples used in the present study show no
structure in the transmission curve due to exciton absorp—.
tion and because of the large absorption coefficients
(of. ~1O5 cm'1) characteristic of direct transitions,the

band gap obtained in the present case may be taken as due
to transitions taking place from valence band to conduct
ion band and the band gap obtained as the true gap.
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This is in agreement with the energy level diagram

given in reference 19 for Cu2O, where a band gap of 2.3
eV is taken.

when the Cu2O films are maintained at 500K for
some length of time, the characteristic golden yellow

of Cu2O disappears and a film with a transparent foggy
appearance is obtained. X-ray diffraction pattern of
such a film is shown in figure A. The diffraction data
shows lines due to monoclinic CuO together with three
other lines which are unidentified. It is not clear at
present whether this is due to the presence of any other
phase.

The transmission spectra of a CuO film of
G§9100nm thickness is shown in figure 5. It may be seen

that as in the case of Cu2O films, these films also show
high absorption before the absorption edge. Because of

the absence of interference fringes,refractive index in
this case also could not be obtained. For the calculat
ion of absorption coefficient, refractive index data
given in reference_16 was used. The plot of (& hi’)?
versus h? for a typical CuO film is shown in figure 6.
This gives a direct band gap value of 2.17 1 0.02 eV and
the transition leading to this is an allowed one. Band
gap value of CuO films has.apparently not been reported
in the literature and hence a comparison is not possible.
The band gap value obtained in the present case for CuO
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film is less than that obtained for, Cuzo films. A film
of a material with a band gap of 2.17 eV should have
appeared yellow in transmission as it cuts off wave

lengths lesser than yellow. But CuO films obtained in
the present case, it seems, does not do this; as ment
ioned earlier they havefifoggy transparent appearance.
The apparent transparency suggests a band gap more than
3 eV. The apparent ‘fundamental absorption‘ show by
these films may be due to a large number of structural
and stoichiometric defects which causes band tailing,

i.e. impurity bands merging with conduction or valence
bands. Evidently more work is needed to clarify these
points.

So it can be seen that the effect of heating
CuS films in air upto a temperature in excess of SOOK is
a series of chemical changes taking place in the struc
ture and composition of the film:

CuS(hexagonal)-—9djurleite (orthorhombic)+S(rhombohddral)

-9-djurleite (orthorhombic)-+chalcocite (orthorhombic)

“’Cu2O (Cubic)*-*'CuO (monoclinic)

It may have been clear from now that films
of Cu O and CuO prepared by oxidation in air of the co2 W
rresponding sulphide films are not of good quality; i.e.
they showed too much optical absorption. But when tin
dioxide was prepared by the oxidation in air of tin di
sulphide, highly transparent and good optical quality
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films were obtained (see chapter V). Let us compare
the oxidation of tin disulphide with that of copper sul
phide in some detail. An important factor is the grain
size of the films. It was found in the case of tin di
sulphide that the as prepared films were amorphous in
nature and when the films were heated they crystallized
at 410K. It was also found that if the oxidation of tin
disulphide films were carried out at low temperatures,
the conductivity of the films decreased considerably
and optical transmission became poor and was explained

as due to the incomplete oxidation of the large grains
tin disulbhide formed due to prolonged heating atH,0

low temperatures.

In the case of Cus and Cues films used in this
study, the grain size was greater than 1 micron (see
figure 3 of Chapter VI). In the case of amorphous films
of Cus also when they underwent all the chemical trans

formations and finally reached Cu2S, their grain size was
at least one micron. It is highly probable that these
large grains will not get completely oxidized when heat
ed in air. When these large grains are oxidized, the
surface of the grains will get oxidized first. This
oxide layer may inhibit further diffusion of oxygen in
and sulphur and sulphur dioxide out resulting in incom
plete oxidation. The incomplete oxidation of grains
can certainly make the films too defective causing poor
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optical and electrical properties.
Another important point is that Lin being a

low melting .point elsment (in that case all the respec
tive wetal elements of all known transparent conducting
oxides) will get good mobility on the high temperature
substrate (relative to the melting point of the element).
This high mobility may be essential because a structural
rearrangement of lattice is to take place. But in the
case of copper, its melting point is 1356K and its mobi
lity will be very low on the relatively cold substrate
(temperature gg.500K).

It is quite clear that either of these fac
tors or both contribute ta the quality of the films.
More work is needed to determine the following:

1)

2)

Whether during the conversion from metal

sulphide to metal oxide a complete de

composition of the sulphide take place
followed by oxidation. In this case low
melting point metals have a definite
advantage as they will get good mobility
on the substrate surface.
Whether only a chemical displacement of

atoms take place with a minor structural
rearrangement. In this case small grained
films will be in an advantageous position,
because oxygen will be able to diffuse
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into the interior of the crystallite
thus producing complete oxidation of the
crystallite.

Data from the present work regarding the oxidation of
the films is given in Table I

Table I

Material oxidized Melting point of Grain size of Filmthe respective the initial quality
metallic compo- film
nent

tin disulphide 505K very small good
copper sulphide 1356K large poor' ( pg micron)
111Ij111:111i11:11&11121111111311:1-C33-jjééix-njcocu-Ix:11::-:11:

Further work is to be done on other compounds
with low melting point metallic components to further
‘clarify these points.

