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PREFACE

In recent years there has been considerable interest in the
development and characterization of semiconducting materials suitable
for device apolications. With the. impetus provided by these
applications, the investigation of these materials in thin film form
has undergone revolutionary changes and continues to be recognized
as frontier areas of research work. A thorough understanding of their
electrical properties is essential for the development of technological

applications.

This thesis presents a study of the electrical characterization}

of cadmium sulphide (CdS), copper sulphide (Cu,S) and copper indium

seliaii}g (CuInSez) thin films prepared by chemical methods. These
include measurements of da;‘lgﬂcondu;t;;ity. photoconductivity, lifetime,
ioq{c thermocurrents (ITC) and thermally stimulated currents (TSC).
The study of dark conduction in materials especially in semiconductors
has proved themselves to be a valuable tool in the understanding
of the formation and migration of charge carriers in them and also
it serves to identify trz position of impurity levels (trap levels).
The investigation of photoconductivity . illuminates the electronic
processes in the materials. The information about the nature of defacts
an_d the location of trap levels of the carriers can be obtzined from

lifetime measurements. The purpose of research in the area of TSC

method is to determine various parameters such as activation energies,

)
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capture cross section of the traps etc. The results obtained from these
studies in CdS, CuxS and CuInSe2 thin films are discussed. Special
attention has also been paid to understand the _structure and chemical
analisis qf the prepared samples.

The thesis consists of twélve chapters which by and large

are self-contained with separate introduction and references. In the
first chapter, a general review is given to provide an explanation on
the physics of semiconductors. This part covers a clear account on

the generation and recombination of charge.CQv-~(e~S.

A brief description of the deposition techniques of thin films
forms chapter 2. Of the various methods, particular emphasis has

been laid upon to describe the importance of chemical methods since

only these methods are of direct interest in the present work.

In chapter 3, a theoretical background is outlined to get an

[—

understanding of the dar&klwgonductivity, photoconductivity, life time,
ITC and TSC studies of semiconductors. This section also includes a
description on the mechanism of traps and trapping effects in these
materials, with attention given to the determination of trapping parameters

involved in the electrical transport processes.

Chapter 4 deals with the details of the experimental techniques

employed in the present investigations. This part focuses attention on

the experimental set up used for the preparation of thin films by
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chemical methods. The techniques employed for the identification
of structure and chemical analysis of the prepared samples by X-
ray diffraction (XRD) and Electron Spectroscopy for Chefmrical Analysis
(ES(';\H) are presented. A short note is made on the optical micros-
copic investigations using Union Versamet-2 metallurgical microscope.
A general review of differential scanning calorimetry (DSC) is also
outlined. This is followed by an account of various experimental

systems like annealing chamber, vacuum coating unit, metallic cell

and other assemblies in connection with the electrical measurements.

The preparation of CdS films by spray pyrolysis method
is given in chapter 5. The spray technique involves spraying aqueous

solution containing cadmium chloride (CdC12) and thiourea [(NH CS]

2)2
on precleaned glass substrates maintained at an elevated temperature
using compressed air as carrier gas. The films obtained are of
good quality, uniform, strong and adherent. The samples are identi-
fied from the XRD patterns. The ESCA analysis of CdS films prepared
from different concentrations of CdC12 and (NHZ)ZCS components is
done to identify \iéripus elements present in the samples. The
samples are annealed in the temperature range 373-573 K for the

electrical studies. Microscopic examinations of the samples are made

to understand the surface features.

Chapter 6 is devoted to the details of the dark conducti-

vity measurements carried out on unannealed and annealed CdS films.
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The experiment is performed in different ambient conditions (vacuum
and air). The dark conductivity wvalue of the film in air is found to
be low.compared to that in vacuum. The activation energy of the observed
trap levels is estimated from the measurements. The effect of cadmium

contents and annealing temperature on the conductivity of the films have

been investigated. .

In chap\tgr 7, photoconductivity studies of i1nannealed and annealed
Cds films in vacuum and air are reported. The photoconductivity vari-
ation with annealing temperature shows a similar trend in vacuum and
air upto 473 K. Some interesting results obtained from these investigations
are presented here. One of the key parameters involved in photocondu-
ctivity is 1lifetime of charge carriers. So the measurements on lifetime

have also been carried out on CdS films annealed at different temperatures.

Chapter 8 includes extensive studies of ITC and TSC measurements
of CdS films. In these experiments, the effect of applied field, time
of field applied and temperature on current peaks are studied and the

trapping parameters have been determined. The results obtained are

discussed using the existing theoretical models.

Chapter 9 is intended to give the description of chemical bath
deposition method, which is employed for the preparation of CuxS thin
films. In this method, a chemical bath is constituted from 10 ml of

stock solution of 0.5 M copper chloride, 10 ml triethanolamine, 10ml



ammonia and 10 ml of stock solution of 1M thiourea. The deposition
of the films is carried out at room temperature without stirring.
Good quality thin films of CuxS are obtained after a deposition time
of Z}s hours. XRD profiles of the samples are analysed to confirm
the compound idt;f;fification of the samples. For the investigations
of electrical properties, the samples are prepared from different

bath compositions. The samples are viewed under an optical micros-

cope and their surface topographical observations are included in

this section.

The experiments on the conductivity of Cu_ S films are ex-
— X

plained in chapter 10. The results obtained in the samples deposited
from different proportions of copper chloride and thiourea are analysed.

The influence of annealing of the samples under vacuum conditions

is also studied in detail.

Chapter 11 provides an outlook on the TSC measurements of
CuxS films. The magnitude of TSC peaks is found to be varying with
the applied field. Systematic investigations have been made from

liquid nitrogen temperature to high temperature.

The last chapter includes some electrical measurements carried
out on CuInSez thin films. The results obtained from these studies

are discussed at some length.

Part of the investigations contained in this thesis has been

published in various journals and presented in national conferences.
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PHYSICS OF

SEMICONDUCTORS



1.1 INTRODUCTION

Semiconductor physics is one of the comparatively young
and rapidly developing branches of science. Semiconductors are of pra-
ctical importance in a number of c;onnections. Their most direct uses,
take advantage of their unique electrical behaviour as in transistors,
crystal rectifiers and thermistors. Closely related to these are the appli-
cations which combine electrical and optical effects. as in luminescent

materials and photoconductors.

The term "Semiconductor" implies that it is a material having
an electrical conductivity intermeiiate between that of metals and irsul-
ators. The main feature used to distinguish semiconductors from metals
and insulators is their negative temperature coefficient of resistance.
The semiconducting properties are brought up by thermal excitation, im-
purities, lattice defects etc. Metallic conductivity is typically between

106 and 104 (.n_cm.)-l. while typical insulators have conductivities of

0

less than 151 ( _O_cm-)-l. Some solids with conductivities between 104

and 1-(}0 (-ﬂ_cm)1 are classified as semiconductors.

This chapter introduces some basic ideas on the energy
band structure of solids. Some theoretical aspects of the trapping and

recombination of charge carriers of semiconductors are also covered.

1.2 ENERGY BAND STRUCTURE

The band theory is based on the periodic nature of the
lattice, which causes the wavefunctions to be periodic and hence deter-

mines the law of motion of electrons and holes. The same band structures



are found in amorphous semiconductors which lack long range order, the

main properties of these suhstances are determined by nearest neighbour

interactions.

The concept that, electronic properties may be described in
terms of free electrons was developed long before the invention of wave
mechanics. According to Sommerfeld's free electron theory [{1], the energy
levels which the various electrons can occupy are determined by wave
mechanics. It was assumed that, in a metal, the valence electrons are

not tied to individual atoms but are free to move through the solid

ffig.1.1(a)]

From free electron theory, the energy of the free electron

t\zk where wave
as a function of wave vector is given by E = —om
m
vector k = 21

A

electron and P is the momentum.

Here 7\ is the wavelength associated with the

St

By this theory, the allowed energy levels lie very close to-
gether and their values extend from nearly the bottom of the potential

trough in which the electrons move to indefinitely high values [fig.1.1(b}]

The fact that, some solids are conductors of electricity while
others are not, cannot be explained on the basis of this theory. The
next step was to take into account the interaction of valence electrons
with atomic cores, assuming these to be placed at the lattice point of
the crystal. These electrons are still assumed to move independently

but the smoothed out potential used by Sommerfeld is replaced by a



Fig. 1.1 (a): Potential energy of electron in crystalline solid

(Sommerfeld model).

. ,\Encrgy levels
H ' of bound
electrons

Fig. 1.1 (b): The allowed energy levels of the
model of a metal.

sommerfeld



periodic potential [fig.1.1(c)}. The particular feature of a potential of
this form is that it is periodic having the same periodicity of the lattice.

The motion of electrons in such a periodic potential was discussed by

Bloch [2]. L

By considering the motion of electrons in a periodic potential,
the energy levels are confined to certain allowed bands of energy seper-
ated by regions in which no energy levels are allowed ie. the number
of allowed energy bands are separated by forbi.dd,en bands and the energy
E is a periodic function of wave vector k. [fig.1.:(d)}. For the inner
electrons, these allowed bands are extremely narrow and corresponcis
to the atomic 1levels; for the valelnce electrons, the bands are quite
broad. There exists a definite number of discrete energy levels 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 may be wholly or partially unoccupied by electrons. o

The electrical properties of solids are determined by the degree
of filling of the energy bands. To produce conduction, an electron must
receive energy from an electric field. The electrons can contribute to
the current only if there are available neighbouring empty levels into
which they can go. Such materials which have a partially filled band
in their energy spectrum above the completely filled energy bands are
called conductors. Fig. 1.1(e) shows the energy bands for conductors,

semiconductors and insulators. The division of solids into semiconductors

and insulators is determined by the width of the forbidden energy gap



Fig. 1.1 (c¢): Periodic potential due to atomic cores.

}.\ Forbidden

energy
/ bands

Fig. 1.1 (d): Allowed energy levels for a periodic lattice.
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separating the completely filled band from the empty band. If the for-
bidden energy gap Eg between the highest filled band and next empty
band 1is large, no electronic conduction can takes place. This type of
materials are called insulators. If the value of E_ is small, there is
the possibility that electrons may be thermally excited into the band
above and these excited electrons can conduct. The number of excited
electrons would increase with temperature in a manner governed by a
process having an activation energy and cause a rapid increase of condu-

ctivity with temoerature. Substances behaving in. this way were identified

by Wilson as S$emiconductors ([3].
1.2.1 Intrinsic and extrinsic semiconductors

Semiconductors are classified as intrinsic (pure) and extrinsic
(impurity). Impurity semiconductors in turn can be divided into n-type

semiconductors and p-type semiconductors.

(a) Intrinsic Semiconductors

A highly purified semiconductor exihibits intrinsic conductivity.
Semiconductors in which conductivity is controlled by wvalence electrons
are known as intrinsic semiconductors. That is holes and electrons are
excited solely by thermal excitation across the energy gap. Holes and

electrons which are created in this manner are often referred to as in-

trinsic charge carriers. {4}. 4

In the band structure of an ideal semiconductor, the energy

gap separates the uppermost allowed energy level in the valence band



and the lowest energy state in the conduction band. At absolute zero,

the valance band is completely filled and the conduction band is empty.

As the temperature is increased, there is a finite probability that an

electron in the valence band may gain sufficient energy from the lattice
and make a transition into an allowed state in the conduction band. A
transfer of electrons to the conduction band is accompanied by the formation

of vacancies (holes) in the wvalence band. From the moment, the energy

of thermal lattice vibrations becomes high enough for the electron transfer

from the valance band to the conduction band, any further increase in

temperature is accompanied by a rapid increase in {free charge carrier

concentration.

The total number of electrons (n) in the conduction band and

holes (p) in the valence band are given by

n=N -(E_-Eg)/KT (1.1)
C

b =N e -(Ef-Ev)/kT (1.2)
Vv
9 (2T Mg kT)‘r’/2 and

where N = ( 2 -
c h
) 32
Nv = 2 ( ZT"JZJ_T)

h

The quantities NC and Nv are the effective density of states

in the conduction band and valence band respectively. m and my are

the effective electron and hole masses, E_ and Ev are the corresponding
energy levels of the bottom of the conduction band and top of the valence

band and Ef is the fermi level [5.7].



For intrinsic semiconductors at finite temperatures there is conti-
nous thermal agitatior that results in excitation of electrons from the
valence band to the conduction band and leaves an equal number of holes

in the valence band ie n=p=n, where n, is the intrinsic carrier density.

The product of equations (1.1) and (1.2) is

np = 2 =NN e ~(Bg/KT) (1.3)

where Eg = EC-Ev is the energy of the forbidden gap.

From equation (1.3) n; can be expressed as

= -(Eg/2KT) .
ng /NN, e | a-4)
\/
b) Extrinsic Semiconductors

Semiconductors in which conductivity is controlled by impurities
and imperfections are called extrinsic semiconductors. The presence
of impurities leads to certain changes in the energy spectrum of the
semiconductor. Impurities 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 valence band.

At Absolute Zero of temperature, a semiconductor may contain a
certain concentration of occupied electronic levels between the valence

and conduction bands. These electrons are localized in the vicinity of



impurities and therefore do not contribute to the conductivity unless
they are excited into the conduction band. There are two processes of
conduction: (i) Electron or n-type conduction in which electrons only
are excited from donor levels near the conduction band (2) Hole or p-
type conduction in which holes only are produced by excitation of ele-
ctrons into acceptor levels near valence- band . -

As the temperature rises, the conduction electrons in the n-
type semiconductor appear much earlier than in .the intrinsic semiconductor.
As the temperature rises further, the number of impurity electrons arriving
to the conduction band increases rapidly while the number of electrons
remaining on the donor level decreases and the impurity level is depleted
and at a particular temperature Ts, all the electrons from the donor
levels are transferred to the conduction band. At T >Ts, the number
of free electrons remains constant over rather a wide temperature. This
can be explained by the fact that, impurity levels are completely depleted
and the energy of thermal lattice vibrations is still insufficient to excite
the valence electrons. With a further increase in temperature the process
of electronic transition from the wvalence band to the conduction band
becomes more intense and at a certain temperature, the number of such
transitions becomes so large that the concentration of electrons coming
from the valence band becomes comparable with the concentration of impurity
electrons. Any further increase in temperature results in such a rapid

growth of intrinsic carrier concentration.

1.3 TRAPPING AND RECOMBINATION

Trapping and yecombination in semiconductors arise from non-

equilibrium distribution of mobile carriers. The change in conductivity



resulting from excitation is terminated by the recombination of the photo-
excited electrons and holes. When a carrier is captured by a shallow
level from which it can be thermally be emitted into the band before
it finally recombines, the process is called trapping. The process by
which a free electron and free hole came together to produce their mutual
demise is called recombination. Knowledge about the traps in semiconductors
is of importance because the traps control the performance, yield and
reliability of the device. Generally, the free carrier concentration
in a semiconductor rises with temperature. The appearance of free carriers
is explained by the transition of electrons from the wvalence band or
from the donor levels to the conduction band. This process is called
the generation of free carriers. The generation of carriers is accompanied
by the recombination of free carriers. A carrier concetration determined
only by the thermal processes is called an equilibrium concentration
and the carriers themselves are called equilibrium carriers. Since the
generation and recombination of equilibrium carriers are always balanced,
the generation and recombination processes are ignored in thermal equili-
brium. Also the concentration of equilibrium charge carriers is the same

throughout the volume of the semiconductor.

Since most semiconductor devices are operated under non
equilibrium conditions, it is essential to know how these free carriers
are introduced and transported. The mechanism of generation, recombi-
nation and transport of these carriers are of fundamertal importance
in determining the characteristics of most semiconductor devices. Non-
equilibrium describes the condition in which free carrier densities
are different from their thermal equilibrium values. The equilibrium

condition may be disturbed by the intrciuction of free carriers exceeding



their thermal equilibrium wvalues. Free carriers can be created in semi-
conductors by illuminating the material with light and these are excess

carriers with respect to the equilibrium carriers and are called non

equilibrium carriers.

The free electron or hole motion is interrupted due to imp-
urities. The recombination usually occur through the intermediary of
the impurity or defect levels in the gap. In general, these levels
correspond to localised electronic states and act as traps for the ele-
ctrons or holes in the extended band states. The state of occupancy
determines whether a level act as a hole trap or electron trap. When
the level is unoccupied, it is ready to receive a hole and is therefore
a hole trap. However, the carrier can be released and return to the
band. If the probability for recombination at the level with a carrier
of opposite sign is greater than the probability of release to the band,
the level is called a recombination centre. Conversely if the probability
for release is greater than recombination, the level is simply called
a trap. The electron trapped are localized at an energy level below
the conduction band. The localized states at which the holes trapped
are lie above the wvalence band. That is electron trap is in equilibrium
with the conduction band and hole trap with the valence band.

The theory of recombination =~ generation process taking
place through the action of energy levels has been worked out by
Shockley and Read [8}. This theory has been remarkably successful
in explaining a wide variety of phenomena in many semiconductors and

semiconductor devices.



10

The major assumption of the analyss are:
(1) recombination-generation centers also known as traps are located

at a single energy level somewhere in the band gap

(2) These centers are uniformily distributed throughout the material.

Fig.1.2 shows the four different processes which are involved
in the recombination and -generation of carriers. The illustration
given in this figure is for the case of a center with a single energy
level. The words emission and capture are with reference to the traps.
Process (a) is the capture of an electron from the conduction band
by the center, process b is the reverse process - the emission of
an electron from the centre into the conduction band, process C is
the capture of a hole from the valence band by the center and process

(d) is the emission of holes.

The recombination centers with density Nt. are assumed to be
all situated at an @8nergy Et in the forbidden gaps; each level is
capable of capturing one electron when vacant and one hole when occu-
pied by an electron; the capture cross sections for 'ghese processes
being AC and AV respectively. The rates of carrier transitions between
the valence and conduction bands and the recombination centres are
calculated interms of these capture cross sections the occupancy of

the centres and the availability of free carriers to fall into them.

The rates per unit volume at which free holes (p) are captured
by occupied centres (nt) is given by

= (1.5)
Rew = Ty Py



(a) (b) (c) (d)

Fig. 1.2: Transitions between the bands and the localized levels.
(a) Electron capture (b) Electron emission (c¢) Hole
capture {(d) Hole emission. .
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Similarly the rates of capture of free electrons (n) by vacant centres

(Nt-nt = Pt) is given by

Rct = r, np, (1.6)

in which r, and r. the capture probabilities are vAv and vAc respect-
ively. A is designated as the average capture cross section for recom-
bination. In terms of this cross section, the average probability that
in unit time a free carrier makes a transition to a localised level across
the gap is given by vA per localized level or per free carrier of the
opposite sign where V is the thermal velocity. Similarly with the

capture of free carriers, bound carriers are continuously re-emitted from
the centres back into the bands. The rate of these reverse process
for holes (G Vt) and for electrons (Gtc ) are proportional to the den-

sities of vacant (Pt) and occupied (nt) centres respectively.

The generation rates are

th = rvPlPt (1.7)
Gtc = r.nyn, (1.8)
where P, = PNy /Py = Nvexp(Ev-Et)/kT (1.9)
ny =nB  /n. = N_ exp(Et-Ec)/kT (1.10)
Po’ no, pto . nto are the equilibrium values of the free

and bound carrier concentrations. Nv and NC being the effective density

of states in the valence and conduction bands respectively. The



12

magnitudes of Py and n, are measures of the re-emission rates of bound

holes and electrons to their respective bands.