QQH§L!§lQE

Films of Cus when heated in air atf5OOK, after

a series of intermediate chemical transitions, get oxidi
sed to cuao. These cuzo films have a golden yellow colour
and show large absorption before the fundamental absorption



edge. The band gap obtained (2.29 3 0.02 eV) from
optical studies agrees with that reported in the lite

rature for Cu2O layers. When these Cu2O'films are
further heated they get converted to CuO filhs. These
films also show large optical absorption before the
absorption edge. The band gap obtained for CuO films
is 2.17 1 0.02 eV. The quality of the films obtained
by this method are rather poor.
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CHAPTER-IX

REACTIVELY EVAPORATED FILMS OF INDIUM SULPHIDE

From a II-VI compound, such as Zns, a variety
of semiconductors may be built up by replacing the diva
lent metal by other metals or combinations of them /1/.
If we replace the divalent metal by one of the III
B-group elements, in most cases it leads to a defect

structure of the formula MZXB in which the non-metallic
constituent X forms a cubic or hexagonal close packed
structure, whereas part of the cation sites, normally
occupied in the zinccblende, wurtzite or similar latti
ces in which II-VI compounds crystallizes remain empty.
These compounds should be similar in some respects to
other zincblende and wurtzite type materials. But the
defect structure gives rise to certain unusual proper
ties such as a very strong scattering probability aris
ing from the deeect concentration /1/. Most of the III-VI
compounds exist in several modifications. Some of these
show an ordered arrangement of the cation vacancies

possibly resulting in different carrier transport proper
ties in the ordered and disordered form. The difference
in electronegativity /2/ of 1.2 for the sulphides, 0.9
for the selenides and 0.8 for the tellurides of indium
and gallium indicates a considerable amount of ionic
contribution to the binding. The expected influonce.of
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all these properties was demonstrated in the case of

In2Te3 /3/ and In2$3 /H/, where a low value of electron
mobility with an exponential temperature dependence
was found.

It was thought worthwhile to study the pro
perties of the sulphides of indium in thin film form,
as indium is similar to tin in many respects (difference
in atomic weight equals one, low melting points, high
evaporation temperatures /5/ and also the oxides of tin
and indium are well known transparent conductors). More

over In2°3 is known to be photoconducting.

Three well defined modifications of In2S3 have
been reported in the literature. The cubic«£-form /7/
is stable above 693K and crystallizes in a defect spinel
structure (a = 10.77Ap) in which one third of the
tetrahedral metal sites remain empty. These metal vacan
cies are randomly distributed. But below 693K, these

vacancies order into a 41 screw and a tetragonal super
cell (a : 7.61A°, c = 32.32A°) consisting of three spinel.

blocks /8/. This ordered modification is termedfi-In2S3.
The 693Kfiransition:ds often suppressed in In rich
material and the L - modification persists down to room

temperature. A third modification (I - In2S3) with tri
gonal symmetry has been reported above 1047K /9-11/.
This modification can be stabilized to room temperature

by the addition of 5 to 10% As or Sb /10/.
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The first optical measurements of In2S3 was
reported by Kauer and Rabenau /12/. Investigations by
Bube and Mccaroll /6/ and by Gilles et al /13/ ware main
ly concerned with photoconduction in indium sulphide.
Garlick et al /1u/ reported on the IR emission and
luminescence properties. Repwald and Harbeke /u/ reported
on electrical and optical properties. Bube and Mccaroll

/6/ also reported that Ines} can be made to have high
dark conductivity by incorporation of halogen donors, as

from Cdclz or HHQCI or by heating the pure material in
nitrogen to temperature above IOOOK. They also showed

that elements of groups I, II, and IV behaves as donor
iimpurities.

EXPERIMEXTAL

To prepare the indium sulphide films, indium
was reactively evaporated in a sulphur atnnsphere as
described in Chapter III. A sulphur partial pressure of
10-4 Torr was maintained in the chamber during evaporat
ion. The deposition rate of the sulphide films were
around ZOQ-BOOAO/min. Higher deposition rates decreased

the optical transmission of the films considerably. This
is possibly due to the incorporation of unreacted-indium
in-the growing film. Substrate temperature was measured
with a chromel/alumel thermocouple and was varied between

room temperature and 575K. The films obtained have a
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golden yellow colour and this colour is almost inde
pendent of the substrate temperature used.

Films thus obtained were characterized with

X—ray diffraction, optical microscopy, electrical and
optical studies.

STRUCTURAL STU DI ES

X-ray diffraction pattern of the films
prepared at two substrate temperatures are shown in
figure 1. It may be seen that except for a slight
change in the d-values, which is due to the different
amount of strain present in the films, there is no
qualitative difference between the patterns. The diff
raction pattern obtained is identical with that given

for _P- In2S3
JCPDS card with moderate intensity could be identified

in JCPDS cards. Since every line in the

((I/I,) ) 5), it must be concluded that the grains in the
film possess no particular orientation. It may here be

noted that In2S5 is formed in this process rather than
the sulphur rich phase Ins. In all the other phase systems
investigated in the present study (Sn—S, Cu—S) the most

sulphur rich phases are formed (SnS2, CuS).

An optical micrograph of a film prepared at
500K is shown in figure 2. It may be seen that the
grains are large and have dimensions of the order of

Films prepared below a substrate temperature
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Figure 1: X-ray diffraction pattern of
the indium sulphide films at two substrate
temperatures.
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Figure 2. Optical micrograph of ap- B1253 film (T8 = SOOK)
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Of HSOK are smooth, i.e., they showed no surface fea
tures when viewed through an optical microscope at

X 1000 magnification. This can be qualitatively explai
ned in terms of the concept of critical untimization
of Vincett /15/. He has concluded from many experimen
tal results that when the substrate temperature approa
ches about 0.33 9f the boiling noint of the material,
the film qualities (surface smoothness, optical transmi
ssion, carrier mobility etc.) improve considerably.
According to Vincett, when the substrate temperature
is low, disordered as well as crystalline regions con
dense on the substrate surface. when the substrate
temperature is increased to approximately 1/3 of the
boiling point of the substance, preferential reevaporat
ion of disordered regions in the growing film take place,
resulting in a film of good quality. why it is the boil
ing point rather than the melting point may be explained
as follows. It may be recalled that, by definition,
boiling point of a substance is the temperature at which
the vapour pressure of a substance equals atmospheric
pressure. Hence boiling point is a measure of the vapour
preesure of the substance and gives a qualitative idea
or the vapour pressure to be expected at any temperature;
higher is the vapour pressure, lower is the boiling point.
But melting point is not a true measure of the vapour
pressure, because many low melting point substances



9.3

225

(e,g. tin and indium) have a very low vapour pressure
after melting.

But when the substrate temperature is increa
sed to more than 1/3 of the boiling point of the subs
tance evaporation of crystalline regions of the growing
film also take place, resulting in films of poor quality.

The melting point of In2S3 is 1323K and one
third of this value is 441K and hence the sudden smooth
ness of the film prepared at these substrate temperatures.
Results of optical measurements given below also supports
this view.

OPTICAL MEASUREMENTS

Transmission spectra of ~P- In2S3 films
prepared at various substrate temperatures are shown in

It isfigure 3. Film.thickness is approximately 600 nm.
of the interference frinwell known that the ‘amplitude’

ges is a measure of film quality; the larger the ampli
tude, the better the film. This is because only if the
film surface is highly reflecting and there is not much
internal scattering/absorption, the films will show large
amplitude interference fringes. If this is used as a
criterion for film quality, it may be seen that films
prepared with a substrate temperature around 425 1 50K
are the best films. When the substrate temperature is
lowered the amplitude of the fringes become smaller and



Transmission

Transmission

O-80 *

0.40"‘

080 "‘

500 600
A (nm)

Figure 3: Transmission spectra of pvln-283
films prepared at various substrate
temperatures. Film thickness is Q,’ 600nm.

2 2:6



‘ oao 

Transmission

Transmission

227

Tsi.-410K
0.40 *

5‘oo éoo 7'00

0.80

0- 40

soo 500 700
Mum)

Figure 3: Transmission spectra of Inzsifilm prepared at various substrate
temperatnres. Film thickness ix; $5 600nm.
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at room temperature, vhich is the lowest substrate tem
perature used, it becomes the smallest. When the subs
trate temperature is raised to 500K, transmission decre
ases. This is certainly due to absorption by sulphur
vacancies in the film. Because at this substrate tempe
rature reevaporation of sulphur from the growing film will
be considerable. Moreover the film surface is 'grainy'
and will scatter light (see figure 7 also).

From transmission measurements it may be seen
that the film quality goes through; maximum at a substrate
temperature of 425 1 50K. This also supports the concept
of critical optimization discussed in the section on
structural studies.

Figure 4a shows the refractive index as a func
tion of wavelength for films prepared at various substrate
temperatures. It may be seen that at a substrate tempera
ture of h1OK, the film refractive index is 2.56, which

is the value reported for;P-Ines} single crystals /14/.
Figure 4b shows the refractive index of the films at a
wavelength of_75O nm as a function of substrate tempera
ture. It may be seen that the refractive index goes through
a maximum for substrate temperature predicted by the con

cept of critical optimization /15/.
Figure 7) shows   as a f1.1l’lCtiOl'l Cf_hU

for a film prepared at 410K. ‘This gives an energy gap of
2.01 1 0.01 eV, which is in excellent agreement with the
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published data for single crystals of_p-In2S3/l+/- This
functional dependence also shows that the transition is
a direct forbidden one. Measurement of photoconductivity

as a function of wavelength on ~P-Inasfispecimens also
give a band gap around 2 eV /6, 3/.

From figure 3 it may be noted that for films
prepared on room temperature substrate the absorption
edge is shifted to shorter wavelengths and the fall in
the transmission curve is different from that of films
prenared above this temperature. Electrical measurements
(to bediscussed) also show that films prepared below a
substrate temperature of 350K behave in a different
manner from that of films prepared above that substrate
temperature. Figure 6 shows (£'h\>)1/2 versus hv for

a film of thickness about 2 /u prepared at room tempera
ture. It may be seen that this gives a band gap of
1.95 1 0.01 eV, which is less than the band gap obtained
for films prepared above a substrate temperature of 350K.
The functional dependence of «C on M) is that of an indirect
transition, but the magnitude ofdi (> 103 cm'-1) in the
present case rules out this possibility because for in
d:'~..rect itrznsitions it is well known thataC should be less

than 103 cm'1. The only other possibility which is there,
is the case of the non-direct transition law which is
obeyed by amorphous solids (see section 1.2 and_equation
1.2.9). From what is given above, it may be concluded
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that, films prepared below a substrate temperature of
350K are amorphous in nature, though no X—ray data is
available at present.

Figure 7a shows the transmission spectra of a
thick film prepared at 575K. The film obviously has2%

a very low transmission. Figure 7b shows the variation
of absorption coefficient as a function of photon

It may be seen that absorption coefficient show
some structure which cannot be separated out into indivi
dual peaks. These absorption peaks can be due to differ
ent levels in the forbidden gap to which transitions

take place. Two defect levels may occur due toLmay

sulphur vacancies, which are doubly ionizable (two In
outer electrons are left out from bonding due to a sulphur
vacancy and these two electrons may be excited into the
conduction band of the material with suitable activation).
Another possibility is the formation of the disordered
cubic phase (see begining of this Chapter). More syste
matic low temperature optical absorption studies are
needed to get information on the defect structure of

ln2S3.