The net rate of transitions from the wvalence and conduction

bands to the recombination centres are given by

tv - vt ry (P = PyPy) (1.11)

o)
I
(%)
"

ct tc ro (np, - nyn,) (1.12)

A condition which is used to evaluate the fraction of centres

occupied by electrons

n rns+r
c vpl

N (1.13)
t r‘c(n+n1) +r'v(p+p1)

Substituting this expression for n, in equation (1.11) or (1.12) the

t

net steady state hole-electron recombination rate is given by

U =Ry = Gyt = R 7 Gy
_ Nror, Pn - Pon, (1.14)
r‘v(p+p1)+r'c(n+n1)

The trapping and recombination phenomena was discussed by several
authors [9-17]. Schluger et al [18] reported the formation of trapped

holes under optical excitation of impurity centres in LiF crystals.
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Electron traps induced by boron implanation in gallium arsenide was
investigated by Perez et al [19]. Heyns et al [20] studied the role
of electron and hole traps in the degradation and breakdown of thermally
grown SiO2 layers.Dalal[21 reported that density of states in amorphous
silicon is a fundamental material- parameter in determining transport
properties. The role of impurities in defect formation in irradiated
silicon has been discussed by Awadelkarim et al [22). Hashizume and
Hasegawa [23] studied the wvariationofdeep electron traps created by
Y irradiation of GaAs. Rowan and Slifkin [24] have reviewed the dynamics
of the formation and migration of the self-trapped hole in silver chloride.
Park et al [25] reported the electron trapping properties of silicon
nitride. The effects of surface defects on the shallow states of donor
impurities at semiconductor surfaces have been described by Sun
and Gu [26]. Braunstein et al [27] have investigated the relationship
between electrical activation and residual defects in Si implanted GaAs.

Recombination properties of epitaxial gallium arsenide structures have
been studied by Korotov et al. [28]. Godlewski and Monemar [29]
studied deep acceptor like recombination centres in bulk liquid encap-
sulated Czochralski GaP crystals. The recombination process at deep
levels in AlGaAs was investigated by Watanabe et al [30]. Abraham
and Halper‘n [31] reported the effect on recombination in amorphous

semiconductors of transitions between localized states.

-
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2.1 INTRODUCTION

A solid material is said to be in thin film form when it
is built up, as a thin layer on a solid support, called substrate by
controlled condensation of the individual atomic, molecular, or ionic
species. With the development of new materials, improved preparation
methods and close control of the preparation parameters, thin films
can be prepared with desired and reproducible properties and are
expected to play an important role in the study of a variety of solid
state phenomena of basic and practical intere;t. Depending on whether
the vapour species has been created by a physical process or by
a chemical, the methods may be divided into two main groups, namely
physical methods and chemical methods. The various methods of film

preparation are treated in the literature [1-8].

In this chapter is presented an account of the technological
aspects of different preparation methods currently employed . The

preparation of thin films from chemical methods is discussed in detail.

2.2 PHYSICAL METHODS

2.2.1 Physical Vapour Deposition (PVD)

The most important physical methods for the preparation
of thin films are sputtering and evaporation. The preparation of thin

films by physical vapour deposition methods has been described by

Reichelt and Jiang [9].
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2.2.1.1 Sputtering

When a solid surface is bombarded with energetic particles,
the surface atoms are removed due to the collision between surface
atoms and the energetic particles. This phenomenon is known as spu-
ttering and the sputtered species can be condensed onto a substrate
to form a thin film. The sputtering process is best suited for depositing
adherent films of refractory materials. Chambers et al [10] reported
the sputter deposition of aluminium and other alloys at cryogenic tem-
peratures. Sputter deposition of Fe films in a high pressure atmosphere
has been reported by Ishii [11]. There are various types of sputtering
depending upon the method used to reject the atoms or molecules. These

are briefly described in the following sections.

{a) Glow-Discharge Sputtering

This versatile, readily controllable process is widely
used for the deposition of films, primarily polycrystalline films.
In a glow discharge system, the material to be éputtered is used as
a cathode and the substrates -are placed on the anode. Glow discharge
is created by applying a dc voltage of 1-5KV between the cathode and
the anode seperated by about 5 cm, with a current density
~v 1-10mA cﬁz. The glow discharge between the two electrodes gives
the energetic ions that are needed for the ejection of atoms. Chaudhuri
et al [12] reported the results obtained from the studies on the indium

tin oxide films produced by DC sputtering of In-Sn alloy target in argon

+ oxygen plasma.
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(b) Bias sputtering

In this arrangement, the substrate is biased at a negative
potential relative to the anode, so that it is subjected to steady ion-

bombardment throughout the growth.

(c) Asymmetric ac sputtering

This method 1is in essence similar to the preceding one.
Altering rather than direct voltage is applied between the cathode
and the substrate, so that the electrodes are consecutively bombarded
by ions in alternate half cycles. Bombarding the substrate during the

half cycle when the cathode is negative removes the adsorbed gases

and thus yields a purer film.

(d) Ion plating

In this case, the deposition is actually obtained by wvacuum
evaporation from a filament. The substrate is kept at the cathode,
so that the film is simultaneously sputter-cleaned by ion bombardment
to give compact and adherent films. This technique suffers from the
disadvantage of trapping of energetic gas ions in the system. A number
of experimental results obtained with low voltage reactive ion plating

deposition are briefly reviewed [13].

(e) Getter spithéring"

In this arrangement, two cathodes of the material to be
sputtered are symmetrically located with respect to the anode. A
‘'secondary enclosure within the main vacuum system is employed. After
sputtering for a few minutes,the sputtered material from the second

cathode is allowed to deposit on the substrate.
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(f Triode sputtering

In this configuration, electrons are injected into the
discharge by thermionically emitted from a filament. A  secondary
electron gun is used to increase the concentration of ionizing electron.
The sputtering process may further be -‘enhanced by the presence of

a magnetic field inclined to the 1lines of force between the cathode

and anode.

(g) R.F. sputtering

Sputtering at low pressures (163 Torr) is also possible
by enhancing gas ionization with the help of 2inductively coupled
external RF field. It is an indispensable technique for deposition of
thin films of semiconductors and insulators. Sarsembinov et al [14]
reported the studies on AsZSe3~ films prepared by RF sputtering.
Epitaxial growth of ZnTe on GaSb (100) by RF sputtering is also

reviewed [15].

(h) Magnetron sputtering

One convenient method of increasing the ionization
efficiency of electrons is by increasing their path lengths by applying
a transverse magnetic field normal to the electric field. The high
deposition rates coupled with the fact that the film is not subjected
to plasma and electron bombardment makes magnetron sputtering a very
attractive technique for large-area, low temperature deposition. The
preparation of thin films by magnetron sputtering technique has been

reviewed by several authors [16-21}.
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(1) Reactive sputtering

This method can be utilized to form compound films,
primarily oxides, nitrides and carbides. Reactive sputtering is achieved
either by reaction at the cathode, followed by transport of the resul-

ting compound to the substrate or by reaction of the background gas

with the growing film,

The preparation and characterization of reactively sputt-
ered SiCxNy film have been reported by Komatsu et al. [22]. Larsson
et al [23] pointed out that, reactive sputtering is an attractive method
for preparing compound films like nitrides and oxides. Klein et al.[24]

presented a review of the reactive DC sputtering of Cu-O films.

(i) Ion beam sputtering

Sputter deposition under controlled high wvacuum conditions
can be achieved by using an ion beam source. Using this technique
metal semiconductor or insulator targets can be sputtered. Varitimos

and Tustison [25] reported the deposition of ZnS thin films by Ion

beam sputtering.

2.2.1.2. Vacuum evaporation

It is a very promising technigue to evaporate a large
variety of materials (metals, semiconductors, dielectrics). As the
name implies, the technique consists of vaporization of the solid
material by heating it to sufficiently high temperature and condensing

it onto a cooler substrate to form a film.

According to the Langmuir-Dushman theory of the kinetics

of evaporation, the rate of free evaporation of atoms or molecules
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from a clean surface of unit area in vacuum is given by

Ne = 3.513 x 162 Pe/ (MT);5 [ molecules crﬁz‘gl ] (2.1)
where Pe is the eoguilibrium vapour pressure (in Torr) of the eva-
porant under saturated vapour conditions at a temperature T and M
is the molecular weight of the vap.our species. The vapour atoms thus
created are transported through vacuum to get deposited on the sub-

strate surface to form a thin film.

For Athe ideal case of deposition from a clean and uniformly
emitting point source onto a plane substrate, the rate of deposition
varies as cos e/r'2 (Knudsen Cosines' Law) whore © is the arigle between
the radial vector and the normal to the substrate plane and r is the
vadial distance of the receiver from the source. Thin films of GaP

were evaporated into glass substrates at various substrate temperatures

under vacuum [26].

Thermal evaporation of materials may be achieved by variety

of methods.

(a) Reactive evaporation

By allowing a chemical reaction between vapour species
nf different elements either during their transport from source to
substrate or on the substrate surface itself, it is possible to con-
dense films of a great variety of alloys and compounds. Thin films
of amorphous germanium-~carbon and germanium-nitrogen alloys were

prepared by activated reactive evaporation{27].
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(b) Resistive heating

The material to be evaporated may be heated directly or
indirectly. The simplest method is to support the material in a filament
or a boat which is heated electrically. The materials can be heated
indirectly by supporting them in crucibles of quartz, graphite, alumina,

zirconia and they are heated with the heater windings.

(c) Coevaporation

Thin films of multicomponent materials such as alloys and
compounds which are difficult to vaporize either because of very high
vaporization temperature or because of problems associated with dis-
sociation/decomposition can be prepared by simultaneous condensation
of the vapours of the individual compondents produced from separately
controlled sources. This type of PVD process is known as coevaporation.
Chromik et al. [28] prepared highly oriented YBa2 Cu,0., thin films

377
by vacuum co-evaporation.

(d) Flash evaporation

This technique is applicable for evaporation of alloys,
metal-dielectric mixtures and compounds. In flash evaporation, small
amounts of the material are continuously dropped into the heated source
with the help of a mechanical or ultrasonic vibrator and evaporated
discretely to completion. Polycrystalline thin films of CulnTe, were pre-

2
pared by flash evaporation [29].

(e) Arc_evaporation -

Materials can be evaporated using very high temperatures

by striking an arc between the two electrodes. This technique is widely

’
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used for the evaporation of refractory materials such as Nb and Ta.

(f)} Laser evaporation

A material can be evaporated from its surface by keeping
o+
the laser source outside the vacuum system and focussing a laser beam

onto the surface of the material.

(g) Electron beam evaporation

In electron beam evaporation, the temperature of the evaporant
material can be raised by electron bombardment. An electron beam
is accelerated through a potential of 5 to 10KV and focussed on the
material., The temperature at the focussed spot can become as high

as 3000°C. At such. a high temperature, most of the refractory metals

and compounds can be evaporated.

Basu and Avadhani (30] deposited semiconducting iron silicide
films by electron beam evaporation of iron and subsequent furnace re-

action at 850°C for two hours.

2.2.1.3 Molecular beam epitaxy (MBE)

As the name implies, MBE involves growth of epitaxial films
by condensation of one or more controllably directed atomic or molecular
beams each emerging from a point source in ultra high vacuum system.
It is particularly important for epitaxial growth studies of multicomponent
materials such as II-VI and' I1I-V compound semiconductors.

Studies on molecular beam eptaxial. GaAs sample have been

reported by Stanley et al (31]. Hoke et al. [32] studied the carbon

doping of GaAs film grown by conventional molecular beam epitaxy
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Liu et al. [33] reported the behaviour of layer growth in GaAs by
molecular beam epitaxy. Electrical properties of InAs epilayers grown
by molecular beam epitaxy on Si substrates were -@lso investigated
[34]. Feng et al. [35] characterized the shallow native traps in
n-type GaAlAs layers grown by molecular beam epitaxy. Baribeau
et al [36] studied the epitaxial grthh of Ge on (100) Si by molecular
beam epitaxy. Selective epitaxial growth of InAs on GaAs by mole-
cular beam epitaxy was reported by Okamoto and Ohata [37]. Komiyama
et al [38] carried out the preparation of highly ordered ultra thin
films of Copper (II) Phthalocyanine on amorphous substrates by mole-

cular beam deposition.

2.3 CHEMICAL METHODS

The foremost characteristic of chemical methods is that
it necessarily involves a chemical reaction for the formation of the
thin film without requiring vacuum as an essential condition for depo-
sition. Chemical deposition techniques are the most important methods
for the growth of films owing to their versatality for depositing a
very large number of elements and compounds at relatively low tem-
peratures. Chemical methods may be broadly classified into two cate-

gories: chemical vapour deposition and solution deposition techniques.

2.3.1 Chemical vapour deposition (CVD)

In this case, when a volatile compound of the substance
to be deposited is vaporized and the vapour is thermally decomposed

or reacted with other gases, vapours or liquids at the substrate to
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yield non-volatile reaction products which deposit atomistically on
the substrate. CVD techniques have been used for deposition of epit-
axfal, polycrystalline as well as amorphous films. Kanoh et al [39]
have studied on silicon thin films prepared by CVD method. Siefering

and Griffin [40] reported the chemical vapour deposition of vanadium

oxide thin films.

The various chemical reactions involved in CVD are as follows:

(a) Pyrolysis (Thermal decomposition)

The organometallic compounds, halides and metal hydrides can
be pyrolytically decomposed on hot substrates to yield pure elemental
deposits. Pyrolysis of Silane (SiH4) and Germane (GeH4) is employed

to produce epitaxial layers of Si and Ge.

A typical example of a decomposition process is

SiH4 (gas) 800-1300°C _ Si + ZHZ (gas) (2.2)

(b) Hydrogen reduction

Hydrogen reduction is a pyrolysis reaction which is #facilitated
by the removal of one or more of the gaseous products of decompo-

sition. Hydrogen reduction of silicon tetrachloride is frequently used

for depositing silicon films.

The reaction is of the form

SiCl4 (gas) + ZHZ (gas) Si (solid) + 4HC1___7(gas) (2.3)

_>
{c) Chemical transport

The chemical transport technique involves the transfer of a

relatively nonvolatile material from the source to the substrate with
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the help of a highly wvolatile chemical wvapour which convert it to
a volatile compound by a chemical reaction. The volatile compound

then decomposes on the substrate to yield a film of the source material.

A typical example is the transport of Si in Iz vapours

Si (Solid) + 212 (gas) 1100°C \SiI4 (gas) (2.4)
Si (Solid) + SiI4 (gas) 1100°C ZSiI2 (gas) (2.5)
. ° . . .
28112 (gas) 900°C Si (Solid) + S1I4 (gas) (2.6)
(d) Polymerization
As the name implies, polymerization involves linking to-

gether of monomeric molecules ©of organic and organic-inorganic com-

posites by the activation processes of electron or ion b-ombardment.
4
irradiation with light, x-rays or ¥-rays or electrical discharge.

(e) Close-spaced vapour transport

In this technique, a temperature gradient is maintained between
the closely spaced source and substrate. A gas is used to react with
the source to form a wvolatile compound that is subsequently depo-
sited at the surface of the substrate to form a thin film. Epitaxial
films of CdTe and GaAs have been obtained using water vapour as

the transporting agent. Murali [41] has grown Zn3P2 thin films using

this technique.

(£) Plasma deposition

This is essentially a plasma-assisted CVD technique in which
glow-discharge plasma is used to break the vapours up into differe-t

species that react to deposit as a film. Ozaki and Nishiyama [42]
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have prepared carbon films by plasma decomposition of propylene.

Complex polymer films can also be prepared by this technique [43].

2.3.2 Solution deposition technique

In these techniques, the unit species of the material to
be deposited are dispersed in a liquid medium (generally aqueous).
The solution deposition techniques may be classified into electro-chemical
deposition (ECD) and chemical solution deposition ( CSD) according to
the formation of deposit material by electroéhemical and/or chemical

reactions. Some advantages of solution deposition technique include

1. Experimental set ups are much less sophisticated compared to
those in vapour deposition techniques N

2. No expensive equipment is required for deposition -

3. Deposition can be carried out at much lower temperatures

2.3.2.1 Electrochemical deposition (ECD)

This technique involves electrochemical reactions ie. chemical
reactions necessarily involving interaction with an external source of
electric current. This may also require electrically conductive substr-
ates. CdTe thin films have been deposited by an electrochemical technique

from organic dimethyl Sulfoxide Solvent containing CdCl2 and elemental

Te [44)].

(a) Electro deposition

Electrodeposition is a process of depositing a substance
upon an electrode by electrolysis. Almost all the metals, except for

highly electronegative ions can be electrodeposited from aqueous solutions.
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Popov et al [45] observed the electrode surface coarsening in Copper
electro deposition. Chao-Peng-Chen and Jacob Jorne [46] proposed
a simple method for the determination of the fractal dimension during

the electro deposition of zinc by current integration.

(b) Anodization

The metal to be anodized is made an anode in an oxygen
containing electrolyte so that when an electric current is passed
through the electrolyte, the anode surface is converted to one of
its compounds. Anodization is used mainly in the formation of films

of the oxides of certain metals including Al, Ta, Nb, Ti and Zr.

(c) Electrophoretic deposition

In this technique, electrically charged particles suspended
in a liquid medium are deposited on an electrode by the application
of an electric field. The technique has been used for deposition of
both conductors and non-conductors including metals, alloys, salts,

oxides, refractory compounds, polymers and combinations of the various

components.

2.3.2.2. Chemical solution deposition (CSD)

These techniques are generally immersion techniques in
the sense that they involve simply dipping of the substrate into the
reaction mixture for sometime. Advantages of CSD techniques when
compared to ECD techniques are, (1) since the question of non uniform
current density does not arise in CSD, deposits are formed more uni-
formly even on complex parts (2) deposits can be laid down on insu-

lators and (3) no power supplies and contacts are needed
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(4) Experimental set ups are much less sophisticated compared to other
methods. (5) No expensive equipment is required for deposition. (6)
deposition can be carried out in much lower temperatures. Preparation
and characterization of chemically deposited tin (II) Sulphide thin

films has been reported by Pramanik et al [47].

CSD techniques can be classified as follows according to the

chemical reaction involved in deposition.

{a) Autocatalytic reduction/Electroless plating

In contrast to electrodeposition, the electroless technique
also involves the reduction of metal ions to form the de¢posits, but
no external potential source is required to produce electrons. This
technique has been employed to deposit Ni, Co and Pd films. Osaka
et al [48] described the behaviour of the electroless composite films

plated from a Ni-P bath with metallic dispersion of Zr and Nb powders.

{(b) Homogeneous precipitation and solution growth

For depositing thin films of a compound men a solution of

M™" ions with a complexing agent added to it is prepared. Formation

of complex ions is essential to control the reaction and avoid immedi-
ately precipitation of the compound in the solution when the precipitating
anions are added to it. Complexation of the metal ions also avoids
the precipitation of hydroxides in the solutions, thus making film
deposition possible. This technique has been used for deposition of

II-VI and IV-VI compound semiconductor films.

(c) Conversion coatings

The coating is formed by chemical treatment of a metallic

substrate surface which is converted into one of its compounds.
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-

2.3.3 Spray pyrolysis y

Spray pyrolysis offers a number of advantages, the main
ones being its simplicity and the capability to produce large areas
of high sensitive films of uniform thickness. Doping of the semiconductor
film is simple, since it is accomplished by mere addition of the dopant
to the spray solution. Arya and ‘"Hintermann [49] have deposited Y-
Ba-Cu-0 superconducting thin films by spray pyrolysis method. The

preparation of cadmium telluride films using this method has also been

reported [50].