ELECTRICAL STUDIES

Electrical resistance measurements were

carried out in the cell described in Chapter III. -For
resistance measurement a Hewlett Packard 3465A Digital
Multimeter was used.
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Hot probe measurements showed that films

are n-type. Electrically, the films could be classi
fied into two groups according to the substrate tempe
rature at which they are pnepared. Films prepared above
a substrate temperature of SSOK were low resistivity
films and indium made good ohmic contact to these films.
Whereas films prepared below a substrate temperature of
350K showed high resistance and indium does not make
ohmic contact to the films.

Figure 8 shows the temperature dependence

of resistance of a film of thickness 600 nm prepared
at a substrate temperature of 420K. Effective area of

the film was lcmz. It may be seen that data gives a
good fit to the equation f: f; exp(Ea/KBT). The acti
vation energy for electronic conduction obtained in the
present case is 0.26 3 0.02 eV. Eventhough film resis
tivity decreased somewhat with increased substrate tempe
rature, the activation energy obtained from electrical
measurements for all films prepared at substrate tempe
ratures greater than 350K were the same. The present
result is in agreement with activation energy reported
from Hall measurements in reference 4 on single crystals.
However activation energy for electrical resistivity
reported in reference 4 is slightly-higher (0.34 to
0.41 eV). This indicates a temperature dependence of
mobility in single crystals. .But in thin films where the
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mobility is controlled by grain boundaries, a tempe
rature independent mobility is not unexpected and hence
the agreement in the present activation energy value
with that obtained from measurement of Hall effect

in single crystals. lt may be recalled that activat
ion energy obtained from Hall measurements gives the
depth of the level from the conduction (valence) band
as it involves only the number of carriers; but resis
tivity measurements give a combined dependence on
mobility and number of carriers.

Activation energy from electrical conduct
ion obtained in reference 13 is 0.56 eV which is more
than double that of the present value. This level
cannot possibly be due to sulphur vacancies, because
their samples were prepared at a sulphur pressure of
the order of 5-10 atmosphere.

STABILITY OF P-In2S3FILMS

It is found that fl-Ines} films prepared at
substrate temperatures above 350K are very stable in
the laboratory atmosphere. These films can be heated
to 550K in air without the film getting oxidized. But

films prepared below a substrate temperature of BSQK
are found to be unstable. These films deteriorated,
upon storage in a descicator for one month, into two

The X-ray diffraction pattern of such a

deteriorated film is shown in figure 9. From the X-ray
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Figure 10.0ptical micrograph of a deteriorated film.
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diffraction pattern it may be seen that the films_have
decomposed into Ins and orthorhombic sulphur. Table I
gives almost all the lines of orthorhombic sulphur toge
ther with lines of Ins. We may here recall the decompo
sition of CuS into djurleite and rombohedral sulphur
described in Ehapter VII, where because of the hexagonal
symmetry of the underlying CuS layer, rombohedral sulphur
was formed. In the present case because of the cubic

symmetry of the underlyinggfi-In2S3, the most closely
related sulphur structure (orthorhombic-three unequal
axes inclined at 900) is formed. This too is possibly
an epitaxial nucleation and growth. Optical micrograph
of a deteriorated film is shown in figure 10. Small
sulphur crystallites may be easily identified. Transmi
ssion spectra of such a film is shown in figure 11 toge
ther with that of a fresh film. It may be seen that
transmission is reduced considerably and the absorption
edge is shifted to shorter wavelengths.

CONCLUSIONS

when indium is evaporated in an atmosphere

of sulphur, Ines; films are formed, rather than Ins.
This is different from other phase systems investigated

in the present study, there the most sulphur rich-phase
is formed. Films prepared below a substrate temperature
of 350K are amorphous in nature and have a band gap of
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1.95 i 0.01 eV. Films prepared above a substrate
temperature of 350K are crystalline in nature and have
a band gap of 2.01 110.01 eV. Properties of the crys
talline films obtained (surface smoothness, optical
transmission, and refractive index) goes through an
optimum at a temperature of A25 1 50K, in agreement with
Vincett's concept of Critical Optimization.
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CHAPTER-X

FILMS PREPARED BY ACTIVATED REACTIVE EVAPORATION

Activated Reactive Evaporation is a versa
tile technique for depositing compound semiconductors.

The main advantages of the process are, as discussed in
Chapter II, (a) increased chemical reactivity of parti
cles making it possible to use a low partial pressure
of the reactive gas and consequent low wastage of the
reactive gas (b) possibility of high deposition rates
without abnormally increasing the partial pressure of
the reactive gas and the consequent low probability of
the entrapment of the unreacted gas as well as ambient
gas in the growing film which will adversly affect film
properties.

PI.-1’5:l1‘vZ ENTAL

In order to activate the reactive gas, an
ekectric.discharge must be produced in the reactive
atmosphere. The usual ways of producing a low pressure
electric discharge are (a) bombardment of reactive gas
with electrons of suitable energy (b) using an RF or
microwave source. The first method because of its

simplicity and adaptability to the existing vacuum
coating unit was chosen in these studies to activate the
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Figure 1: Ionization probability of a gas
.milecule on electron_energy.
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suitable partial pressure was achieved in the chamber

and after that, the electron emitter, magnetic field,
and the anode supply was switched on. Within a short
time, the filament emitted enough electrons and the
discharge was established in the chamber. The electron
filament current or the anode potential was then adjus
ted so that a suitable glow was maintained in thecham
bar. The metal was thenmovaporated at a suitable rate
and theshutmar over the metal source was withdrawn to

allow film deposition on the substrates to take place.
The discharge current was always kept constant at 1.5A.

The colour of the glow produced by sulphur
vapours was blue.