The starting materials required to form the desired semicon-
ductor are taken in solution and " the composition is sprayed on .a
heated substrate at an elevated temperature. The sprayed droplets
on coming ‘:into contact with the hot substrate disscciates and the
desired semiconductor film results. The other volatile by-products
and the excess solvent escape in the wvapour phase. The atomization
of the chemical solution into a spray of fine droplets is affected by
the spray nozzle with/ﬁl/elp of compressed air as carrier gas. The
carrier gas and the solution are fed into the spray nozzle at a prede-
termined flow rate. The geometry of the gas and liquid nozzle largely
determine the spray pattern, the size distribution of droplets and
the spray rate. When both the size and momentum of the spray droplets
are uniform optically good quality smooth adherent films are obtaineds
Amorphous to polycrystalline deposits are obtained depending upon

the droplet mobilities and chemical reactivitors of various constituents.

Growth of films by spray pyrolysis is determined by (1)

nature of the substrate and (2) chemical nature and concentration of
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the spray solution and its additives and (3) spray parameters. Subs~
trate surfaces get affected in the spray process and the choice is
limited to glass, quartz, ceramics or oxide,nitride or carbide coated
substrates. On thermal decomprecsition, chemicals in solution form must
provide the species complexes that will undergo a thermally activated
chemical reaction to yield the désired thin film material and the re-
mainder of the constituents of the chemicals including the carrier liquid,
should be volatile at the spray temperature. The composition of the
film is expected to depend on the kinetics .of the spray process and
the thermo-dynamics of the pyrolytic processes. Stoichiometric sulphide
and selenide films have been obtained under appropriate conditions.
The properties of the film depend upon the substrate temperature,
anion-to-cation ratio, spray rate etc. Also if the pyrolytic reactions
have not been completed at low temperatures, some by\h?roducts or
intermediate compounds will be trapped as impurities in the film.

In the case of chloride salts, residual chlorine is often present in

films.
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11 INTRODUCTION

The impurity states play an important role in the kinetics
of the capture and release of free carriers from trap levels and the
recombination of these carriers in Semiconductors. The 1investigation
of the ‘electrical properties gives valuable information of the above
phenomena in semiconducting materials. The aim of this chapter is
to provide a brief summary on the mechanism of electrical conduction,

photoconductivity, lifetime and thermally stimulated processes.

3.2 MECHANISM OF ELECTRICAL CONDUCTION

Lattice defects profoundly affect the electrical behaviour
under certain conditions of defect concentration and temperature. Acceptor
and donor impurity atoms also account for the extrinsic semiconducting
properties. The Mechanism of electrical conductivity was discussed
by several authors [1-4]. When an electron is thermally excited from
the valence band to the conduction band the vacant sites left behind
in the valence band are called ‘'holes'. The electrical conduction
in an ideal semiconductor consists of motion of electrons in the condu-
ction band under the influence of an electric field and holes in the
valence band. ‘Thus the basic idea of electrical conduction in a semi-
conducter is that electrons occupying donor levels (or holes occupying
acceptor levels) may contribute to the electrical conductivity in a
manner other than the usual process of thermal excitation followed

by band conduction.
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The transport of carriers under the influence of an applied

electric field produces a current I,

The resistivity Q is given by

E=°70 (3.1)

Where E is the electric field intensity and J is the current density.

The conductivity &~ 1is the reciprocal of resistivity.

J= o E (3.2)

J = enV (3.3)

where n is the carrier density, e 1is the carrier charge and Vd

is the drift velocity.

Substituting Vd = },\E into equation (3.3), equating (3.3)

and (3.2) and solving for conductivity leads to

G = e r.xn (3.4)

From the expression for conductivity,

electron conductivity S,

e, P‘nn (3.5)

d hole conductivit = e 3.6
and hole conductivity O——p ppr (3.6)

The total conductivity of the semiconductor must be expressed by

6—S= J’n-}-c‘p. (3-7)
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Dften either n or p dominates, and one of ths terms on the right

hand side of equation (3.7) may be neglected.

The conduction mechanism can be determined by measuring
the variation of current in a semiconductor with temperature. The
conductivity of a semiconductor depends on two factors: (1) the number
of current carriers per unit volume and (ii) the mobility of the
carriers through the substance under an applied electric field. As
the temperature is increased from absolute zero, the electrons ,gt'in
the defect level get excited to the conduction band or to the valence
band in the case of holes and contributes to the conduction. This
process continues until all the defect levels are enhausted. The condu-
ctivity may decrease with further increase of temperature due to
the decrease in mobility of the charge carriers. At still high tem-
peratures, the excitation of electrons from the valence band to the

conduction band takes place and yields to intrinsic conduction.

The exponential wvariation of conductivity for intrinsic semi-

conductors with temperature is given by

. - € )
G = G 4 exp ( KT (3.8)
for extrinsic semiconductors,
S
S = —_— (3.9)
6‘0 exp ( kT )

where <5-0 is a constant, k is the Boltzmann's constant, T the



43

absdute temperature and € is the activation energy of charge carriers.
The exponenti;l increase in conductivity with temperature is connected
with the activation energy required for the thermal motion of charge
carriers. The value of the activation energy for the donor level can
be evaluated from the slope of the conductivity versus temperature
curve. The slope of the intrinsic region of this curve represents
the activation energy required for an electron to go from the valence
band to the conduction band which gives the band gap of the mater‘ial.b

Considerable interest has been stimulated in the study of electri-
cal properties of several materials [5-13]. Sadaoka et al [14] des-
cribed the effect of heat treatment on the electrical conductance of
lead phthalocyanine films. The electrical properties of polycrystalline
ZnInZTe4 thin films such as electrical resistivity and activation energy
have been investigated by Patel and Ali [15]. Weclewicz and
Zdanowicz [16] reported the electrical properties of amorphous cadmium
arsenide films prepared by thermal wvacuum depositipn. Dudas et al
[17] studied the temperature dependence of the electrical resistance
of thulium thin films in the temperature range from 4.2 K to
300 K. Electrical conductivity of polypyrrole films has been investi-

gated by Kuwabata et al [18, 19].

The measurement of electrical conductivity of thin films during
heat treatment can give important information regarding the defect

structure and density of defects present in as grown films and can
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also throw light on the changes that takes place during the annealing

processes in the films.

The influence of annealing on the electrical properties and
uniformity of LEC undoped semiinsulating Ga As wafers has been inve-
stigated by Haizhou et al [20]. Saxena and Mathur [21] reported
the effect of annealing on the conduction mechanism of n-type silicon.
Saito et al [22] studied the effect of annealing on the resistivity
of phosphorous doped polycrystalline silicon films. \//

The conductvity technique provides an important tool for the
determination of activation energies and hence this study can yield the

information regarding the defect levels as well as the band gap in solids.

3.3 PHOTOCONDUCTIVITY

It has been observed that the surface can influence the current
induced in a semiconducting material by a beam of light. The surface
composition and structure are changed and such effects are best observed
with a photoconductive method which is very sensitive. Photo current
variations associated with surface modifications may be due’ to the
changes in the number of free carriers excited from surface states and

changes in the 'roughness' of the surface. v

An excellent account of the theoretical and experimental aspects
on photoconductivity has been reviewed by Bube [23],. Smith [24],

Kireev {25}, Boer {261 and Moss [27].
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Semiconductors that show strong photo conductivity are called photo-
wnductors. Photoconductive materials are classified into two types. (i)
diochromatic materials (intrinsic photo conductors) are those which
show photoconductivity when in a pure condition which being associated
vith the intrinsic properties of the material (ii) allochromatic materials
{impurity or imperfection photoconductors}) are those in which the photo
conductivity is associated with impurities or crystal imperfections such
s vacancies. With excitation from the wvalence to the conduction bands,
the photoconductivity is termed intrinsic photoconductivity ie, it involves
mly electrons and holes in the conduction and wvalence bands. With excit-
stion involving levels in the band gap, it is called extrinsic photocondu-
ctivity. = The conductivity 6~ . due to equilibrium carriers is termed

d

dark current conductivity.

The incoming radiant energy causes the appearances of nonequilibrium
carriers. Using equation (3.7) the photoconductivity can be expressed

as
Spc = enp dn + e Mo ('SP (3.10)

The total conductivity may be represented in the form of a sum

of dark and light conductivities.

S = G 3.11
a * G_DC ( )

Q

en p (v Sn) +e P (pr GP) (3.12)

Schildkraut [28] described about electro-optic polymer films that

exhibit photoconductivity. Absorption of light by the sensitizer resulted

; k//’
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in a photocurrent and charge trapping. The temperature dependance
of the transient photoconductive response in trars-polyacetylene films
have been studied by Walser et zl [29]. Maan et al [30] investigatea
the temperature dependence of steady state photocurrent and dark

caurrent in thin films of a-Iré0 Se80 and reported that both dark and

photoconductivity are found to be activated processes. Photo excit-
ations and photoconduction in highly oriented poly acetylene has been
reported by Tubino et al [31]. Werner et al [32] studied the trans-
ient photoconductivity in GaAs films grown by molecular beam epitaxy.
The room temperature photoconductivity in Zn:,’P2 single crystals was
observed by Misiewicz [33]. Photocondﬁctivity spectra of Ga28e3

C02+sing1e crystals grown by the Bridgemann technique were investi-
gated over the temperature range 19-300K by Jeong et al [34].
Mirianashvili et al {35] investigated the photo conductivity of P-type

InSb samples. Kirilyuk et al [36] observed photoconductivity in YBa-

Cu0 films near the semiconductor-superconductor transition. s

Several parameters involved in photoconduction mechanisms
are photosensitivity, specifice sensitivity or photoresponse, photocon-

ductivity gain, lifetime, capture cross section, etc.

(i) Photosensitivity: it is the photoconductivity per unit excitation

intensity.

(ii} Specific sensitivity: It is obtained by multiplying the photo-
conductance by the square of the electrode spacing and dividing by

the absorbed radiation power.
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[iii) Photoconductivity gain: For a semiconducter in which one carrier

onductivity dominates, the gain may be expressed as
Gain = _C (3.13)
Ty

Where T is the lifetime of a free carrier and [ is the

transit time of this carrier.

{iv) Life time: The lifetime of photoexcited carriers is the key

parameter for an understanding of photoconductivity.

If light falling on a photoconducter creates £ electron hole pairs

A
per second per unit volume of the photoconducg_ifgaity’ then
f T,y = dpandt T =3P (3.14)

Where Tr\ is the free lifetime of an electron, [ is the free
lifetime of a hole and dn and & are respectively the additional free

electron and hole densities present as a result of the absorption of light.

(v) Capture cross section: If there are N recombination centers per
it volume which can capture a free carrier, the life time may be

expressed as

T - (VSN-)l (3.15)

where v is the thermal velocity of the carrier and S is the capture

cross section of the recombination center for that type of charge carrier.
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The spectral response curves of photoconductivity shows a fairly

sharp maximum at a wavelength slightly longer than that corresponds

to the absorption edge.

If E:I is the ionization energy in electron volts, the relationship
»*
between E; and the threshold wavelength 2\ in microns may be

expressed as

" hc 1.239 (3.16)
= V), = 2
EI (h I X

).ﬁ_

The modern investigation of photoconductivity has Dbenefited
greatly from the recent rapid growth of interest in all phases of
solid state physics and chemistry. Manv of the characteristics of
a semiconductor material which determine its sensitivity to radiation
are associated with imperfection in the material. Therefore the field

of photoconductivity has been considerably enriched by the studieds

el

on kinetics of trap levels. Photoconductivity provides an important
means of detecting light or measuring 1light transmitted signals., It
illuminates the .internal electronic processes in semiconductor materials
and in their device forms: transistors and phosphors. The use of
photoconductivity as a powerful tool in the understanding of solids

is perhaps better known than that its growing importance on devices.

3.4 LIFETIME

In recent years, an appreciable part of the work in the semi-

conductor field has been devoted to the investigation of the lifetime
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of excess holes and electrons. Many methods of measuring lifetime
were devised to test and control the semiconducter material in the
various stages of processing. There has also been interest and conse-
quent growth in the understanding of the physical processes determining

recombination of holes and electrons.

In nonequilibrium situations, produced by external excitations,
the concentration of holes and electrons are generally changed both
in the wvalence and conduction bands and in localized defect levels
in the forbidden gap. Preservation of neutrality requires that the
total of free and bound hole and electron excess concentrations be
equal. To consider the processes that tend to establish equilibrium,
suppose that a flash of excitation initially establish' an equal excess
of free holes and electrons. Subsequently these free carriers may
disappear in pairs by transition across the gap, or they may fall
into the localized levels. If the net rates of fall-in are equal for
both type of carriers, then the occupation of the levels remains uncha-
nged on the average. In both of the above cases, the excess concentr-
ation of free holes and electron, remain equal. The net fall-in rates
are not equal, a situation which results in a change of occupation of
the levels anc‘l inequality in Ffree excess carriers concentration. In

this case, some of the carriers of one type have been trapped.

Lifetime is defined by

- AP
U= & (3.17)

where (Al is the net rate of recombination per unit volume and

ap=p - P, = N - ng is the excess concentration of holes or electrons.
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Lifetime can be controlled by controlling the density of deep level
traps in the semiconductor material or on its surface. The major difficulty
lies in the fact that there is a great variety of imperfections and impuri-
ties which are capable of providing trapping centres. The imperfection
in a semiconductor is expected to decrease the free carrier lifetime and
hence the photoconductivity. Samaj [37] studied the lifetime of minority
arriers in polycrystalline semiconductors. Spirito et al [38] reported
the lifetime studies in thin Si epitaxial layers. The control of minority
carrier life time in n-type silicon by means of low dose, high-energy
proton irradiation at room temperature has been investigated by Huppi
[39]. Fastow [40] have measured the transient and steady state excess
carrier lifetime in p-type HgCdTe as a function of temperature . Lin
et al [41] determined the minority carrier life time in annealed silicon.
The effect of annealing temperature and cooling rate on the lifetimefminority
charge carriers in silicon crystals has been investigated by Baranskii
{42]. Haegel et al (43] measured the free carrier lifetime in as grown

and a series of annealed samples of semi insulating gallium arsenide.

3.4.1 Methods of measuring lifetime

Inorder to- determine the carrier lifetime in a semiconductor, excess
minority carriers must be created and detected. They can be created
by irradiation by light or X-rays. To detect the excess minority carriers,
photoconductivity and photomagnetoelectric effect can be used. Ryvkin[44]
suggested that lifetime of carriers can be determined from the photocon-
ductivity measurements. The monochromatized beam of light illuminates
the sample and the light beam was modulated by a mechanical chopper.
The frequency of the square pulses of the modulated beam was varied

and the corresponding piotocurrent was measured till the saturation region
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of the photocurrent sets in. If t0 is the period of illuminated pulse,

the life time T for minority charge carriers was calculated using the

equation

Spe = T g tan I«(ZL% ) (3.18)

where S~ Ac is the AC photoconductivity and C:Tgtis the steady state

photoconductivity.

Lifetime is also measured by using photoinduced open circuit
voltage decay technique [45]. This technique was used to determine the
minority carrier lifetime in several single crystal silicon solar cells.
Suzuki and Hayashi [46] reported the measurements of the minority carrier
lifetime in a semiconductor wafer by a two mercury probe method and
its application to surface recombination wvelocity. A simple evaluation
technique of life time T and diffussion coefficient of minority carriers
in a semiconductor wafer by using the two mercury probe method and

a graphical analysis was also described by Suzuki and Hayashi [47].

In the photoconductivity decay method, the sample is usually
in the form of a rod, with current carrying electrodes at both ends.
A short pulse of 1light illuminates the sample and hole-electron pairs
are generated. When the light pulse is turned off, the carriers recombine
towards their equilibrium concentrations. The corresponding voltage change
is amplified and presented on the Oscilloscope. Any departure of the
recombination from a simple experimental decay curve can readily be

observed in this method of measuring lifetime. Fastow and Nemirovsky[48]
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measured the excess carrier lifetime in p-type HgC_dTe using the technique
of photoconductive decay. Minority carrier lifetime measurement using

a microwave photoconductivity decay method was examined by Nammori[49].

-
v

The principle of the photomagneto electric effect is that hole
glectron pairs are created at the upper surface of the material by non
penetrating light. They diffiuse towards the opposite face while in an
external magnetic field. The field seperates electrons and holes and
creates a potential. This voltage is a sensitive measure of the surface
recombination velocity which determines the concentration gradients and
hence diffusion length in the material. Lifetime T can be determined
from this known value of diffusion length. The lifetime of free electrons
and holes in solids are of great importance in the broad field of lumi-
nc'scence, photoconductivity and semiconductor devices. Lifetime has
been found useful for determining the presence of special types of cry-
stal imperfections which are usually present in such small concentrations
that they cannot be detected by the conductivity measurements and are
indeed quite difficult to determine by other means. Also a measure of
lifetime permits the determination of ionization energy of imperfection

centres,

3.5 THERMALLY STIMULATED PROCESSES

In a thermally stimulated process, the sample is heated in
a controlled manner and a certain physical property is continuously
measured. If the varying parameter is measured and recorded as a funct-
ion of the sample temperature, the resulting curve may provide informatio

concerning the process which takes place in the sample during heating.
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Thus thermally stimulated process is used as standard methods
of research and analysis in various branches of physics and chemistry.
The thermally stumulated methods are thermally stimulated currents
(TSC) and ionic thermo currents(frc)’[he other methods are ‘thermo-

luminoscence (TL), thermally stimulated electron emission (TSEE),

thermogravimety (TG) etc.

3.5.1 Ionic thermocurrent (ITC) Measurements

ITC method consists: of the measurement of thermally acti-
vated release of polarization ([50}.7Tt is used for the investigation
of the electrical properties of high resitivity solids via the study
of thermal relaxation effects. This technique was first introduced
and studied in great detail by Bucci and Fieschi [51]. It relies
upon utilizing the response to an electric field of the dipole moment
formed between a point defect and an impurity ion. Here the impurity
ions and vacacies can be presented as individual defects independent
of one another or they may be present as impurity vacancy (I-V)
dipoles. A significant concentration of the paired impurity - vacancy
defects can be oriented away from random orientations within a lattice
by the application of a steady electric field. The resulting non-
random orientation can be immobilised by freezing the sample to
a low temperature with the electric field still applied.Upon removing
the electric field and warming the specimen at a constant heating
rate, the aligned defects relax and oriented back to random positions.
In doing so, they produce burst of displacement current which can

be monitored as a peak in a detected displacement current.
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Bucci et al [51,52] studied ITC in ionic crystals due to dipole
orientation. Denoted as ionic thermocurrent or ionic thermoconductivity
method by Bucci and Fieschi, it also received a number of names due
to the fact that it was reinitiated and developed by several investigators:
Electret thermal analysis [.53], thermally stimulated discharge (TSD)
[54], thermal current spectra (TCS) [55], thermally stimulated depolari-
sation (TSD) [56,57] and thermally activated depolarisation (TAD) [58].
The ITC techniques have been applied to the study of many ionic and

divalent compounds, semiconductors, polymers and dielectrics [59-78].

(a) The Bucci - Fieschi theory of ITC

In ionic solids dipoles may be formed when host ions are sub-
stituted by impurity ions of different charge. Charge compensation is
usually achieved by lattice vacancies, interstitial host ions or impurity
ions of other types. If the compensating charge is near the impurity
ion, a dipolar complex is formed. In polymers ITC peaks appear at
low temperatures as a result of the disorientation of polar group. When
the polymer is heated to its softening temperature, the dipoles are

disoriented by the motion of the main chain segments [79]. //

!