FILMS OF TIN DISULPHIDE

The films of tin disulphide wire prepared
with the metal atom flux, sulphur partial pressure etc.
the same as that used in the case of ordinary reactive

when tin atoms were ionized in the glowevaporation.

discharge it gave a pale blue colour. Films prepared
by this technique had a golden yellow colour which is
characteristic of tin disulphide and were more trans
parent than films prepared by ordinary reactive evapora
tion for a given thickness. Transmission spectra of‘
such a film prepared on a room temperature substrate
is shown in figure 3.
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When substrate temperature was increased
to more than SACK, a dust-like coating was found on the
films and the transmission became poor as was found in
the case of tin disulphide prepared by ordinary reac
tive evaporation.

EELMS OF COPREB SULPHIDE

For the deposition of copper sulphide also,
the particle flux was the same as that used for ordinary
reactive evaporation of copper in sulphur atmosphere.
Copper when ionized in the glow gave a green colour.
The phase formed using this deposition was the same as
that formed due to ordinary beactive evaporation (CuS).
Be1ow.a substrate temperature of 3I5K,as in the case of
ordinary reactive evaporation, the films were amorphous
and above a substrate temperature of 320K, the films
were crystalline in nature. Transmission spectra of

amorphous and crystalline films prepared using ARE is
shown in figure 4.

It is reported by Bunshah /1/ that when

copper is evaporated in a glow produced using U98, Cuzs

(chalcocite) phase is formed. But in the present case
because sulphur itself is evaporated to achieve the

reactive atmosphere, the sulphur rich phasecus, 13 fopmgd_
Bunshah's result may be due to the lesser sulphur con
tent of his plasma.
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10.h FILMS OF INQ;UM SULPHIDE

Indium sulphide films was also prepared by
ARE with the same flux and substrate temperature used
for ordinary reactive evaporation. Indium when ionized
gave a violet colour to the glow. In this case also
there was no difference in the colour of the films
formed from that of ordinary reactive evaporation except
for a slightly higher optical transmission. Transmiss
ion spectra of such a film is shown in figure 5.

CONCLUSION

Films of Sns Cus and In2S3 are prepared by29

ARE. These films show more optical transmission than
films prepared by ordinary reactive evaporation for the
same thickness.
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CHAPTER-XI

EDEMAIlQM_QE_QmiBmflulJfl1£uLln;
EVAPORATION TECHNIQUE§

Kinetic energy of the ejected particles day
an important role in the formation of compound films /I/.
These include improvement of adhesion, removal of adsorbed
impurities from substrate surface, enhancement of the
growth of the nuclei at the early stages of film format
ion, enhancement in surface diffusion, increased chemical
activity and change of morphology /2/. The presence of
ions also increase film forming activity and chemical

reaction. It greatly influences the critical parameters
of the condensation process even when only a few percent.
of the atoms are ionized /3/. The most important phenomena
observed in ion enhanced film growth can be divided into
preferential orientation along a particular axis and
growth at low substrate temperatures compared with other
film growth techniques. As ions are electrically charged
they can be given additional k netic energy by accelerat
ing them in electric fields. These accelerated ions when
colliding with neutral particles effectively transfer some
of these kinetic energies to them and this increased
kinetic energy assist in the formation of good quality
films. Ion Plating /4/, Activated Reactive evaporation
/S/, and Ionized Cluster Beam Deposition /6/ are the
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deposition techniques which utilize these increased
and

kinetic energyAionization effects.

All these methods use some means to ionize the

particles, usually electron bombardment or in some cases
an RF discharge. There will also be some mechanism to

accelerate the ions to give them the required kinetic
energy. But the fact that kinetic energy and ionization
effects also play an important role in ordinary'non-
ionized‘ techniques like flash evaporation and electron
gun evaporation has not been taken into consideration in
the earlier literature. In fact there is not much dis
cussion in the literature about compound formation or’
the occurance of epitaxy using these techniques. It will
be shown here that one has to take into consideration

increased kinetic energy and ionization effects in order
to explain the formation of the compound film and the
occurance of epitaxy in these techniques. It will also
be shown that Three Temperature Method (TTM) requires

its high volatile to less-volatile flux ratios because
of the low kinetic energies of the particles used.

EFF T F KIN T C ENERGY D I NIZ T ON

Three Temperature Method (TTM) /7/

This method is based on the fact that con

tinuous condensation of a given vapour on a substrate
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at a given deposition rate is possible only if the
substrate temperature drops below a critical temperature.
Differences in magnitude of these critical values, which
are functions of the interfacial energies, make it
possible to condense a given vapour type or a combinat
ion (;.e., a compound) preferentially. These critical
fluxes and temperatures act as some kind of limits and_in
general by a judicious selection of the fluxes and the
substrate temperature, any particular compound/alloy of
a multicomponent system cantnacondensed on the substrate.

The basic ideas regarding this technique were put forward
by Gunther and he could deposit many technologically

important III—V and II-VI compounds with bulk like pro
perties. Here the individual components are evaporated
separately and the compound made to form on the substrate
by adjusting the individual fluxes and substrate tempe
rature. In case the compound as well as the less-volatile
element also deposit on the substrate at the particular
substrate temperature chosen, the flux of the volatile
element is increased so that in the growing film no un
reacted less-volatile element remains. For this it is
known that about ten to forty times excess of the volatile
component flux is needed to get stoichiomotric films /8,9/.
If the volatile component is a gas_at room temperature,
the method is known as reactive evaporation.
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We will now examine what is actually taking
place in the process of film formation taking a typical

example of a compound, say B12 T93, containing a vdhtile
element and a less-volatile element. Here bismuth is
less-volatile and tellurium, volatile. Stoichiometric

films of B12 Te} were obtained by Hanlein and Gfinther /8/
with a tellurium flux about ten to forty times more than
what was needed. A high substrate temperature of #00-500°C
was used and apparently this high substrate temperature
does not enhance chemical reaction. In the deposition of

B12 Te} by TTM, tellurium was evaporated from crucibles
maintained at low temperatures (temperature just enough
to give the required vapour pressure) and the ejected par
ticles will have only low energies. Because of their low
energies these particles will have only low surface mobili
ties and the probability of these particles colliding with
an adsorbed atom of a less-volatile element with sufficient

energy for chemical reaction (to be discussed) will be low.
After a finite time (called the ‘dwell time’), as the
substrate temperature is such that the formation of the
film of the volatile element is not possible, the volatile
atoms which are not chemically bound will be desorbed.

For any chemical reaction to take place a certain
activation energy is necessary /10/. This is the height
of the energy barrier which has tots overcome in order for
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chemical reaction to occur. In most cases reaction does
not invariably occur when two reactant molecules collide
with each other and even if the relative orientations are
suitable, the molecules must possess between them a certain
amount of energy. A schematic potential energy diagram
for the system A + B4;9C + D is shown in figure 1. The

reactants must posses between them an energy equal to Ea

(the activation energy for chemical reaction) to reach the
activated state which is the maximum of the potential
energy barrier. These activated complexes are transient
species passing from the initial to the final state. Thus
once the particles together get the required energy, they
will react to form the compound. The reaction rate is
temperature dependent and always obeys a law of the form /11/

r = A exp(-E /1-(T) (tJ..1.1)a a a
where A is a constant. From this equation it can be

.a.

seen that the reaction rate-increases as the temperature
is increased. This is due to the increase in kinetic
energy of the particles with temperature. It is evident
that if we increase the kinetic energy of the particles,
keeping the substrate temperature constant, the reaction
rate should increase. .t is not possible to increase the
particle energies without increasing the temperature.in
chemical reactors, but is readily possible in vacuum
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Figure 1: Schematic potential energy diagram
for the s_ys3tr>'n ,'H-i-‘»"9C+‘..‘,- with Ai"°, the 'ne.v~.t
of formation of the comnound, negative. 1‘
is the activation energy needed for cnemichl
reaction, E the energy netted to dissociate
the comooun into component elements.
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techniques by increasing the source temperature or by
ionizing the particles and accelerating them in electric
fields.

Activation energy for most surface process are
always almost greater than O.5eV, usually varying from I
to 5 eV /12/. If we assume that the ejected particles
cannot lose their energies once they are ejected from the
boat, we can take the reaction being effectively taxing
place at the source temperature (or mean of the source
temperature in TTM) on the substrate surface. This
involves the assumption that the particles on impinging
the substrate surface do not transfer energies to it. “his
assumption is somewhat justified, because, usually the
substrate is heated to a certain extent and particles will
not lose much of their energies on impingement to the sub
strate surface. This assumption, thoughcrude, will allow
us to equate T in the denominator of 01.1.1) to source

temperature (or mean particle energies if we take KBT)
rather than to substrate temperature. Figure 2 shows the
dependence of relative reaction rate on the mean source
temperature for systems with activation energy equal to

1 eV and 3 eV. From the curve for Ea = 3eV, it can be seen
that for a change in source temperature from 900°C to 3000°C,
there is an order of magnitude change in reaction rate.
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Because of the low temperature at which par

ticles are evaporated in TTM (TB1 = 750°C, TTG = 350°C,

in the case of Biz Tefi), the ejected particles are not
energetic. As the particles are of low average energy
(less than O.1eV) only a small fraction (1/10 to 1/K)in
the case of Bi Te as found experimentally) of them will2 3
be able to cross over the potential barrier and form the
compound. All the other particles which could not form
chemical bond are reevaporated and hence we need the large
flux ratios.

In many cases where TTM has been used, the sub

strate temperature was not high enough to supply the
required activation energy. But if one increases the sub
strate temperature arbitrarily to get high reaction rates
and epitaxial ordering, the dissociation rate of the formed
compound will also increase rapidly, and hence it is
necessary to condense the compound at a substrate tempera
ture as low as possible. The substrate temperature should
be such that the condensation 0‘ the individual components
are prevented and is more or less fixed for a particular
compound.

One more factor is that chalcogens tend to
evaporate as molecular aggregates rather than monomers or

dimers /13,1h/. These molecular aggregates are chemically
less active /15/. Table I shows the vapour species observe
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TABLE I*

Vapour species observed in the case of Sulphur at diff
erent temperatures.

Molecular composition of sulphur vapour

S6 + 38 S2 S
4&5 96.1 5.8 0.1
800 3.0 96.7 0.3
1000 - 98.6 1.#"

*From reference 13.
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in the case of sulphur at different temperatures /154

It can be seen that sulphur evaporates as S6 and 38 mole
cules at the low temperatures used in TTM (around 150°C).

It is evident that unless these aggregates are broken
into monomers or dimers, chemical reaction will not take
place and consequently a large proportion of the chalcogene
will be rejected from the substrate surface.

It is clear from the above discussion that in
the TTM if one of the components is volatile, about ten to
foorty times excess of the volatile component flux will be
necessary to get good stoichiometric films. But in the
special case where both the components are volatile, appar
ently 1:1 flux ratios have beenreported /16/, and it may
be at the cost of reevaporation of both the components. Un
fortunately no work has been done to correlate the amount of
material evaporated and film thickness to determine how much
material has been lost from the substrate surface.

Flash Evaporation /17[.