The time and temperature dependence of the dipolar polarization
is determined by the competition between the orienting action of- the
field and randomizing action of thermal motions. The build up of polari-

zation P in a unit volume of the material during the time T after the
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application of electric field Ep at a temperature T_ is described by

an exponential function of time

-t
P(t) = PO [1-exp ( T ) ( 3.19)
The term G is the time taken to polarize the I-V dipoles at
temperature Tp. In equation (3.19}, PO is the maximum amount of polari-
zation possible at temperature Tp and this for all but the lowest tem-

peratures and very high fields has been shown to be

2
ND P Ep

3 kr
p

(3.20)

where ND is the concentration of dipoles present, K is the Boltzmann's

constant, M is the dipole moment, Ep is the polarizing field. Equation

(3.19) describes the build up of polarizition from p(o) = o to
P () = Po . If the field is removed at t = 9 then the pola-
rization will decay according to

P (t) = Po exp (-t/t&) (3.21)

where TR is the relaxation time for the dipoles at temperature T. In
a crystaline solid, association of an impurity ion with a vacancy can

form such a dipole which undergo re-~orientation. Here , use the assum-

ption that the time taken for these dipoles to depolarize at the same

temperature.

The temperature variation of T 1is given by the Arrhenius

equation

Tm =T exp g (3.22)
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-

where -c-l is the characteristic frequency factor for a vacancy jump
o

from one lattice site to another for orientation of the I-V dipole and

is independent of temperature and E is the activation energy for the

rotation of a dipole. T is the absolute temperature and K is the

Boltzmann's factor.

Equation (3.21) can be re-written as

t
p(t) = P [exp (- f dt/ € ) 1 . (3.23)
(o]
ft exp( gz—) dt )» (3.24)
()
= PO exp( - T

(o)

The current density arising from this depolarization is

N\
J_ (T = %)_

D (3.25)

To perform this differentiation, it is mnecessary to make use
of the fact that, in the experiment, the temperature is to be raised

to a constant heating rate B , according to the equation

T=To+ﬁt giving

dT (3.26)
dt

P
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™ thermally stimulated depolarization current density

T s
T
-Po exp -{E + ! j exp -('E_)d‘r‘} (3.27)
L0 T g7~ BT o
T,

o

Using Garlick and Gibson's[80] approximation which is based on
2» assumption that the integral term in equation (3.27) is negligible

»er the initial part of the curve, the equation (3.2%¥) can be written

b the form,
-E
TD(T) = constant exp( ‘ﬁ) (3.28)

A straight line is obtained by plotting anD(T) against 1/T. The
siope of the plot gives -E/K y from which the activation energy can

% determined with very good accuracy. Na

ITC is a fastest method, since by means of a single measurement,
2 complete picture of the relaxation processes in the sample is achieved.
1 s thus extensively used for the study of electrets which have
fand many technological applications. Provided that large electric
fleld is employed for the polarization, very low concentration of dipolar
ispurities can be defected. It provides a key role in the determination
of elecirical properties of solids. It is a method for studying all the
*rdanental mechanism for charge storage and release in non metallic

wlids, This method has found widespread popularity in vew of its
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high sensitivity and can be analysed inorder to get information on
the characteristic parameter of the dipoles.

v’

3.5.2 Thermally stimulated currents (TSC)

TSC methods have been shown to be a powerful tool in the
evaluation of wvarious properties of carrier transport and carrier
trapping 1i: semiconductor and insulating materials. The main aim
in this study has been to gather information on the energy levels
related to impurities and defects in insulators and semiconductors
and the processes of electronic transitions between such energy levels.
The location of a TSC peak on the temperature scale encoded infor-
mation on the wvalue of activation energy and 'capture cross section
of the traps. The involvement of different types of traps change
with temperature. The temperature range in which a specific trap
dominates must therefore be identified. This is conveniently achieved

with the aid of monitoring of TSC.

Haering and Adams [81] were the first to propose models
for TSC. A detailed theory of TSC was presented by Dussel and

Bube [82]. Extensive studies have also been reported on TSC curves.

[83-861.

In TSC measurer:ant, two electrodes are attached to the sample

which is excited at a low temperature TO. The sample is then heated
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linearly in the dark with a constant wvoltage applied between the

electrodes and the current through the sample is measured using a
sensitive electrometer. The graph of current versus temperature is
called the TSC curve. The traps are filled by irradiation at T0 and
upon heating, electrons (or holes) trapped at the localized state gain
enough energy to jump into the conduction (valence) band. The carriers
thus thermally released from traps to the band, give rise to transient
increase in the conductivity of the sample. This increase in conducti-
vity appears as a peak in the TSC curve, which is characteristic
of the trapping sites in the material. A curve of thermally stimulated
current for a single trap depth has the form of a somewhat a symmetric
curve with a sharp maximum at a temperature which is determined
by the trap depth, the capture cross section of the trap and the heating
rate. If more than one type of trap is present, curves obtained by
thermal stimulation may be expected to show several maxima. If carriers
ae trapped at a single energy level, TSC will show one peak. Normally,
a TSC spectrum consists of more than one peak which may be attri-

huted to species of traps. The thermally stimulated current I is given

by
T E
. E + 1 E .
1= IO exp - {ET Toﬁ j exp- (kTi ) dT } (3029)
To

In equation (3.29), T is the initial temperature, )= L

T

o

the attempt to escape frequency and ﬂ; is the heating rate.

Due to the presence of donors and acceptors (electron and hole
traps), some of the charge carriers get attached to these defect or

impurity levels. lonizatinpn of traps or in other wurds, thermal release
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of trapped electrons or holes is required to bring about the redistri-
bution of these carriers back to the equilibrium distribution. An activa-
tion energy E = EC - ED or E = EA - EV has to be provided to ionize
electron traps and hole traps respectively.

The discrete trap level can be calculated from the equation.

2
2k Tm

. 2KTm (3.30)
T, -1y

where T2 - Tl" is the width of the peak at the points where the current
has half of its maximum wvalue and Tm is the temperature of the peak

maximum.

The TSC spectra may also be useful in obtaining the cross section

a of the traps [87]

a = 1)a0 (3.30)

where

<
0

(P /Tm (X expoC),

- 26
E/kKTm and a, = 10 Cm'Z,S

&
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4.1 INTRODUCTION

A brief account of the various techniques employed in
the investigations presented in the thesis are described in this chapter.
The experimental set up us=d for the preparation of thin film samples
and the details of the annealing chamber are outlined. The 1izchniques
employed for the identification of the prepared samples by X-ray
diffraction (XRD) and Electron Spectroscopy for Chemical Analysis
(ESCA) are given. The details of the techniques employed for the
determination of the band gap ' phase transition and observation
of surface features are presented. In this chapter, a short note on
the vacuum system used for the deposition of electrodes is included.
The last part of the chapter also gives a brief account of the metallic

cell and the various set-ups employed for the electrical measurement

of the films.

4.2 PREPARATION AND ANNEALING OF FILMS

The preparation of CdS films was carried out by spray
pyrolysis method. For this, a specially designed sprayer was used
and the set up is shown schematically in Fig. 4.1. A unique feature
of the sprayer is that the nozzle permitted a spray rate of 12 cc/min.
It consists of a glass vessel of about 250 cc capacity with an atomizer.
A specially made glass tube is introduced into this vessel through
the atomizer. Another glass tube with a spray nozzle is fused to one
side of the atomizer. The above arrangement allowed the atomization
of chemical solution into a spray of fine droplets by admitting carrier
gas (air) into the spray solution. The spray deposition with this

l.inearly moving spray nozzle ensures uniformity of film thickness.
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A hot circular MS plate was used to keep the glass slides at an eler
vated temperature. The temperature of the substrate was measured
using a chromel alumel thermocouple. This good quality films of
consistent thickness were obtained with the help of the sprayer. P
For the preparation of copper sulphide thin films, chemical

bath deposition technique was employed, the details of which are

discussed in Chapter.9.

A composite layer of copper and indium was deposited by
using a high vacuum system (Fig 4.2) For the preparation of CuInSe2
films. The evaporation chamber has provision for two independent
resistively heated sources and substrate heating. Molyhdenum boats
were used for supporting the materials. The temperature of the sub-
strate was measured by a chromel alumel thermocouple and were con-
trolled to an accuracy of ;1;1°c. After the deposition of the
composite layer the slides were dipped into the solution containing
selenium dioxide and dil. HZSO4 and finally dried. The films were
found to be p-type and are suitable for the electrical measurements.

-

The annealing of the films were carried out in wvacuum and
air. For vacuum annealing, a high vacuum coating unit was employed.
A substrate holder provided with a heater is mounted inside this
unit using which the temperature of the films during annealing could
be varied. The films were placed in the substrate holder and the

chamber was pumped down to 165 Torr. The films were annealed at

Hifferent temperatures for 30 min and were subjected to electrical



5
1. Molybdenum boat 4. Support for heater and the
2. Heater windings substrate.
3. Substrate 5. Diffusion pump

6. Thermocouple

Fig. 4.2: Schematic diagram of the vacuum system, for the
deposition of composite layer of copper and indium.
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measurements.

A glass chamber with heater assemblies was used for the anne-
aling of films in air, The system was insulated wusing mica sheet
windings. It has provision for inserting the chromel alumel thermo-

couple. The schematic diagram of the annealing chamber is shown in

fig 4.3.

4.3 X-RAY DIFFRACTION (XRD) STUDIES

The basic principle used in X-ray diffraction is Bragg's

law which is
2d SinB = nA (4.1)

where d is the lattice spacing, © the incident angle of X-ray beam,

n is an integer and A the wavelength of the incident radiation.

In X-ray diffractometers, the X-ray source, the specimen
and the detector are so arranged to obey the Bragg's law [1]. Filtered
Cukeg radiation was used as the X-ray source. The intensity of the
diffracted radiation against 2 © was recorded by a recorder running
in synchronization with goniometer. If proper care is taken, X-ray
diffraction can yield good results and any particular compound can

be identified without difficulty.

4.4 ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA)

Recent years have seen a spectacular development in
experimental techniques and one of the fastest growing areas is electron

spectroscopy. When any material is bombarded by X-rays, the incident
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photon~ will be absorbed by the atom and an atomic electron is ejected
as a p....oelectron. Thus ESCA measures the kinetic energy distribution
of photoelectrons produced by the ionising radiation of a fixed fre-

quency [2]}.

The kinetic energy of the photoelectron is given by
E‘p = hV- Eb | (4.2)
where Ep is the kinetic energy of the photoelectron, h;_, is the energy

=
of the incident photon and Eb is the binding energy of the electron.

Since the electrons ejected in ESCA technique are necessarily
of low energies, the smaller energy differences can be easily measured,
the electrons can not escape from any significant depth in the sample.
The phenomenon is therefore confined to atoms on the surface of the
sample and provides a method of surface analysis. The photoelectron
energies are c;he;facteristic of the atomic levels of a given element

and can be used as the basis for elemental identification.

The ESCALAB MK II spectrometer (VG Scientific Ltd. UK) with

Mgkoe (h 9 = 1253.6 eV) radiation as the source was used for the
analysis.
4.5 SPECTRO PHOTOMETRY

Absorption measurements were carried out for the deter-
mination of the band gap of films. The spectra in the UV and visible
regions were recorded by employing a U-3410 Hitachi Spectrophotometer,
A photograph of this instrument is shown in Fig. 4.4. For the trans-

mission measurements, a Beckmann Infrared Spectrophotometer was used.



Fig. 4.4: Photograph of the U-3410 Hitachi Spectrophotometer.
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4.6 DIFFERENTIAL SCANNING CALORIMETRY

vifferential scanning calorimetry (DSC) is one of the advanced
techniques in the field of thermal anuiysis. Several phenomena such
as the equilibrium between the different phases in complexes, the
thermodynamic  properties, crystallization energies, microstructural
evolution in alloys, phase transitions, effect of temperature rise on
structural change, heat capacity, enthalpy etc can be studied with
the help of thermal analysis using DSC. Basically the DSC technique
allows the determination of the time derivative of the heat content
per unit mass of the sample, I:I (t) = dH/dt as a function of time t
for a éiven heating rate, T = dT/dt and a given temperature, T (t).
A perkin Elmer Delta series Differential Scanning Calorimeter (model
DSC-7) was used for recording the DSC spectrum of the films. The
photograph of the instrument is shown in Fig. 4.5, The spectrum
was recorded with a scanning rate of 5°C/min. The distinct wvariation

in the heat flow of the films was studied and the phase transition

temperature has been determined.

4.7 OPTICAL MICROSCOPY

The inverted metallurgical type Union Versamet - 2 microscope
(Fig 4.6) was employed for the optical stgdies'? of the film surfaces.
This microscope carries a binocular vision system. The illuminating
system can be shifted from reflecting to transmitting modes. For change
over between reflected light illumination (24V, 150w, halogen) and
transmitted light illumination (12V, 50W, halogen), a light source change

over switch was used. The unit carries one pair of 10 x eye pieces.



Fig. 4.5: Photograph of the Perkin Elmer Delta Series
Differential Scanning Calorimeter.



Fig. 4.6: Photograph of the Union Versamet - 2 Microscope.
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The magnification of the lenses can be seen through a display window.”
The microphotographs of the film surfaces were taken with the help

of a photographic attachment of the microscope.

4.8 VACUUM SYSTEM FOR THE DEPOSITION OF ELECTRODES

A conventional wvacuum éoating unit (Fig 4.7) capable of
attaining pressures around 165 Torr was employed for the deposition
of metal electrodes. The chamber was evacuated by a diffusion pump
backed by a rotary pump. A transformer was used for the resistive
heating of the Yvapour source for depositing films. The normal pumping
down time to get ultimate vacuum was around 45 min. Inorder to support
the materials for deposition, a filament source was used. In the present

study, a tungsten heliX" was mounted tightly on the filament holders.

The substrates containing film are mounted at a distance
of about 15-20 cm above the filament. The films were placed over
mica masks to achieve the necessary configuration. The materials
to be evaporated were taken in the filament and are evaporated at
a pressure of 165 Torr. Thus electrodes can be deposited on the

surface of the films in the planar structure with a gap (0.1 - 0.5cm)

between them.
4.9 METALLIC CELL FOR ELECTRICAL MEASUREMENTS
The fabrication of the cell aims at measuring the electri-

cal properties of thin films over a wide range of temperature in

different ambient conditions (Vacuum and air). The cell can be used



Fig. 4.7: Photograph of the Vacuum System for the deposition
of electrodes.
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in the tempe-ature range 80 to 450 K without disturbing the wvacuum
conditions. It can be used for the measurements at very low pressures.
The 1liquid nitrogen consumption is found to be extremely small for
a single cycle of operation. The measurements of dark conductivity,
photoconductivity, lifetime, ionic thermocurrent (ITC) and thermally

stimulated currents (TSC) can be carried out using the same cell.

The chamber consisted of a cylinder (Fig. 4.8 a) whose ends
were permanently fixed with MS flanges. The top and bottom covers
of the cell can be sealed vacuum tight by using neoprine O-rings.
Four window ports were provided to the chamber at 90°C to each other.
One of the ports was used as a pumping port which could be connected
to a vacuum pump for evacuating the chamber. Others were used accor-
dingly to perform optical excitation for photoconductivity, lifetime,
and TSC measurements and to see whether the films undergo any change
with temperature. The schematic representations of the sample holders
used for the electrical measurements are shown in Figs. 4.8 (b) and
4,8 (c). A cold finger (SS tube) was inserted through top plate and
was fixed onto this plate using O-ring and allen screws. A sample
holder was fitted onto the bottom of the cold finger by welding. The
holder was provided with heater windings inorder to vary the temper-
ature of the samples for measurement purposes. The electrical insu-
lation was made using mica sheets and teflon. The length of the cold
finger and the sample holder is adjusted such that the centre of the
sample is in a line with the axis of the window. For the photocoadu-

ctivity, lifetime and TSC measurements, a rectangular copper bar was

’ (/
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1. Sample holder 4. Substrate holder (teflon)
2. Heater windings strips.

j. Substrate with film 5. Thermocouple

Fig. 4.8.(c): Schematic diagram of the sample holder for the
photo conductivity, lifetime and TSC measurements.
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gttached and the film was kept on this bar by pressing it with the
help of two teflon strips which can be seen from Fig 4.8 (c). A chromel-
alumel thermocouple was kept in contact with the substrate for tem-
perature measurement. The electrical connections for thermocouple
and heater were made through teflon insulations. Two BNC connectors

were provided for connections to the sample. -

4.10 MEASUREMENT OF ELECTRICAL PROPERTIES
4.10.1 Dark conductivity Measurements

The dark conductivity measurements in vacuum and air
were carried in the metallic cell described previously. The electro-
meter was connected in series with the power supply and the film
and the electrical circuit for the measurement is shown in Fig. 4.9.
Electrical contacts to the films were made by depositing electrodes
in the planar structure. The sample was then inserted in ‘the sample
holder and a steady voltage of ~/ 9V was applied across it by a batt-
ery. The current through the sample was measured using an electro-
meter. The power to the heater was provided from a stabilized vol-
tage source. The samples were heated from 100 to 425 K at the rate
of Q.OSK/Sec and the current was recorded at different temperatures.
Sample temperature was measured using a chromel-alumel thermocouple
kept in contact with the sample surface. The conductivity can be evalu-
ated with the known wvalues of the magnitude of the current, area of
the film, the applied voltage and the distance between the two elect-
rodes. A photograph of the experimental set up used for the measure-

ment of dark conductivity is shown in Fig. 4.10

v
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Fig. 4.10: Photograph of the experimental set up used for the
dark conductivity measurements.
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4.10.2 Photoconductivity measurements

A schematic diagram of the measurement of photocondu-
ctivity is shown in Fig. 4.11. The set up used for this measurement
consisted of a quartz tungsten halogen lamp (Oriel No. 7340), a mono-
chromator (Oriel No. 7240) and a metallic cell. The monochromatized
output of the tungsten halogen lamp was illuminated the sample through
the optical system. Special care was taken to avoid spurious light
falling on the sample kept in the measurement chamber. The area of
illumination on the surface was always 0.6 cmz: The necessary electr-
ical connections were made which was similar to that of dark condu-
ctivity measurements. After setting the sample in the evacuated cell,
a voltage of ~v 9V was applied across it and the photo current through
the film was measured using an electrometer. Readings were noted at
wave-length interval of 40 nm. Then the photoconductivity can be
evaluated with the known values of magnitude of photo current, applied
voltage, distance between the two electrodes and area of the film.
The experiment was performed in the temperature range from 100 to
425 K. The temperature of the sample during measurement was contro-
lled to an accuracy of * 0.1°C by controlling the current through the
heater. The photoconductivity measurements were also done in air at-
mosphere in the temperature range from 303 to 425 K. The ratio between
the measured conductivity and the power of the light source at each
wavelength was calculated and is plotted against wavelength. A photo-
graph of the experimental set up used for the measurement of photo-

conductivity is shown in Fig. 4.12,
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Fig. 4.12: Photograph of the experimental set up used for the
photo conductivity measurements.
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4.10.3 Lifetime measurements

The schematic diagram of the experimental set up used
for the lifetime studies is shown in 4.13. The set up consisted
of a metallic cell, a light source (Quartz tungsten halogen lamp, Oriel
No.7340), a monochromator (Oriel No. 7240), a mechanical chopper
(HMS 1light beam chopper model \230) and a microvoltmeter (model
HIL 2645). Monochromatized 1light from a tungsten halogen lamp is
focussed on a mecha_nical chopper and to the sample. Special care
was :@aken to avoid spurious light falling on the sample. The area
of illumination on the film surface was 0.6 cmz. The cell was eva-
cuated and the necessary electrical connections were made for the
measurements. A voltage of ~ 9V was applied across the film through
a series resistance. The chopped light was allowed to fall on the
film. The frequency of the chopped beam was varied and the photo-
current was determined. The measured photocurrent was varied with
the frequency of the pulses till the saturation region of photocurrent
sets in at a particular frequency. The lifetime of minority carriers
T can be calculated by using the equation derived by Ryvkin
[3]. The lifetime at 400, 520 and 640 nm was determined in
the temperature range 100-425 K. A photograph of the experimental

set up is shown in Fig 4.14.