In flash evaporation the powder of fine grains
of the evaporant is fed into a boat which is hot enough
to vapourize all the components of the powder instantane
ously. A grain of the powder striking the boat decomposes
and gives off the more volatile component first, and the
final composition of the vapour consist of the less volatile
element. If the powder delivary is slow, a grain which is
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dropped into the boat is completely vapourized before

the next one arrives and the film which would be formed
on the substrate under these conditions would consist of
alternate layers of the constituent elements. If-the
alternate layers can be made less than one monolayer in
thickness, i.e., by using smaller grains and large source
to substrate distance, the impinging atoms will recombine
on the substrate surface to form the compound. In practice
since the feed of the material is continuous, there will be
grains at different stages of evaporation on the boat and
as no material accumulates on the boat during evaporation,
the vapour which is produced has almost the same composit
ion as the evaporant. If the substrate temperature is not
high enough so that reevaporation does not take place,
stoichiometric compound films will be formed. Thus it can
be seen that, after the dissociation of the compound on the
surface of the boat, the vapour species travel independently
to the substrate surface with the stoichiometric flux ratio

and the process maybe veiwed as analogous to TTM. As such
if the flash evaporated material contained a volatile
element, it canbe seen that there will absolutely be no
possibility of forming the compound film on the substrate
surface. But this is not true. As an example where flash
evaporation has been used successfully in the formation of

good quality films we will discuss the case of CuInS92e
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This is a sufficiently complicated molecule where Cu
and In are less-volatile and Se volatile. Strelchenko et
al /18/ has reported that the compound dissociates when

heated and they have detected vapour species of In2Se and
Sea in fiuatemperature range 600-8600C and no copper or
copper binaries were detected at this temperature range.
It has also been reported that with a source temperature
of IZOOOC, the films contain excess In /19/. The copper
liberated due to the dissociation of the compound will
not evaporate at a fast rate and hence an apparent indium
excess in the films obtained. Copper willreach the required
vapour pressure for evaporation (1O'2 Torr) only at 127000
/‘O/. Using a source tempe*ature in excess of 1300°C and
a substrate temperature of 400°C stoichciometric films of
CuInSe were obtained by many authors /21,22/. At this2

substrate temperature, Se will be having a vapour pressure

of 10 Torr /20/ and it is known that Se will not form a
film by itself on the substrate with a reasonable rate of
impingment /7/. The vapour pressures of Cu and In at this
substrate temperature are negligible and it can be safely
assumed that all the Cu and In atoms impinging on the

tick. Because of its large vapour pressure,U)substrate will
almost all the Se atoms should reevaporate and no compound
films should be formed without ten to forty times excess
of Se flux. But Newman: et al report the epitaxial growth

of Culnseg using flash evaporation on GaAs where twin free. . . . . - o —layers where obtained at a substrate temperature of 600 C /P5/.
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For epitaxial growth on Germanium (III) surfaces the

same authors give a substrate temperature of #50-550°C /25/.
The formation of good quality films at these

substrate temperatures can only be explained if we take
into consideration the increased kinetic energy of the
ejected particles consequent to evaporation from high tem
perature.sources. All the elements present in the compound
after dissociation is evaporated with an effective kinetic
energy corresponding to this high source temperature. The
increased kinetic energy of the ejected particles gives
them increased mobility on the substrate surface and there
is a good chance that these atoms may collide with another
adsorbed atom of the less-volatile element with sufficient

energy for the chemical reaction tqhake place and to form
the compound. Referring to figure 1 it can be seen that
the dissociai‘on energy is greater than the activation

energy necessary for chemical reaction. After the dissociat
ion of the compound in the boat,as the components travel
independently to the substrate surface without transferring
their kinetic energy to any medium, it must be possible to
form the compound once again when they mutually collide

on the substrate surface, the excess energy being taken up
by the substrate. It is evident that the compound will be
formed so long as the components travel insaoichiometric
ratio to the substrate surface. The only requirement on
the source temperature being that it should be such that
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evaporation of all the components liberated due to dissocia
tion take place almost simultaniously, unlike the case of

CulnSe2 with a source temperature of 12000 C, when copper
will remain in the boat after dissociation.

The guaranteed recombination of the components
on the substrate surface as discussed above is based on the

earlier assumption that the components do not lose arf energy
when they impinge independantly on the substrate surface.
If some energy is lost to the substrate surface, the che
mical reaction may suffer, but this can be taken care of
adequately by increasing the evaporation source temperature
which in turn will give the particles more energy. If
epitaxial growth at a low substrate temperature is required,
the source temperature should be further increased to give
the particles additional kinetic energy which in turn will
give them sufficient mobility on the substrate surface for
epitaxial ordering. These requirements cannot be met in
ordinary single source evaporation unless one uses a high
source temperature and short deposition time. This is not
usual and only rarely one come across such a depositicn; As
an example let us look into the case of the epitaxial

deposition of Agsbsez on alkalie halide substrates using
single source evaporation by Patel and Lakshminarayana /25/.

They rapidly evapora ed the whole charge at a deposition
rate of IOOAO/sec. Lpitaxial films were obtained at a

substrate temperature of 200°C. ‘Considering the deposition
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rate, which is rather high for epitaxy to occur in vacuum
evaporation techniques, where thermodynamical equilibrium

is not maintained, it must be concluded that the high.source
temperature used to get the high deposition rate and the

resulting enhanced kinetic energy of the ejected particles
must be responsible for epitaxial growth at such high rates
of deposition. It is certain that the compound will be
formed when evaporated from high temperature sources whether

the material dissociated or not during evaporation. It may
here be mentioned that the authors have not considered

these aspects of the formation of the epitaxial film. The
only drawback is one cannot get thick films by this method
and as the time taken for evaporating large quantities of

material will be long, all the defects of single source
evaporation will be present there.

Evaporation at high temperature and consequently

high kinetic energy of the ejected particles is precisely
what is happening in flash evaporation. Since flash evaporat
ion is a ‘pulsed process", the average deposition rate can
be kept rather low by adjusting the frequency of the vibrator
or by adjusting the feed rate. This will give enough time
for the adsorbed particles to react.and also to orient them
selves favourable with any underlying crystallographic
orientation. Thus if flash evaporation is used with-a high
source temperature and slow powder delivery, it must be
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possible to grow high quality epitaxial films without much
difficulty on oriented substrates. It does not mean that
epitaxial growth will be possible at any arbitrarily low
substrate temperature. The effect of substrate temperature
on epitaxial growth is not yet clearly understood. But
in vacuum systems where pressure is rather high (p)>1O'6Tbrr)

in which flash evaporation is usually practiced, substrate
heating will be necessary to keep the substrate clean of
ambient molecules which may inhibit epitaxial growth.

Electron Beam Evaporation

Effect of increased kinetic energy and ionizat
ion is also manifested in the electron beam evaporation
of compounds. It is to be expected that compounds will
dissociate in electron beam evaporation as in conventional
resistance heating. The only difference being, in the
electron beam evaporation, the charge is heated at the
point where the electron beamstrikes, whereas in resistance
heating the charge is heated as a whole and decomposit
ion of the compound occurs in both cases. In the latter
case dissociation occurs in the bulk and the more volatile

element may evaporate away first leaving a residue, rich
in the less-volatile element. Ionization of ejected par
ticles is well known as a nuisence in electron 1-am evaporat
ion as they affect the performance of most ionization
gauges and also crystal monitors /26/. As the elemental
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vapours travel independantly after dissociation in
electron beam evaporation, the process may also be viewed
analogously to TTM, in which case there is not much chance

of compound formation as already pointed out. But electron

beam evaporation, due to the shallow penetration depth of
the electrcn beam into the material, is a ‘point by point‘
evaporation technique and also the electron beam imparts

high kinetic energy to the ejected particles. We have seen
that if the compound dissociates and the components
evaporate simultaiously, the formation of the compound on
the substrate is not difficult. This is achieved-in
electron beam evaporation. ‘The high kinetic energy imparted
by the electron beam gives the particles additional energy
for taking up any preferred orientation on substrate surface.
Let us consider the epitaxial growth of Cds films on
alkalie halide substrates by Holt and Wilcox using electron
beam evaporation /27/. These authors could grow epitaxial
films on BaF substrates from 0°C to 550°C (Substrate tempera
ture) at a growth rate of 1OAO/sec and polycrystalline films
down to ~1O0OC. The occurance of epitaxy, apparently with
out any energy being supplied by the substrate, must be
due to the enhanced kinetic energy and ionization of the
particles. This will also explain how it is possible to
form the compound evenzt substrate temperature of -100°C
where it is certain that the components will stick in
dependantly without any reaction being taking place had they
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been evaporated from low energy sources as in the case

of TTM. Even if any reactions took place, the deposits
should have been amorphous in nature. The formation of

polycrystalline films at these low substrate temperature
suggest, that the particles themselves contain energy for
chemical reaction and also for epitaxial ordering. The
formation of the compound at the high temperature of
550°C may be due to the increase in sticking coefficient
of the particles due to ionization /3/, otherwise both
Cd and S would have reevaporated because of their highly
volatile nature.

GENERAL REMARKS

From these discussions it is seen that TTM

is a low energy process in the sense that the particles
used for film formation are of very low energy and these
particles will have only low mobilities on the substrate
surface. Substrate temperature is more or less fixed
due to considerations regarding the condensation and the
dissociation pressure of the volatile element. It was
hoped that by using TTM any particular compound of a
binary or ternary system can be deposited by varying the

supstrate temperature. Eventhough stoichiometry can be
varied to some extent, the formation of different com

pounds of a particular system by varying the substrate
temperature has not so far been reported. If the
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compound contain a volatile element (a chalcogen) the
substrate temperature to be used will he usually low.
Hence this method is best suited for the deposition of
amorphous chalcogenide films. Another advantage is that
the synthesis of the compound is not necessary.

In contrast, flash evaporation and electron
gun evaporation are high energy processes. Formation of
amorphous films using these techniques are difficult
because of the high kinetic energies of ejected particles
which favour crystalline phases. Hence these methods are
more suited for the deposition of polycrystalline and
epitaxial films. The advantage of these techniques is
that the formation of the compound is independant of
substrate temperature.

A comparison of the different techniques is
summarized in table II.

CONCLUSIONS

To explain the formation of compound films

and epitaxial growth in ordinary techniques like flash
evaporation and electron gun evaporation, we have to take
into consideration the increased kinetic energy of the
evaporated particles. The formation of the compound de
pends on the collision of the adsorbed particles with
sufficient energy to overcome the potential barrier for
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reaction. After the dissociation of the compound in
the boat, as the dissociated components travel indepen
dantly to the substrate surface without transferring
their kinetic energy to any medium, it will be possible
to form the compound once again when they mutually col

lide on the substrate surface. If some energy of the
particles is lost due to their impingement on the subs
trate surface, this can very well be compensated by in
creasing the source or substrate temperature in the case
of flash evaporation. In electron gun evaporation the
particles are so energetic that this problem does not
arise. But in TTM the components are evaporated from low
temperature sources and they have only low kinetic energ
ies. Because of their low kinetic energy these particles
will not be mobile on the substrate surface and the pro
batility of these particles colliding with enough energ
ies to form the compound will be low. Hence the need for
a large flux of the volatile element to form the compound.
Because of the low energies of the ejected particles used
in Tim, the method is best suited for the preparation of
amorphous layers if a low enough substrate temperature
can be used. This is practically impossible with flash
evaporation and electron gun evaporation, because of the
inherent Kinetic energies of the ejected particles. Hence
flash evaporation and electron gun evaporation are more
suitable for the deposition of polycrystalline layers.
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