4,10.4 ITC Measurements

The experimental set up (Fig. 4.15) consisted of a met-
allic cell, electrometer and a stabilized dc power supply. For the
measurement of ITC ([4,5], the sample was polarized by applying

an electric field at a suitable temperature for a required time. The
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g. 4.14: Photograph of the experimental set up used for the
lifetime measurements.
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film was cooled down to a low t:mperature. At this temperature,
the electric field was turned off and the current through the film
was measured as a function of temperature by heating it at a rate
of 0.06K/sec. A photograph of the experimental set up is shown

in Fig. 4.16.

4.10.5 TSC Measurements

For the TSC measurements, the experimental set up con-
sists of a metallic cell, tungsten halogen source, electrometer and
a stabilized dc power supply [Fig. 4.17]. The sample was initially
cooled from room temperature to a low temperature and then subjected
to photo - excitation using a tungsten halogen lamp. After a suffi-
ciently long exposure, the excitation was turned off. The dc bias
was then applied to the sample and its temperature was increased
at a heating rate of 0.06K/sec. The current through the film as
a function of temperature was monitored using an electrometer. A
photograph of the experimental set up used for the measurement

of TSC is shown in Fig. 4.18.



Fig. 4.16: Photograph of the experimental set up used for the
ITC measurements.
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Fig. 4.18: Photograph of the experimental set up used for the
TSC measurements.
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5.1 INTRODUCTION

Cadmium sulphide is a II-VI group semiconductor. It has
received considerable attention because of its potential use in the fabri-
cation of solar cells [1-5}. Several authors have deposited CdS thin
films by evaporation and sputtering methods [6-23]. Cameron et al.
{24] have prepared these films by‘ molecular beam epitaxy and studied
the structural and electron transport properties. The growth of CdS
films by open tube chemical vapour deposition has been studied by
Blasi et al. [25]. Also partain et al [26] ha.ve deposited these films
by chemical wvapour deposition method. The growth of CdS films by

close spaced vapour transport technique has been carried out by Dawar

et al [27]. s

The preparation of CdS films by solution deposition methods
have been carried out by many researchers [28-32]. Uda et al [29]
have prepared CdS films by chemical solution deposition method and
studied the structural and electrical properties. Lokhande et al [30]
have carried out the elecrodeposition of CdS films and reported a
band gap of 2.4 eV. The structure and growth kinetics of electrodepo-
sited CdS thin films have been investigated by Balakrishnan/and Rastogi
[31]. Karajai and Das Gupta [32] have prepared CdS films by the
dig‘technique. Chamberlin and Skarman ([33] developed a method of
producing large-area thin films of CdS by the solution spraying techni-
que. A few works were also later reported on the films prepared
by this technique [34-38]. Berg and Nasby [38] have studied the
structure of chemically sprayed CdS films. They prepared the films

ﬁy spraying 0.1 M aqueous solutions of CdCl3 and NHZCSNHz on to SnOz—
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coated glass substrates heated to 380°C. This chapter contains the

investigations carried out on spray pyrolysed CdS films prepared from
different conc;n-tﬁ;;{iar;éméfv cadmium chloride, keeping the concentration
of thiourea as constant. The films are identified from the X-ray diff-
raction profiles and the surface features are observed. The results

obtained from the surface analysis of the films using the ESCA technique

are presented. Absorption and transmission spectra of the films are

also recorded.

5.2 EXPERIMENTAL

Thin films of CdS were prepared by spray pyrolysis.
The spray solution was made from a 0.20 M solution of cadmium chloride
[CdClZ] and 0.20 M solution of thiourea [(NHZ)ZCS]. Optically flat
glass slides of dimension 2.5 x 7.5 cm were used as the substrates
(supplied by Blue Star Co.). They were cleaned thoroughly by washing
first with detergent soap solution, then washed and cleaned ultrasonically
with doubly distilled water. After these steps, the slides were dried.
The substrates were heated and the solution was sprayed by employing
compressed air as carrier gas. CdCl, and (NHZ)ZCS form a soluble

2

complex [CdClZ(NHZ)ZCS] in the solution and do not precipitate. On
coming into contact with hot substrate, the complex in the fine spray
- dissociates and the desired yellow semiconductor film results with
thickness ~v 3000&. The films obtained were stable and adherent.
Films with different cadmium contents were also prepared by increasing
the concentration of cadmium chloride from 0.20 to 0.28 M, keeping

the concentration of thiourea as constant for studying the electrical

characterization. For the sake of convenience, the film prepared by
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taking 0.20M cadmium chloride and 0.20 M thiourea is defined as Al'
The designation of other films were made similar to the above, fc;r
example, A2 represents the film prepared from 0.22 M cadmium chloride
and 0.20 M thiourea. The details are presented in Table 5.1. The

films were found to be n-type as was confirmed by the hot probe

method . =

Annealing of the films in air were carried out in a glass
chamber with provision for temperature measurement and heating. The
schematic diagram of the annealing chamber and its details are given
in Chapter 4. The as prepared films were placed inside the chamber
and were heated gradually by controlling the current through the heater
windings. The annealing temperature of the film was controlled for
30 min after attaining the particular temperature. The samples were
then cooled slowly. A chromel-alumel thermocouple was used to measure

the temperature of the samples inside the chamber.

<

Photographs of the surfaces of films were taken with a Union
Versamet-2 metallographic microscope to analyse the microstructure
of these films. X-ray diffraction measurements were done with CuKe¢
radiation. XPS analysis was carried out using an ESCALAB MK II spe-
ctrometer (VG Scientific Ltd., UK). The experiment was performed
using a MgKkec ( l’)'\) = 1253.6 eV) source. The optical absorption
measurements of the films were performed with a U-3410 Hitachi spectro-
photometer in the spectral range 400 to 640 nm. The transmiss}on spectra

of the films were also recorded using a Beckmann Infrared Spectropho-

» tometer. /
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:I‘able 5.1 Designation of CdS films

Reactants used for the

Sample

Film preparation.

Ay o 0.20M Cadmium Chloride,
0.20M thiourea

A, v 0.22M Cadmium chloride,
0.20M thiourea.

A3 0.24M Cadmium chloride,
0.20M thiourea

A4 . 0.26M Cadmium chloride,
0.20M thiourea

A5 0.28M Cadmium chloride,

0.20M thiqurea.
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5.3 RESULTS AND DISCUSSION .

The films were annealed in the temperature range 373-573K
for investigating their electrical properties. On annealing, the surfaces
of the films were appeared as shown in Fig. 5.1. In some cases imper-
fections were also observed on the films (Fig.5.2). X-ray diffraction
patterns of the films were obtained (Fig.5.3) and it was found that
the diffraction lines compared well with the literature data [39]. The
surface analysis of the films was carried out using ESCA. The XPS survey
scan of a typical film is depicted in Fig. 5.4. ‘Both cadmium and sulphur

peaks are clearly visible. As shown in this figure, the Cd SdSZand

/.

Cd 3d311 levels are sharp. The various other elements present in the
sample are also seen in the figure. Figs. 5.4 (a) to 5.4 (f) indicate

the high resolution spectra of Cd 34, S 2p, S 2s, Cl 2s, Cl 2p and

01s levels.

Fig 5.5 shows the absorption spectrum of CdS film obtained
for the wavelength in the range 400-640 nm. The dip in the curve
at a wavelength of 512.5 nm corresponds to the energy gap of 2.41
eV, which is in agreement with the wvalues obtained in the crystals
[40]. The transmission spectra of the films annealed at 373 and 573K
are given in Figs. 5.6. Fig. 5.7 depicts the spectnimobtained for the
films annealed at 473 K. The figure shows a broad absorption in the

region 5000 to 8220 nm which indicates the existence of a trap level

v

in this sample.

5.4 CONCLUSION

. The films of CdS have been prepared by the spray pyrolysis

method and the surface features are observed. The films are identified



Fig. 5.1: Photograph showing the surface of the film without
imperfections. C X 250)



Fig.5.2: Photograph showing the surface of the film with
imperfections. C)([c,c,)
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by the X-ray analysis. The various elements present in the films are
analysed from the ESCA spectra. The band gap calculated from the
absorption spectrum is found to be 2.41 eV. The transmission spectra
of the films annealed at 473 K indicates the existence of a trap level

in the sample.
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DARK CONDUCTIVITY STUDIES OF
CdS THIN FILMS
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6.1 INTRODUCTION

The electrical conductivity studies of CdS films prepared
by vacuum evaporation, sputtering, molecular beam epitaxy and close
spaced techniques have been done by various authors ([1-9]. Panov
et al. [10] studied the temperature dependence of the dark conductivity
of CdS films prepared by the deposition of ions from aqueous solution
with the aid of thiourea. But not much data has been seen reported
on the conductivity studies of spray pyrolysed CdS films. Bougnot
et al [11] studied the effect of annealing of sprayed CdS films with
excess sulphur in HZ atmosphere on the resistivity. They reported
that annealing in Hz can significantly decrease the value of resisti-
vity. Ma and Bube [12] have investigated the dependence of electrical
conductivity on the deposition temperature. Gupta et al. [13] reported
the dark conducting properties of films prepared by changing the
concentration of sulphur ions in the thiourea solution. However sufficient
information on the electron trapping in sprayed CdS films has not
been found. Also, not much studies have been carried out on the
films containing different contents to examine the annealing kinetics
or‘ to get a vivid picture of the variation of the conductivity of the
film heat treated under different ambients. As such, it ~was thought
useful to make an analysis of dark conduction to study the different
trap lév—éls in spray pyrolysed CdS thin films. The. effect of admium
contents, annealing temperatures and ambient conditions on the dark
conducting properties of these films have been investigated and are

presented here.
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6.2 EXPERIMENTAL

Cds films A1 to A5 were prepared on optically flat and
thoroughly cleaned glass slides by the spray pyrolysis method. Th(;
details of the designation of these films are given in Table 5.1,
Chapter 5. These films were amealed in air for 30 min. For the
conductivity measurements, the thickness of the films was accurately
determined and aluminium electrodes were then deposited by wvacuum
evaporation, The films were then mounted inside the metallic cell
and the measurements were carried out by applying a steady voltage
of about 9V across the film. The resulting current was measured by
using an electrometer. The experiment was also performed in air.
During the measurements, temperature of the film was controlled by
the current applied to the heater from a Stabilized Voltage Source.
Details of the sample holder and metallic cell have been already
described in Chapter 4. Th\e\activation energy (E) of charge carriers

was also determined.
6.3 RESULTS AND DISCUSSION

The dark conductivity studies were performed in different
ambient conditions (vacuum and air) on a number of films for different
cadmium contents. The electrical properties which are related to the
conditions used for the preparation and annealing of the films, deter-
mine the native defects such as sulphur vacancies and cadmium inter-
stitials. ¥ These defects act as donors or electron traps. The experi-

mental conditions are able to favour or suppress certain types of
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traps. So during the present investigations, special attention has
been made to understand these characteristics while measuring the

dark conductivity. e

The dependence of temperature on the dark conductivity of un-
annealed and annealed films A1 to A5 containing different cadmium
conients are found to show similar trends. The typical conduction chara-
certistics obtained for the film A1 prepared. from 0.20 M cadmium
chloride and 0.20 M thiourea is shown in Fig. 6.1. The conductivity
is found to be lower at very low temperature (100K). It increases
slowly with temperature in the low temperature region, while at high
temperatures, the increase in conductivity with temperature is compara-
tively sharper upto 423 K. This indicates that, conduction is persumed
to be taking place by an activated process. Carriers available for
conduction (donors) in n- type CdS is due to the native defects or
due to the presence of impurities such as Cl in the CdS lattice. At
low temperatures, the conductivity is low because most of the carriers
are frozen out on the donor centres. As the temperature rises, an incre-
asing fraction of the centres is ionized and consequently the number
of electrons from the donor levels is proportionately increased. This
explains why the films have higher conductivity at 423K.

| Fyorm Fig 6.1, it is seen that there are three trap levels
that are effective for different temperature r:nges. In Table 6.1, the
values of activation energy estimated from the slope of log (1084—)

VErsus 103 / T plot for all the films are listed. The energy depths



units )

8
Log (10 & ) (arbitrary

Fig 6.1

ot
6 3

. s 6 7 8
10770 K')

Plot of log (.1080— } against 103/T for the unnannealed

film A1 in vacuum.
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of activation energy

obtained

from the -

conductivity measurements of the films in vacuum.

Activation energy in the

Sample temperature range at
100-166K 182-286K 333-423K
(eVv) (eV) (eVv)
A
Unannealed 0.049 0.100 1.280
Annealed(373K) 0.032 0.257 0.810
Annealed (423K) 0.048 0.248 0.790
Annealed (473K) 0.049 0.249 0.797
Annealed (523K) 0.050 0.251 1.100
Annealed (573K) 0.051 0.250 1.150
Ay
Unannealed 0.030 0.248 0.513
Annealed (373K) 0.029 0.250 0.790
Annealed (423K) 0.051 0.253 0.810
Annealed (473K) 0.052 0.249 0.811
Annealed (523K) 0.048 0.150 0.794
Annealed (573K) 0.049 0.147 0.820

Cor\td T o »
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Contd... Table 6.1
A3
Unannealed 0.032 0.258 0.520
Annealed (373K) 0.029 0.253 0.828
Annealed (423K) 0.049 0.252 0.830
Annealed (473K) 0.052 0.251 0.810
Annealed (523K) 0.051 0.249 0.790
Annealed (573K) 0.049 0.248 0.795
Ay
Unannealed 0.030 0.253 0.510
Annealed (373K) 0.031 0.252 0.410
Annealed (423K) 0.057 0.248 0.430
Annealed (473K) 0.054 0.251 0.794
Annealed (523K) 0.052 0.253 0.790
Annealed (573K) 0.053 0.250 0.828
Ag
Unannealed 0.032 0.250 0.530
Annealed (373K) 0.030 0.258 0.411
Annealed (423K) 0.049 0.249 0.410
Annealed (473K) 0.054 0.248 0.840
Annealed (523K) 0.053 0.253 0.810
Annealed (573K) 0.052 0.251 0.828




of discrete trap levels observed in the films are found to be ~ 0.03,
~0.05, ~0.05, ~s 0.10, As 0.14, A~s0.25, ~0.40, A/ 0.50, ~ 0.80 and
~1.2 eV, It is clear from this table that the activation energy has
an influence on the concentration of cadmium chloride and the annealing
temperature. Since tﬁe sprayed films were prepared from the solutions
of cadmium chloride and thiourea, they contain impurities such as
chlorine. So the 0.03 eV shallow trap in the films (Table 6.1) is
regarded as the ionization energy of chlorine donor 1level. There is

a fairly good agreement between this value and that reported for single

crystals of CdS [14].

Nishimura [15] reported an activation energy of 0 « 138 eV which
is necessary to create a sulphur vacancy in CdS crystals. The sulphur
vacancy can move a few lattice distances so that complexes of these
vacancies are possible and hence the observed trap centre ~-0.25 eV
is constituted by a complex of sulphur vacancies. The level ~ (0.25eV
associated with these native defects is observed in all films irrespective
of the annealing temperature. The electron traps 0.05, 0.14 and
0.25 eV are usually observed in Cd-rich crystals [16]. As the cadmium
content increases the excess cadmium replaces sulphur and sulphur
vacancy is formed. Hence isolated and complex sulphur vacancies are
present so that ~ 0.05, -~ 0.14 and ~+0.25 eV traps are detected.
The donor centres are originated from the trapping of electrons in an
anion vacancy which is the dominant electrical defect in II-VI compounds

such as CdS.
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The unannealed film A1 is found to display a trap level ~
0.10 ev [17]}1 which is characteristic of the motion of sulphur inter-
stitials. The sulphur vacancy might undergo trapping at impurities
or other defects in the temperature range 182 - 286 K. Sharman [18]
and Susa et al. [19] have observed a 0.50 eV level in CdS single
crystals containing an excess of cadmium. Shaw and Whelan [20] attri-
buted these levels to/interstitial cadmium. It therefore appears that
in unannealed films containing higher cadmium contents an excess cadmium

is always present, particularly in interstitial sites and hence the

observed 0.50 eV level is identified as interstitial cadmium.

The values of activation energy ~~ 0.41 and ~,0.83 eV deduced
from the high temperature dependence of dark current corresponds
to the activation energy of the charge carriers released from the
complex of cadmium and sulp‘hur vacancies localised in nearest neighbour
sites. These traps are reported to be present in CdS crystals [16].
Associated cadmium vacancies which comprise a sulphur complex form
the above trap levels. Van Gool and Diemer [21] reported that asso-
ciation of single point defects of opposite charge is known to take
place in II-VI compounds. So in these vacancy complexes, the number
of constituent vacancies of each type are unequal. For the unannealed
and annealeld (523-573K) film A

4+ @an activation energy of ~~ 1.2 eV

is observed, which corresponds to the mobility of sulphur vacancifs

{17].

The dark conductivity of the films is found to be strongly

dependent on the cadmium contents and the annealing temperature.

¥
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[ Figs. 6.2 (a) to 6.2 (c)) . The wvariation is much smaller at 100K
[Fig 6.2 (a}]. It is seen that, the magnitude of the conductivity of
films A2 to A5 is higher than that of the .film /‘.1. Vacant anion lattice
sites are more in the films containing higher cadmium conttgnts. There
is a strong tendency for the trapping of extra electronsyin the anion
vacancy. During the heat treatment, the trapped electrons are released

to A_.

and thus increases the conductivity for the films A2 5

It is observed that the conductivity of the films annealed at
33K is higher than that of the films agnealed at higher temperatures.
Air annealing of the films at 373K cause§ excess sulphur vacancies and
hence the conductivity is increased. This is also due to the presence
of chlorine impurities. The decrease in; the conductivity observed in
the films annealed above 373K is probat?ly due to the decrease in the
number of carrier generatio;. It is seen from Figs. 6.2 (a) to 6.2(c)
that\itilhieA unannealed film A1 has a low 3v;1ue of conductivity than that
of unannealed films A2 to AS‘ The sulphur interstitial corresponding
to the trap level 0.10 eV is observed enly in the unannealed film Al‘
These sulphur interstitials are responsible for the reduction in the
concentration of the effective donors which gives rise to a drop in
conductivity. It is thus established frem, the electrical characteristics
of films that .the conduction is dominaﬁg.d by the donor concentration

from the native defects and impurities.

\
N

The chemisorption of oxygen strorgly influences the conductivity
of the films heat-treated in air from 383 to 423K. Fig 6.3 shows the

variation of conductivity as a function of inverse temperature for the
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wmarnealed film Al’ Similar result was also observed for other films.
The figure indicates the presence of a trap level in the film. The
values of the activation—energy obtained for various films are presented
in Table 6.2. When the conductivity of the films was measured

in air, the occupation of defects by oxygen atoms produced new trap
centres. The activation energy of the carriers is found to be ~ 2 eV

forthe film A1 in air irrespective of annealing temperature and this
shows that the carriers are liberated from this trap level [22}. The
trap centre observed at A~ 0.90 eV in the films A2 to A5 is attributed
to the chemisorbed oxygen surface state. This value was also reported
by Mark [23] for thin insulating CdS crystals. The conductivity was
also measured in air at 303 and 423K on films A1 to A5 prepared from
different concentrations of cadmium chloride (0.20 to 0.28 M) and 0.20M
thiourea and are plotted as shown in Figs. 6.4 (a) and 6.4 (b) res-
pectively. When the concentration of cadmium chloride 1is increased
from 0.20M to 0.22M, the conductivity is found to be increased. This
is due to the increase in the number of donors. The effect can aslo
be clearly seen from Table 6.2. The conductivity of the films cont-
alning higher cadmium contents is not affected on annealing. The wvalues
of conductivity of unannealed films obtained from the measurements in
vacoum and air are given in Table 6.3. The decrease in the value
of conductivity of the films in air is due to the difficulty in thermal
excitation of the charge carriers. But the conductivity is increased
when the samples are heated in vacuum. This is caused by the increase
in the carrier concentration as a result of the desorption of oxygen

from the film.

e
N,

N
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Table 6.2 The values of activation energy obtained from the

conductivity measurements of the films in air.

Activation energy in the

Sample temperature range at
336 -370K
(eV)

Unannealed 1.990

Annealed (573K) 2.000
Ay

Unannealed 0.920

Annealed (573K) 0.910
A3

Unannealed 0.910

Annealed (573K) 0.900
A4

Unannealed 0.900

Annealed (573K) 0.920
AS

Unannealed 0.930

Annealed (573K) 0.910
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Fig 6.4 (a) : vVariation of conductivity as a function of concen-
tration of Cadmium Chloride for the films in air
at 303 K : (*) unannealed and annealed at (¢) 573K.
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Tabls 6.3 The values of conductivity of unannealed films

Conductivity at room temperature

Sample in different ambients
Vacuum Air
a4 a4 A
A 1.30 x 10° 5.0 x 100
A, 1.12 x 102 2.82 x 10%
A, 2.51 x 102 3.16 x 10°
A, 1.26 x 101 3.55 x 10%
-1 A

A 1.13 x 10 3.56 x 10
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6.4 CONCLUSION

Electrical conduction mechanism is studied in thin films of
CdS prepared from different concentrations of cadmium chloride by
the spray pyrolysis method. The dark conductivity of the films in
vacium is found to be lower at 100K. But it increases with temperature
and becomes a maximum at 423 K. Several discrete trap centres are
identified in the films. The conductivity increases as the concentration
of cadmium chloride increases from 0.20M to 0.26M. The ﬁigher condu-
ctivity values observed in films annealed at 373 K is associated with
the maximum number of carrier generation. The presence of sulphur
interstitials is responsible for the low value of conductivity of the
unannealed film Al' The magnitude of the conductivity and activation
energy are sensitive to the heat treatment in air. The annealing tem-
perature has negligible influence on the conductivity of the films at
higher cadmium contents. The conductivity of the films in air is

lower than that in wvacuum.
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7.1 INTRODUCTION

Photoconductivity and 1life time studies of thin films provide
information on the mechanism of generation and recombinationof charge
carriers. Several workers have reported the photoconduction mechanism
of/CdS films prepared by various te;:hniques {1-7). Korashy and Stirn[8]
studied the photoconductivity of these films prepared by spray pyrolysis
method. They achieved a resistivity of 107 Ohm Cm and a light to dark
conductivity ratio of up to 106 in these films wi:ch 0.05 mole concentration
CdCl2 to thiourea ratio 1:2, and substrate temperature 235°C. Gupta
et al [9] found maximum photosensitivity in these films prepared using
higher concentration of thiourea. The investigations on the lifetime
of CdS films have been done by a few authors [10,11]. However there
is no sufficient data in the literature related to the interpretation of
photoconductivity and lifetime of sprayed CdS films in terms of the exi-
stence of trap centers caused by the presence of slight excess of cadmium
or other impurities. Hence in view of the research interest to under-
stand tgé trapping mechanism of carriers, an attempt has been made to
investigate the photoconductivity and lifetime studies of these films pre-
pared by spray pyrolysis method. Particular attention has also been
given to understand the effect of wavelength, heating temperature, and

annealing on the measurements of films containing different cadmium contents.

7.2 EXPERIMENTAL

CdS films A1 to A5 were prepared from different concentrations

of cadmium chloride (0.20 to 0.28M) and 0.2M thiourea for the present
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investigations., The films were annealed in air at temperatures in
the range 373 - 573 K. Aluminium electrodes were deposited by vacuum
evaporation on the surface of the films. The measurements were carried
out in vacuum and air using a metallic chamber as described in chapter4.
During the measurements, the temperature of the films were controlled
by the current applied to the heater from a stabilized voltage source.
The samples were held at the desired temperature for a sufficiently

long time before the measurements were made.

7.3 RESULTS AND DISCUSSION

7.3.1 Photoconductivity measurements

The photoconductivity of the films were measured in vacuum
in the temperature range 100 - 423 K for different wavelengths. Fig.7.1
shows the dependence of photoconductivity ( &= ) as a function of wave-
length for the unannealed film Al’ It is seen that, for temperatures
upto 352 K, the photoconductivity is increased sharply, but at high
temperatures, no significant increase in its wvalue is observed. The
impurity centres are frozen at low temperatures and hence free charge
carriers are trapped in the impurity levels. This explains the low
magnitude of photoconductivity at 100 K. But as temperature increases,
thermal energy which supplies the ionizing energy for the excitation
of carriers from theé impurity level increases. Hence the carriers are

increased and higher conductivity values are observed at high temper-

atures.
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Fig 7.1 : Plot of log (1040‘; Power) against wave length for the

unannealed film Am,\ ormdifferent temperatures: (°®) 100 K,
(+) 224 K, (0) 3&)3 K, (o) 328 K, (x) 352 K, (Q) 366K,

(o) 400 K and (4) 423 K.
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The conductivity curves obtained at 100 K (Figs.7.2 to 7.6)
are respectively similar to that obtained at 303 K. (Figs. 7.7 to 7.11).
Also it is interesting to note that for each film, the photoconductivity
observed at 303 K is higher than that at 100 K. It is observed that
the photoconductivity decreases as the wavelength increases from 400
to 640 nm. The photon energy +~v 3 eV (energy corresponds to the
wavelength of light centered at 400 nm) is sufficient for the photo-
jonization of the centers. Hence the free carriers produced at this
wavelength increases. As the wavelength increa;ses from 400 to 640nm,
the number of photoexcited carriers decreases rapidly and hence the

photoconductivity is decreased.

During the present study it has been observed that the annealing
of the films have significant effect on the photoconductivity. The results
obtained during the measurements at 303 K are explained as {follows.
The photoconductivity of the films annealed at 373 K shows higher
value compared to that obtained for film annealed at higher temperatures.
The higher conductivity values observed in these films are due to
the generation of higher number of carriers. Moreover, these films
have no structural imperfections.

Another observation is that the photoconductivity of the films
A1 to A3 decreases with annealing temperature and becomes a minimum
at 473 K . The trapping of carriers is responsible for the reduction

in photoconductivity at the annealing temperature 473K. The carrier



Log(10l'°1power)(ar bitrary units )

1

303 373 23 473 B3 573
Annealing temperature (K)
Fig 7.2 : Plot of log (10%— /power) against annealing

temperature at 100 K in vacuum for the
film /-\1 at different wavelengths: (*) 400 nm

(+) 440 nm, (o) 480 nm, (AQ) 520 nm, (x) 560
nm, (§) 600 nm and (A) 640 nm.
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(x) 560 nm, () 600 nm and (&) 640 nm.
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400nm, (+) 440 nm, (o) 480 nm, (@) 520 nm
(x) 560 nm, (¢) 600 nm and (A) 640 nm.
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temperature at 100 K in vacuum for the
film A at different wavelengths:  (°)
400nm, €+) 440 nm, (o) 480 nm, (O) 520

nm, (x) 560 nm, ({) 600 nm and (A) 640nm.
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at 303 K in vacuum for the film A1 at different wave-

lengths: (*) 400 nm, (+) 440 nm, (o} 480 nm, (@} 520 nm,
(x) 560 nm, () 600 nm and (&) 640 nm.
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Plot of log (1046" /power) against annealing
temperature at 303 K in vacuum for the
film A, at different wavelengths: (*) 400

nm, (+) 440 nm, (o) 480 nm, (Q) 520 nm,
(x) 560 nm, (Q) 600 nm and (p) 640 nm,.




Log(lOf;bower ) (arbitrary units )
[ "]

303

Fig 7.9 :

373 123 413 53 573
Annealing temperature (K)

Plot of log (104<Y‘/power) against annealing
temperature at 303 K in vacuum for the
film A at different wavelengths: (*) 400

nm, (+) 440 nm, (o) 480 nm, (AQ) 520 nm,
(x) 560 nm, (§) 600 nm and (&) 640 nm.
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films Aa at different wavelengths: (%)

400nm, (+) 440 nm, (o) 480 nm, (O) 520
nm, (x) 560 nm, () 600 nm and (A) 640nm.
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generation is also reduced considerably. The photoconductivity of the

films A1 to A3 annealed above 523 K has a pronounced effect on the

wavelengths in the range 400 to 640 nm. The above results can be

clearly observed in Figs. 7.7 to 7.9. The magnitude of photoconductivity

is found to be increased for wavelengths in the range 400 to 520 nm.
This may be due to the reduction- in traps in the films and this in

turn leads to an increase in the number of carriers of higher energy

(12]. The photoconductivity decreases abruptly at wavelength > 520nm

for the films annealed above 523 K. The probability of the trapping

of the carriers by the traps or defects present in these films may

be the reason for the decrease in photoconductivity at higher wave-

lengths. On annealing the films A4 and A5 above. 373 K, the probability

of trapping of carriers is so high that the carriers will be released

slowly. This fact is most indicative of the decrease in photoconductivity

of these films annealed above 373 K (Figs. 7.10 and 7.11).

The results obtained from the conductivity measurements of

the films at higher heating temperatures were analysed to study the

influence of these temperatures on the release of trappe?® carriers.

Fig., 7.12 shows the variation of photoconductivity with temperature

for film A1 amnealed at 373 K. Since there is not much influence in

photoconductivity with wavelength, it is clear that the trapping of carr-

jers does not occur in this film. Similar result is obtained for the

films A2 to A5 annealed at 373 K. It should be noted that, photocondu-

ctivity is increased for all wavelengths due to the release of charge

carriers from traps during the heating of the films A1 to A3 annealed
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Plot of log (1046" /Power) against temperature of film

A1 in vacuum,annealed at 373 K for different wave-

lengths: (*) 400 nm, (+) 440 nm, (o) 480 nm,
(B) 520 nm, (x) 560 nm, () 600 nm and (&) 640 nm.
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at 473 K. The typical characteristics obtained for the film A1 is shown
in Fig. 7.13. The considerable increase in photoconductivity observed
in this figure indicates that a greater density of carriers are trapped
at low heating temperatures ( at or below 303 K). The photoconductivity
of the film A1 annealed at 573 K (Fig. 7.14) does not show any variation
with wavelength upto 480 nm indicating no trapping. But there is consi-
derable rise in conductivity for this film at higher wavelen~ths due
to the release of charge carriers from the traps as this film is heated.
This effect is found to be similar for films A, and A, annealed at

2 3
573 K.

The variation of photoconductivity with heating temperature for
the films A4 and A5 annealed at 423 K is found to be similar for those
annealed at higher temperatures. The results obtained for these films
annealed at 423 K are shown in Figs. 7.15 and 7.16. The decrease
in photoconductivity is observed due to the recombination of carriers
taking place at higher temperatures. The free carrier density is
decreased for all wavelengths. At higher wavelengths, the photo-
conductivity is decreased to a greater extent (Fig. 7.16) due to the
phenomenon of surface recombination. But at lower wavelengths, recombi-

nation of carriers takes place deep inside the film.

Figs. 7.17 to 7.21 show the results of the photoconductivity
studies of the films in air. The effect of annealing temperature on
the photoconductivity of the films A2 to A5 (Figs. 7.18 to 7.21) at

303 X is respectively similar to that in vacuum (Figs 7.8 to 7.11).
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(x) 560 nm, (¢) 600 nm and (A) 640 nm.
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Fig 7.17 : Plot of log (104(5" /power) against annealing temperature

at 303 K in air for the film /—\1 at different wavelengths:

(*) 400 nm, (+) 440 nm, (o) 480 nm, (a) 520 nm,
(x) 560 nm, (¢$) 600 nm and (A) 640 nm.
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temperature at 303 K in air for the f{film
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440 nm, (o) 480 nm, (@) 520 nm, (x) 560
nm, (¢) 600 nm and (&) 640 nm.
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3
different wavelengths: (®) 400 nm, (+) 440
nm, (o) 480 nm, (O) 520 nm, (x) 560 nm,
(@) 600 nm and (& 640 nm.
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440 nm, {o) 480 nm, (3) 520 nm, (x)
560nm, () 600 nm and (A) 640 nm.
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However the dependence of photoconductivity on the annealing temperature
of the film A1 for the wavelength in the range 400 - 640 nm in air and
vacuum is different. It is clear that for the film A1, there is similar
trend in the photoconductivity variation in air (Fig. 7.17) and vacuum
(Fig. 7.7) with annealing temperature upto 473 K. However the photocon-
ductivity of this film annealed above 523 K is found to be strongly
ambient dependent. The photoconductivity showed a small increase as
the annealing temperature increased above 523 K irrespective of the wave-

length when the measurement is carried out in air [13]}. This result

implies that the presence of air or oxygen affects the trap level in

CdS films.

Comparing the results of photoconductivity measurements of films
in vacuum and air, it can be inferred that photoconductivity of films
is profoundly affected by the ".ambient conditions. The photoconducti-
vity of films in air is found to be lower than that in wvacuum. This
can be explained by the fact that, photoconductivity is sensitive to
the intake of oxygen in the films. This indicates that, oxygen has a
significant influence on }~the photoconductivity of films.

7.3.2 Lifetime measurements

\

The lifetime measurements were carried out in the films containing
different cadmium contents at wavelengths 400, 520 and 640 nm. The
variation of lifetime ( T ) with inverse temperature for the unannealed

film A1 is shown in Fig. 7.22. At low temperature, the carriers are
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trapped on the frozen impurity levels and hence the lifetime is increased.
As temperature 1is raised, thermal activation dominates and within a
very small time carriers from the trap level are released. This give

rise to a drop in lifetime of carriers at the heating temperature 423K.

The lifetime of carriers were determined (Table 7.1) from the
measurements in vacuum at room temperature (303K). It is seen that,
the lifetime at 400 nm is less than that at 640 nm. At higher wave
lengths, photoexcited carriers are readily trapped to produce higher
value of lifetime. This indicates that the traps are filled or emptied
by optical excitation. The high value of lifetime obtained for the
annealed (373K) films A1 to A5 reflects the fact that they contain lesser
number of imperfections. The lifetime can be .controlled by controlling
the density of traps in the films. Films A1 to A3 annealed at 473K
has a low value of lifetime. This results when there is an increase
in the density of traps that influence the behaviour of free carriers.
At 400 nm, the excess concentration of carriers is large for these films
annealed above 523 K. The number of carriers produced by the light
at wavelength 640 nm is small due to the capture of carriers by the

centres. As a result, lifetime is increased. A decrease in the value

of lifetime is observed for the films A4 and A5 annealed above 373 K.

-

The value of lifetime is increased at 100 K. As temperature in-
creases above 303 K, life time decreases for all films. Life time of
carriers in films A4 and A5 annealed above 373 K entirely depends on

recombination kinetics. As the heating temperature increases above 303K,
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the trapped carriers at low temperature is disappeared due to the

recombination, which takes place at high temperatures.

The values of lifetime of carriers determined for the films heat

treated in air are listed in Table 7.2. The influence of wavelength

and heating temperature on lifetime is similar to that observed in vacuum.
Due to the effect of oxygen impurities incorporated in the films during
air heat treatment, the values of lifetime obtained during the measure-

ments are found to be less compared to that in vacuum. Moreover,

carriers generated by the photoexcitation are trapped by the oxygen

impurities.

7.4 CONCLUSION

The photoconductivity measurements were carried out in

CdS film in vacuum and air as a function of wavelength, cadmium contents

and annealing temperature. Films A1 to A5 annealed at 373 K are found

to have maximum photoconductivity in wvacuum. Due to the trapping

of carriers, minimum photoconductivity is observed for the films A1

1 to A3 above 523K,

whereas it is decreased

to A, annealed at 473 K. On annealing the films A
the photoconductivity is increased at 400 nm,

at 640 nm.. A decrease in the photoconductivity is observed for the
films A4 to A5 annealed above 373K. The effect of heating on the photo-

conductivity of the films from 303 to 423 K shows that trapping of

carriers does not occur in the films annealed at 373 K. The decrease

in photoconductivity observed for the films A4 to A5 annealed above
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373 K is due to the recombination of carriers. Photoconductivity of thel:
films in air is found to be less than that in vacuum. This is due to
the fact that, photoconductivity in sensitive to the intake of oxygen
in the films. The lifetime of photogenerated carriers depends on several
parameters such as annealing temperature, cadmium content and ambient
conditions. The results obtained from the present investigation in vacuum
at room temperature indicates that photoconductivity and lifetime of the

films containing higher cadmium contents is Nei&h’vdj lower than that

of the film A1.
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8.1 INTRODUCTION

Ionic thermocurrent (ITC) method is a powerful tool for the
investigation of impurity-vacancy (I-V) complexes in semiconducting
compounds. The ITC studies of alkali halide crystals have been
reported by many authors [1-5}. However, no data is reported in

the literature regarding the ITC characteristics of sprayed CdS films.

Thermally stimulated current (TSC) studies of CdS crystals
have been done by a few workers [6-9]. Kitamura [10] performed
the TSC measurements of sintered CdS films and observed a TSC peak
at room temperature. But no systematic investigation on electron
trapping in these films using the TSC technique has been made yet.
Therefore it was intended to carry out a detailed study on the TSC
measurements for getting full information on the nature of the trap

levels in sprayed CdS films.

This chapter presents the ITC and TSC studies of CdS films
prepared by spray pyrolysis method. The effect of various activation
parameters like field strength, poling temperature and poling time
on the ITC peak of CdS films have been investigated for the first
time. Special attention has been given to examine the influence of
annealing temperature and cadmium contents on the ITC and TSC peaks.

The wvalues of activation energy required for the reorientation of

(I-V) complexes and the capture cross section of the observed electron

traps are also estimated.
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8.2 EXPERIMENTAL

CdS films A1 to A5 were prepared by spray pyrolysis

method as already described in Chapter 5. The films were

annealed in air for 30 min in a glass chamber with provision

for temperature measurement and heating. Electric.:1 contacts

were made by depositing aluminium electrodes [ -~~~ 2000 /§ ] on
the surface of the films using vacuum evaporation technique. The

ITC and TSC measurements were made in an evacuated metallic

cell as described in Chapter 4. Several heating and cooling

cycles were done to obtain reproducible results. For the ITC
measurements, the samples were subjected to a dc Iield” of
1-3 KV/cm at the poling temperature in the range 303-425 K for
a poling time of 1-10 min. The field was switched off after cooling
the film to liquid nitrogen temperature. On reaching the lowest
temperature, the film was heated at a constant rate of 0.06 K/Sec
and the current was measured using an electrometer. In the case

of TSC measurements, the film was cooled down to the liquid

nitrogen temperature and subjected to optical excitation by a

tungsten halogen lamp for 2-15 min. After removing the optical

source, the film was heated at a constant rate of 0.06 K/Sec.

The current through the film was then measured with the field

applied (1-5 KV/cm}. The trap depth and capture cross section

of electron traps were evaluated as described in Chapter 3.
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8.3 RESULTS AND DISCUSSION

8.3.1 ITC Measurements

The ITC measurements were carried out on unannealed and
annealed films in the temperature range 100-450 K. The spectra recorded
for the films containing various cadmium contents after applying a
field of 1 KV/cm for 1 min at 303 K are shown in Figs. 8.1 to 8.5.
A peak centered around 363 K is observed for all films. This is
due to the reorientation of (I-V) complexes as can be observed in
the case of certain alkali halides [1]. The origin of the (I-V) com-
plexes can be interpreted in terms of the presence of chlorine and
the nature -of defects occuring during the film formation. The addition
of certain impurities create vacancies or interstitials in a lattice.
Change in the spray rate during deposition also introduces defects
(vacancies) into the film. Therefore it is possible to create lattice
vacancies associated with these impurities in which they form

(I-V) complexes.

The ITC spectra obtained for the film A1 prepared from
0.20 M cadmium chloride and 0.20 M thiourea as a function of poling
field are illustrated in Fig. 8.6. The inset shows the variation
of the current maximum with the applied field. The height of the
peak is found to wvary linearly with the poling field. This is attri-
buted to the increase in number of dipoles oriented at higher poling
fields. Fig. 8.7 shows the effect of poling temperature on the ITC
peaks of the film A1 and the inset shows the respective variation

of current maximum with the poling temperature. The decrease in
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yeak height with increase in poling temperature is due to the dis-
sociation of the (I-V) complexes. The effect of poling time on the
variation of the ITC peak of the film A1 is depicted in Fig. 8.8:
The magnitude of the peak increases with poling time (Inset of Fig.8.8).
The polarization of the (I-V) dipoles is extremely sensitive to the

poling time and more number of dipoles are oriented with the increase

in poling time.

During the present investigations, it has been found that
the effect of poling field, poling temperature and poling time on the

ITC peaks are similar for all films containing different cadmium contents.

Fig. 8.9 shows the effect of cadmium chloride concentration
on the height of ITC peaks. It is found that the height of the peak
first increases, reaches a maximum and then slowly decreases. The
increase in peak height has been attributed to the presence of higher
chlorine content in the films. For the annealed films, the magnitude
of peak is found to be 1less than that of unannealed films. This is

due to the dissociation of (I-V) dipoles.

The values of activation energy required for the reorientation
of (I-V) dipoles can be estimated from the initial rise method. The
slope of the inset of Figs. 8.1 to 8.5 gives the wvalues of activation
energy and are presented in Table 8.1. The increase in the value of

activation energy is characteristic of the additional energy required
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Table 8.1 The values of activation energy obtained from the ITC
spectra of CdS films.
Sample Activation energy
(eV)
A
Unannealed 0.283
Annealed (573 K) 0.261
Ay
Unannealed 0.285
Annealed (573 K} 0.263
Aq
Unannealed 0.288
Annealed (573 K) 0.265
Ay
Unannealed 0.290
Annealed (573 K) 0.268
AS
Unannealed 0.287

Annealed (573 K)

0.264
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for the higher number of (I-V) dipoles in CdS films [11].

8.3.2 TSC Measurements .

Figs. 8.10 to 8.14 show the TSC spectra recorded for
the CdS films of various cadmium contents. In all cases, the spectra
exhibit three prominent TSC peaks represented by A, B and C. The
temperatur';a corresponding to the peaks (Tm) is found to be dependent
on the cadmium contents. It is clear from Fig. 8.10 that the current
maximum of the peak A for the film A1 annealed at 373 K is slightly
shifted, to the lower temperature region as compared to the unannealed
film, The values of activation energy (E) of trap levels, capture
cross section and Tm for all the films are given in Tables 8.2 to
8.4, It is seen from Fig. 8.11 that the height of the peak A obtained
for the film A2 prepared from 0.22 M cadmium chloride and
0.20 M thiourea annealed at 573 K is lower than t.:at of unannealed
film. In the case of film A3 prepared from 0.24 M cadmium chloride
and 0.20 M thiourea, the peak A is situated at 117 K with a trap
depth of 0.046 eV and the peak B is at 256 K with the trap depth
of 0.235 eV. The peak C is situated at 406 K and the trap depth
is 0.81 eV. The TSC peaks are found to be independent of annealing
temperature (Fig. 8.12). When the concentration of cadmium chloride
is increased to 0.26 M, the spectra of the prepared film possess
three peaks A, B and C at temperatures 105 K, 265 K and 407 K
respectively (Fig. 8.13). These peaks are also found to be inde-

pendent of the annealing temperature. It is clear from Figs. 8.10
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Table 8.2 The values of various parameters obtained for the

Peak A of TSC spectra of CdS films

Sample Tm E Capture
(K) (eV) Cross section
(Cm?)
Ay
Unannealed 115 0.047 - 2.82 x 10° 27
Annealed (373K) 105 0.038 1.59 x 10‘27
Annealed (423K) 115 0.049 3.82 x 10~ 27

Annealed (473K) " " "
Annealed (523K) " " "

Annealeld (573K) " n "

Ay

Unannealed 102 0.031 7.00 x 10~ 28

Anneale d (373K) " " "

Annealed (423K) 115 0.050 4,00 x 10 27
Annealed (473K) 102 0.031 7.00 x 10~ 28
Annealed (523K) 115 0.050 4.00 x 10~ 7

Annealed (573K) " " "
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Sample Tm E Capture
(K) (eV) Cross section
(sz)
A3
Unannealeld 117 0.046 2.23 x 10~%7
Annealed (373K) " " "
Annealed (423K) " " "
Annealeld (473K) " n "
Annealed (523K) " " "
Annealed (573K) " " "
A4
Unannealed 105 0.036 1.20 x 10”27

Annealed {(373K)
Annealed (423K)
Annealed (473K)
Annealed (523K)

Annealed (573K)

—— —————

Contd....
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Contd.... Table 8.2
Sample Tm E Capture
(K) (eV) Cross section
(sz)
Ag
Unannealed 116 0.051 4.31 x 10°%7
Annealed (373K) " " "
Annealed (423K) " " "
Annealed (473K) " " "

Annealed (523K) " " "

Annealed (573K) " " "
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Table 8.3 The values of various parameters

Peak B of TSC spectra of CdS films

obtained for the

Tm E Capture
Sample
(K) (eV) Cross section
(Cm?)

Ay
Unannealed 201 0.100 5.51 x 10727
Annealed- (373K ) 260 0.243 1.26 x 10-%4
Annealed (423K ) " " n
Annealed (473K) " " "
Annealed (523K) " " "
Annealed (573K) " " n

Ay
Unannealed 260 0.250 1.78 x 1024

Annealed (373K)
Annealed (423K)
Annealed (473K)
Annealed (523K)

Annealed (573K)

Contd...
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Sample Tm Capture
(X) (eV) Cross section
(Cm?)
A
Unannealed 256 0.235 1.04 x 10~ %
Annealed (373K) " u "
Annealed (423K) " " n
Annealed (473K) " " "
Annealed (523K) " " "
Annealed (573K) " " "
A4
- 24
Unannealed 265 0.269 3.44 x 10

Annealed (373K]
Annealed (423K)
Annealed (473K)
Annealed (523K)

Annealed (573K)

Contd.....
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Contd.... Table 8.3
Tm E Capture
Sample
{K) {eV) Cross section
(cm?)
AS
Unannealed 252 0.220 5.70 x 107 2°
Annealed (373K) " " "
Annealed (423K) " " "
Annealed (473K) " " "
Annealed (523K) 258 0.260 3.36 x 1024

Annealed (573K) " "
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Table 8.4 The Values of various parameters obtained for the

Peak C of TSC spectra of CdS films

Tm E Capture
Sample (X) (eVv) Cross section
(Cm?)
Ay
Unannealed 07 1.020 1.78 x 10726
Annealed (373K) " " n
Annealed (423K) " " "
Annealed (473K) " " "
Annealed (523K) 402 0.850 1.62 x 10718
Annealed (573K) " n "
Az
Unannealed 405  0.808 3.80 x 10719

Annealed (373K) " n "
Annealed (423K) " " "
Annealed (473K) n " n
Annealed (523K) " " n

Annealed (573K) n n "

Contd....
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Sample Tm E Capture
(K) (eV) Cross section
(Cm?)
Ay
-19 -
Unannealed 406 0.810 3.79 x 10
Annealed (373K) " " "
Annealed (423K) " " "
Annealed (473K) " " "
Annealed (523K) " " "
Annealed (573K) " " "
Ay
-19
Unannealed 407 0.810 3.57 x 10

Annealed (373K)
Annealed (423K)
Annealed (473K)
Annealed (523K)

Ann -:led (573K)
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Contd... Table 8.4

Tm E Capture
Sample
(K) (eV) Cross section
(cm?)
Ag
. -23
Unannealed 362 0.426 1.90 x 10

Amnealed (373K) " " "
Annealed (423 K) " " "
Annealed (473K) " " "
Annealed (523K) " " "

Annealed (573K) " " "
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to 8.14 that the magnitude of the peak height increases as the con-
centration of cadmium chloride increases from 0.20 to 0.26 M, and
on further increase in the concentration a slight decrease in the )
magnitude 1is observed. Figs. 8.15 and 8.16 depict the variation
of the height of TSC peaks with biasing field and excitation time
for the film Al’ It is seen that the peak height increases with

excitation time and biasing field.

~

During the TSC measurements, certain conditions are to be
satisfied: the conduction and wvalence bands must be independent, trap ;

levels must initially be completely filled, there must be equilibrium 2

between the conduction band and the traplevels and the retrapping :

process must be slow. In the present case, the results obtained
are in accordance with these conditions. When the traps are emptied,
the currents are found to be very low and TSC peaks are fairly well
resolved for all the CdS films studied. The temperature corresponding
to the current maxima is different for various samples. The trap
depth obtained from the TSC curves show a shift in value with that
reported by Woods and Nicholas 0§2] in CdS crystals. This wvariation
is not necessarily associated with any deficiencies in the theoriés
underlying the various proposed models but rather is the result of

inherent practical difficulties.

The trapping of impurities during the formation of CdS
f 1s has significant influence on the TSC measurements and their effect

js more predominent at low temperatures. The TSC peak obtained
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with the activation energy of ~~ 0.03 éV can be attributed to the
trapping of chﬁlgﬂma_ in the film. The peak A observed in the films
with a level of ~v 0.05 eV is attributed to the sulphur vacancies.
The peak observed in the film with the trap depth ~vs 0.1 eV indicates
the presence of_rtsulphur interstitials. This result agrees with that
obtained from the dark conductivity studies of CdS films ([13]. Since
the value of trap depth of A~u 0.25 eV is same for all films, it
is concluded that they are Efgbably characteristic of aggregates of
sulphur vacancies. Woods and Nicholas [12] suggested that the trap
levels in CdS crystals appearing at 0.41 and 0.83 eV are complexes
of associated cadmium and sulphur vacancies in nearest neighbour sites.
The TSC peaks obtained in the high temperature region thus confirm
the existence of cadmium and sulphur vacancy complexes. In the present

investigation, the trap levels were observed at ~~ 0.4 and ~~ 0.8 eV

(Table 8.2).

The magnitude of the TSC peaks also depends on the con-

centration of cadmium chloride. The TSC peak of the film A_ pre-

5
pared from 0.28 M cadmium chloride and 0.20 M thiourea shows a
decrease in magnitude. This may be due to the low donor concentration
in the films. It is thus clear that both annealing temperature and

cadmium content play an important role in the origin of the traps

found in the CdS films {14].
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B.4 CONCLUSION

The ITC spectra obtained for the CdS films show a pro-
minent peak at 363 K. The peak is formed due to the formation of
(I-V) dipoles. The peak height is found to vary linearly with poling
fig}'t;. poling temperature and poling time. Ionic thermocurrent of
annealed films is found to be lower than that of unannealed films.
The activation energy values obtained for unannealed and annealed
films show a slight variation in their magnitudes. The increase in
activation energy values with increase in concentration of cadmium
chloride is characterized by the higher content of chlorine ions trapped

in the films.

The temperature corresponding to the TSC peaks depends
on the cadmium contents in the film. The peak height increases with
biasing field and excitation time. The trap levels are identified from
the\%TSC analvsiws“ and their origin is discussed. From the results
obtained, it can be ascertained that TSC technique is a powerful

method for the determination of traps in semiconducting materials.
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8.1 INTRODUCTION

Copper sulphide (CuxS) is a semiconducting compound belonging
to I-VI group. Investigations of CuxS have stimulated continuous
interest both because of its variety of properties [1-7] and because
of the many applications in semiconducting devices [8-15]. CuxS
in the bulk form is known to exist in different stable phases at
room temperature [16]. The distintt room-temperature phases are
the\gg}horhombic chalcocite (x=1.995-2.000), -djurleite (x=1.93-1.96)
and digenite (x= 1.765 - 1.79). The characterization of orthorhombic
chalcocite CuZS have been studied by several authors [17-22]. The
studies on the tetragonal phase have also been reported [23, 24].
Janosi [25] has investigated the structure of CuZS and reported that

it had a tetragonal unit cell.

CuxS as a material, particularly in thin film form has received
particular attention since the discovery in 1954 by Reynolds et al.[26]
The preparation of CuxS films by wvacuum evaporation technique have
been reported by several authors ([27 - 31]. Arjona et al. ([29]
prepared polycrystalline thin films of CuxS by wvacuum evap ration
and carried out the structure identification and optical properties.
Couve et al [30] have also fabricated CuxS layers by vacuum eva-
poration technique and done the measurements on the resistivi:ies
and optical transmission of the layers. The methods of characteri-
zation of evaporated layers of CuxS have also been described by

Rezig et al. [31]. Bretzner and Martinuzzi [32] have prepared CuZS
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films by flash deposition method and determined the spectral variations
of the absorption coefficient. The coexistence of direct and indirect
transitions had been confirmed, for which the width vlues of the
prohibited band were 1.7 and 1.05 eV respectively. Reports on the
preparation of thin films of CuxS by the activated reactive evaporation
were also found in the literature [33]. A few works were also
reported on these films prepared by the sputtering methods [34-39].
Engelken and Mc Cloud ({40} have electrodeposited thin films of
Cué'_xS and Cu1+:§ at temperatures from 21° to 120°C and studied the
material characterization by X-ray diffraction. The films were grown
on a variety of substrates including indium tin oxide, tin coated
glasses, grarphite etc. The formation of CUZS thin films by an
electrochemical procedure was reported by Garcia - Camarero et al.[41]
The deposition of CuxS films by spray pyrolysis method were also

reported [42]. But only a few reports were seen on the preparation

of Cu S films by the chemical bath deposition techniquel43,44].

In this chapter the preparation ofCU;(S thin films by chemical
bath deposition technique and annealing are described. The X-ray
analysis of the films and the examination of surface features by an
optical microscope have been investigated. The results of absorption

spectrum recorded and the differential scanning calorimetric studies

performed in these films are also included.
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9.2 EXPERIMENTAL

During the present investigation, chemical bath deposition
method was employed for the deposition of CuxS films. A chemical
bath was constituted from 0.5 M solution of copper chloride.:\qtr?éth-
anolamine, 25% ammonia solution and 1 M solution of thiourea and
distilled water. The deposition process consists of the following
steps. 10 ml of triethanolamine was added to 10 ml 0.5 M copper
chloride in a pre-cleaned beaker. This will promote the formation
of a pale blue precipitate. This precipitate is completely dissolved
by the addition of 10 ml of ammonia and the solution becomes deep
blue in colour. 10 ml 1M thiourea was added to the resultant solution
and then maintained at room temperature without stirring. Later
the precleaned ordinary glass dglides (7.5 x 1.2 cm) were. dipped
carefully in the solution. After a deposition time of about 2% h, the
slides were taken out, rinsed with distilled water and dried. The
films obtained were uniform, smooth and possess good adhesion to
the substrate. Inorder to study the dependence of electrical charact-
eristics on copper and sulphur contents, films were prepared by
changing the volume of copper chloride and thiourea solution. The
film obtained from the bath constituting 10 ml 0.5M copper chloride,
10ml triethanolamine, 10ml ammonia and 10ml 1M thiourea is referred
to as Bl' Similar representation was made for all other films
[Table 9.1]. The freshly prepared films are.:. annealed by using

a vacuum chamber as described in Chapter 4.
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Table 9.1 Designation of CuxS Films pra2pared using different bath -
compositions
Sample Bath composition

81 10ml 0.5 M Copper Chloride, 10ml .- iriethanolamine,
10ml ammonia, 10ml 1M thiourea.

B2 30ml 0.5M Copper Chloride, 10ml triethanolamine,
10ml ammonia, 10ml 1 M thiourea

B3 50ml 0.5 M Copper Chloride, 10ml triethanolamine,
10ml ammonia, 10ml 1M thiourea.

B4 70ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 10ml 1M thiourea

B5 90ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 10ml 1 M thiourea

BG i0ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 30ml 1 M thiourea.

B7 10ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 50ml 1 M thiourea

BB 10ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 70ml 1 M thiourea

Bg 10ml 0.5 M Copper chloride, 10ml triethanolamine,
10ml ammonia, 90ml 1 M thiourea.
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The surfaces of the films were observed using a Union Versamet-2
metallographic microscope. X-ray diffraction patterns were recorded
by means of an X-ray diffractometer with CuKeC radiation. The
absorption spectrum of films was taken in the wavelength range
400 -1500nm by means of a U-3410 Hitachi spectrophotometer. Differ-
ential scanning calorimetric data ‘have been taken on the film at a
scanning rate of 5°C/min during heating using a Perkin - Elmer Delta

Series Differential Scanning Calorimeter (model DSC-7).

9.3 RESULTS AND DISCUSSION

The films under vacuum annealing for different temperatures
prevent structural degradation and remains stable. But annealing
of the films in air at higher temperatures produte surface roughness.
In Fig. 9.1, the microscopic view of the film annealed at 473K is
shown, where the cracks developed areclearly seen. No such pattern
is observed for the films annealed in vacuum under similar conditions.
Hence in the present study, vacuum annealing is preferred than
air annealing of the films. The X-ray diffraction pattern of the
film is shown in Fig 9.2. The results obtained are found to be
in good agreement with thatreported inrthe literature for djurleite
phase [45]. Fig. 9.3 shows the absorption spectrum of the film.
The band gap of the film evaluated from this spectrum is about
1.796 eV. The observed value of the band gip is typical of djurg}eite
phase [46]. The DSC spectra: recorded for the films in the tem-

. perature range B80°C to 120°C with a scanning rate of 5°C/min are



Fig. 9.1: Photograph showing the surface of the film annealed
in air at 473 K. ( XiOCD
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Fig. 9.2: X-ray diffraction pattern of the film.
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depicted. in Figs. 9.4 to 9.6 . A variation in the heat flow indicative

of the occurence of phase transition in CuxS films is observed in all

cases. The phase transition temperature determined from the DSC spectra

of the films B B, and B

1+ Bg g are 102.125°C, 102.292°C and 97.125°C

respectively.

9.4 CONCLUSION

CuxS thin films were prepared by the chemical bath deposition
technique using different volume compositions of copper chloride and
thiourea. The surfaces of the films annealed in air are not smooth.

X-ray diffraction studies are used to identify the promineat lines in

the film. The band gap evaluated from the absorption spectrum is
1.796 eV. From these analysis, it is found that the prepared film corr-

esponds to the djurleite phase. The occureace of phase transition

was studied from the DSC analysis.
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CuxS THIN FILMS
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0.1 INTRODUCTION

Electrical properties of copper sulphide (CuxS) films depo-
sited by wvarious techniques have been studied by many authors [1-5]
Garcia - Camarero [6] prepared CuxS films on copper substrates by
an electrochemical procedure and studied their electrical characteristics.
The conductivity of these films has marked influenc=z on various factors
such as copper and sulphur contents , annealing temperature, ambient
conditions etc. But no results on the conductivity of chemically bath
deposited CuxS films have been reported related to the phase transition

at higher temperatures.

This chapter deals with the electrical conductivity studies
of chemically b?tl_'l deposited CuxS films. Special attention has been
given to analys;:- the dependence of copper and sulphur contents, annealing
temperature and ambient conditions on the values of conductivity of
these films. The anomalous behaviour of conductivity at high tamperature
has been explained with the results obtained from the differential
scanniné calorimetric studies. The wvalues of activation energy have been

evaluated and are reported here.

10.2 EXPERIMENTAL

CuxS films B1 to B9 used in the present investigations
were prepared by chemical bath deposition technique using copper
chloride, triethanolamine, ammonia and thiourea. The description of
the sample designation is already presented in Table 9.1, Chapter 9.The

samplss were annealed in vacuum in the temperature range 373 - 573K
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for 30 min. Thin silver electrodes were deposited on the surface
f these films using vacuum evaporation technique at a pressure of
165 Torr. Details of the metallic cell, sample holder and temperature
measurement have been described in Chapter 4. For electrical condu-
ctivity measurements, a voltage of 9V from a battery was applied
across the film kept under vacuum conditions and the resulting.- current
was measured . The experiment was also carried out in an air
ambient. During the measurements, sufficient time was given for the
current reading to stabilize and very reproducible results could be
obtained on all the films studied. The activation energy for the hole

conduction was also estimated.

10.3 RESULTS AND DISCUSSION

Electrical conductivity measurements as a function of
temperature were monitored in vacuum and air on a number of films.
Copper and sulphur contents in the films play an important role in
determining the wvalues of conductivity. Since these films exhibit

phase transition, the present study has also been used to reveal

this aspect.

}:“ig. 10.1 shows the variation of the conductivity
in vacuum as a function of 103/T for the film B, prepared from 10ml
0.5M copper chloride, 10ml triethanolamine, 10ml ammonia and 10ml
IM thiourea. The measurements carried out on films B2 to Bg contain-
ing different copper and sulphur contents also show similar trends.

As can be seen from the above figure, the conductivity tends to

, remain constant at low temperature (100-135K) and thereafter rises
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slowly in the temperature range 135 - 303K. The film B, exhibits an ex-

1
ponential increase in conductivity upto 375K and after wards decreases
very gradually. In copper sulphide films, the P-type conductivity is
due to the presence of copper vacancies which act as acceptors and give
rise to free holes. Thus the process of conduction in the present case
is predominantly hole conduction. The hole density increases very slowly
with the temperature upto 303K, then it increases rapidly and decreases
agbove 375K. For temperatures upto 375K, 1ionization of acceptor states
causes conductivity to increase. But the \electrical conductivity shows
an anomalous change at 375K. This is due to the fact that the films

mderge phase transition at high temperatures. This was confirmed from

the DSC spectrum of the film B1 (Fig.9.4, Chapter 9).

The values of activation energy deduced from the conductivity meas-
urements of the films are given in Table 10.1. Since the increase in
conduc "ivity with temperature is determined mainly from the correspon-
ding change in the hole concentration, the values presented in this table
correspond to the activation energy of acceptor levels. The values of
activation energy obtained for the film B6 annealed at 373K are consistent
with that reported in the literature [5,7].

aye

The electrical properties of the filmsAfound to vary with change
in copper and sulphur contents. Figs. 10.2 (a) to 10.2 (d) show the
conduction characteristics in vacuum of the films B1 to 85 prepared from
different volume compositions of copper chloride. The result is found
to be similar for all measurements at 135, 303, 343 and 370K. The condu-

ctivity is found to be high for the film Bl’ The decrease in conductivity

for the films B2 to B5 is caused probably by the increase of excess
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Table 10.1 The values of activation energy obtained from the con-

ductivity measurements of the films in vacuum.

Activation energy in the

Sample temperature range at
135-294K 303-370K
(eV) (ev)
B
Unannealed 0.070 0.347
Annealed (373K) 0.072 0.339
Annealed (473K) 0.074 0.364
Annealed- (573K) 0.078 0.330
)
Unanrealed 0.062 0.306
Anneazled (373K) 0.061 0.314
Annealed (473K) 0.064 0.364
Annealed (573K) 0.063 0.365
53
Unannealed 0.064 0.314
Annealed (373K) 0.065 0.330
Annealed (473K) 0.063 0.331
Annealed (573K) 0.066 0.397

Contd- 2 e @
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Contd... Table 10.1

Activation energy in the

Sample temperature range at
135-294K 303-370K
(eVv) (ev)
By
Unannealed 0.055 0.322
Annealed (373K) 0.052 0.347
Annealed (473K) 0.054 0.339
Annealed (573K) 0.053 0.380
Bs
Unannealed 0.052 0.330
Annealed (373K) 0.054 0.339
Annealed (473K) 0.053 0.347
Annealed (573K) 0.055 0.346
Be
Unannealed ) 0.068 0.298
Annealed (373K) 0.070 0.405
Annealed (473K) 0.073 0.364
Annealed (573K) 0.072 0.347

contd..s - -
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(ontd....Table 10.1

Activation energy in the

temperature range at

Sample 135-294K 303-370K

(ev) (eV)

By
Unannealed 0.067 0.281
Annealed (373K) 0.068 0.347
Amnealed (473K) 0.069 ; 0.322
Amealed (573K) 0.070 0.298

Bg
Unannealed 0.069 0.273
Annealed (373K) 0.066 0.314
Annealed (473K) 0.067 0.289
Annealed (573K) 0.065 0.265

By
Unannealed 0.074 0.265
Annealed (373K) 0.078 0.289
Annealed (473K) 0.077 0.248

Annealed (573K) 0.079 0.264
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> contents which decrease the number of copper vacancies in the
In the case of films prepared from different volume compositio;ls
iourea also, the behaviour of conductivity [Figs. 10.3 (a) to
{d)] is similar for the measurements at all temperatures. A signi-
increase in conductivity is observed with increasing sulphur con-
This is caused by the increase in the carrier concentration.
results obtained are found fo be in agreement with that reported
lms prepared by physical methods ([8-10]. The . conductivity is“
to be increased with annealing temperature. Also when the temper-

of measurements is increased from 135 to 370K, a relative rise

e value of conductivity is observed [11].

The temperature dependence of the conductivity of the films was
measured in air. The result obtained for the film B1 is shown
g. 10.4. The values of activation energy obtained from the measure-
; in air are summarized in Table 10.2. The behaviour of condu-
ty .of the films B1 to B5 prepared from different volume compo-
1s of copper chloride in air are shown in Figs. 10.5 (a) to 10.5(b).
result obtained for the films BS to B9 prepared from different
ne compositions of thiourea are depicted in Figs.10.6 (a) to 10.6(b).

effect of annealing on the conductivity of these films is similar

1at obtained from the measurement in wvacuum.

The effect of heat treatment of the films on the conductivity
ir is compared to that in vacuum [ Table 10.3]. Prolonged heating
1e films in air leads to an increase in conductivity. Copper sulphide

3 have a rigid sulphur sublattice with copper ions loosely bound



50

@
(=)

Log e (arbitrary units)
g
[8)]

g
o)

£
(o)
T

w
ul
T

] 1 1 1

10

Fig 10.3 (a) :

30 50 70 30

Thiourea  ( ml )

Variation of conductivity as a function of volume of
thiourea for the films in vacuum at 135 K: (%)
unannealed and annealed at (+) 373 K, (o) 473 K and
(0) 573 K.,




5‘5"

5.0+

4.5¢

Log e (arbitrary units)
w
3, ]
T

257

20

150

L i

10

Fig 10.3 (b) :

30 50 70 90
Thiourea  (m\ )

Variation of conductivity as a function of volume of
thiourea for the films in vacuum at 303 K: (°
unannealed and annealed at (+) 373 K, (o) 473 K and
(0) 573 K.

I
!

j



units )

Log « (arbitrary

T

55

50t

L5

40r

T

35

30F

1 1 .\

10

Fig 10.3 (c¢) :

1
30 50 70 920

Thiourea (ml )

Variation of conductivity as a function of volume of
thiourea for the films in vacuum at 343 K: (%)
unannealed and annealed at (+) 373 K, (o) 473 K and
(0) 573 K.



55 /
T /
P
I
3
401
g
.};
m 35
b
3!0"
o
0
-
2.5¢
2.0-
1.5k
! 3 1 1 1
10 30 50 70 90
Thiourea (ml )~
Fig 10.3 (d) : Variation of conductivity as a function of volume of

thiourea for the f{ilms in vacuum at 370 K: (%
unannealed and annealed at (+) 373 K, (o) 473 K and
(@) 573 K.

Vi

-/




wm
(@]

®
n

T

F
o

S:— (arautrary units )
o (&)

Log

0o
o)

20

15

1

T

T

T

4 | ! 1 1

H 1 !

L
05 310 35 320 33 330
10/1 (k)

2.90 2.95 3.0 3

Fig 10.4 : Plot of log ¢~ against 103/T for the film B, in air:
(*) unannealed and annealed at (+) 373 K, (o) 473 K

and (@) 573 K.




162

Table 10.2 The wvalues of activation energy obtained from the condu-
ctivity measurements of the films in air.
Activation Energy i.. the
Sample Temperature Range at
303-343K
(eV)

By
Unannealed 0.394
Amnealed (373K) 0.420
Amealed (473K) 0.458
Amealed (573K) 0.433

By
Unannealed 0.445
Annealed (373K) 0.444
Annealed (473K) 0.446
Annealed (573K) 0.471

By
Unannealed 0.470
Amnealed (373K) 0.471
Annealed (473K) 0.484
Annealed (573K) 0.496

v/

corntdees



Contd...Table 10.2
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Activation Energy in the

temperature range at

Sample
303-343K
(eV)
By
Unannealed 0.496
Annealed (373K) 0.509
Annealed (473K) 0.497
Annealed (573K) 0.485
Bs
Unannealed 0.508
Annealed (373K) 0.535
Annealed (473K) 0.509
Annealed (573K) 0.458 -
B
Unannealed 0.407
Annealed (373K) 0.395
Annealed (473K) 0.394
Annealed (573K) 0.344 *'!J
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Activation Energy in the

Sample temperature range at
303-343K
(eVv)
B
Unannealed 0.369
Annealed (373K) 0.356
Annealed (473K) 0.331
Annealed (573K) 0.330
Bg
Unannealed 0.406
Annealed (373K) 0.394
Annealed (473K) 0.382
Annealed (573K) 0.368
By
Unannealed 0.408
Annealed (373K) 0.381
Annealed (473K) 0.318

Amnealed (573K)

0.293
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Table 10.3 The wvalues of conductivity of unannealed films

Conductivity at rqgim_ temperature
Sample in different ambiénts

Vacuum Air
@&l @ mh

B, 3.16 x 105 5.01 x 10°

B, 2.37 x 10° 3.16 x 10°

B, 1.78 x 10° 2.37 x 10°

B, 1.33 x 10° 1.78 x 10°

B, 1.01 x 10° 1.33 x 10°

B 5.62 x 10° 7.49 x 10°

B, 1.02 x 104 1.19 x 104

By 1.49 x 104 1.78 x 10°

. 4 4

9 1.99 x 10 2.37 x 10
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to the sulphur [12]. During the heating of the films in air, copper
leaves the film and forms a surface oxide layer.
Removal of copper increases the copper vacancies and causes amr
increase in the majority carrier density. But the measurements in

vacuum produced a substantial decrease in the wvalue of conductivity.

10.4 CONCLUSION

Electrical conductivity measurements of copper sulphide films
were carried out in vacuum and \.air. The observed increase in condu-
ctivity with temperature is essentially determined by an increase in
the hole concentration. The films show an anomalous behavirur of condu-
ctivity at high temperatures. The values of activation energy are esti-
mated both from the measurements in vacuum and air and the trap
levels are identified. The results obtained in the films containing
different copper and sulphur contents indicate that conductivity is
decreased with ‘_.increasing copper content whereas it is increased
with sulphur content. The influence of annealing on conductivity of
the films in air is similar to that obtained from the measurements
in vacuum , It also appears that the films heated in air leads to an

increase in the relative magnitude of conductivity.
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THERMALLY STIMULATED CURRENT STUDIES
OF CuxS THIN FILMS
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11.1 INTRODUCTION

Several authors have employed the method of thermally
stimulated currents (TSC) for studying the localized states in the
semiconducting materials (1-6). But the TSC studies of Copper

sulphide (CuxS) thin films have not been reported so far.

This chapter presents the investigations carried out in
CuxS films using TSC technique. Influence of copper and sulphur
contents and annealing temperature on the TSC peaks have been studied.
The trap depth and capture cross section of the traps are determined.
Attempts have also been made to understand the trapping mechanism

of charge carriers in the film.

11.2 EXPERIMENTAL

CuxS films B1 to B9 were prepared by chemical bath
deposition technique using different bath compositions as already
described in Chapter 9. The samples were annealed in vaccum for
30 min. Silver electrodes were deposited over the films by vacuum
evaporation and the measurements were carried out in a metallic cell
under vacuum conditions as described in Chapter 4. The film was
cooled down to low temperature where the probability of thermal
release of carriers is negligible. It was then excited with a tungsten
halogen lamp for 10 min. After switching off the halogen lamp the

‘current through the film was monitored as a function of temperature
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with the field applied. The heating rate employed was 0.06 K/Sec.
As the temperature of the sample increases, the initial trapped

carriers are released to produce a current in the presence of applied

field. The trap parameters were determined as described in Chapter 3.

11.3 RESULTS AND DISCUSSION

In the present work, TSC spectra were recorded on films

B1 to B5 prepared from different volume compositions of copper

chloride (10 ml to 90 ml) and on films BS to Bg prepared from diff-
erent volume compositions of thiourea (30 ml to 90 ml). Fi;;s.
11.1 to 11.5 represent the TSC spectra of unannealed and annealed
(573 K) films B1 to BS' The spectra obtained by exciting the films
for a period of 10 min and a biasing field of 3 KV/cm show two
prominent TSC peaks a and b. However the magnitude of the peak
height, the temperature at which it occurs and the area covered
hy the peaks depend on the copper content in the films. From the
figures, it is clear that the magnitude of the current for films annealed
at 573 K 1is higher than that of unannealed films. A slow decrease
of peak current is observed at increasing copper contents (Fig.11.6).
The TSC spectr‘a; of the films containing different sulphur contents are

shown in Figs 11.7 to 11.10 . The magnitﬁde of current
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s found to be lower for unannealed films. It is also noted that the
peak current increases as the sulphur content increases (Fig. 11.11).
Table 111 gives the values of activation energy, temperature corres-

ponding to the current maxima and capture cross section.

The results obtained indicate that the distinct peaks
observed in all samples are originated from a particular species
of carriers. By considering the effect of annealing, copper and sulphur
contents on the TSC peaks, it is clear that the origin of the peaks
are related t’(’)’*' the copper vacancies which act as acceptors and give
rise to free holes, which in turn give rise to TSC peaks. The peak
current is found to vary in accordance with the release of carriers

from the trap levels present in the films.

The values of activation energy and the temperature corre-
sponding to the current maxima of the peaks depends on the annealing
temperature, copper and sulphur contents in the films 7. The
values of activation energy represent the various acceptor levels

(copper vacancies) in the films.

In order to examine the influence of excitation time and
biasing field on the magnitude of TSC peaks, the measurements have
been performed on films by increasing the excitation time from 10
to 50 min and biasing field from 1 to 5 KV/cm. The height of the
TSC peaks is found to vary linearly with biasing field and excitation

time (Figs. 11.12 and 11.13). As the excitation time of the light
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falling on the sample increases, the filling of the wvacancies in the
film also correspondingly increases. The peaks are then formed as
a result of the excitation of carriers from the wvacancy sites in the

films. As the biasing field increases the peak height increases since/

more number of carriers are released.

11.4 CONCLUSION

The TSC spectra obtained for all films show two peaks
a and b. The magnitude of the current is higher for the annealed
samples compared to that of the unannealed samples. The peak height
is found to be decreasing with_increasing copper content whereas
it is increasing with sulphur content. Also the current exhibits a
linear relation with biasing field and excitation time. The origin
of the peaks are. related to the releasing of carriers from the shallow
and deep acceptor states. The activation energy and capture cross

section of the traps are also estimated from the TSC data.

va
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12.1 _ INTRODUCTION

Copper indium selenide (CuInSez) belongs to I-ITFVI group compounds.
and finds application in photovoltaic devices [1-4]. Several workers

have reported the preparation and characterization of CulnSe, thin films

2
by a number of methods [5-12]. But only a few reports are available

regarding the preparation of these films by chemical deposition methods
[13-15]. Bhattacharya [13] has prepared the films by the gzlgctroplating
method. Also, Khare et al. [14] have used electrodeposition method
for the same. The structural and electrical properties of the films
prepared by the chemical bath deposition technique have been described
by Murali [15]. \}‘I; obtained P-type films of resistivity in the range
50-500 ohm cm depending on the deposition parameters. But  detailed
studies on the electrical conductivity of chemically depcsited films

have not been made yet.

Not much data has been seen reported on the electrical character-
istics of the chemically deposited CuInse2 films using the thermally
stimulated current (TSC) technique, Datta et al. ([16] have reported
the TSC studies of CuInSe2 films prepared by vacuum deposition technique.
However, a very little information is avalable rezarding the TSC studies
of these films as a function of copper and selenium contents and annealing
temperature. The electrical properties of CuInSe2 films are strongly
influenced by the presence of defects. Therefore it was intended to
carry out measurements on the electrical conductivity and TSC of these
fi‘lmrs. The films have been characterized by X-ray analysis. The surface

topographical features have also been examined. The optical absorption
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has been studied in the spectral range 500-1500 nm to determine the

band gap. The results of all these studies form the subject of this*

chapter.

12.2 EXPERIMENTAL

For the preparation of CuInSe2 films, a composite layer
of copper and indium was first deposited by wusing a vacuum system,
The glass substrates were cleaned thoroughly by washing with cleaning
solutions and then ultrasonically with doubly distilled water and acetone
and finally dried. The precleaned glass substrates were inserted in
the substrate holder. Molybdenum boats were used to evaporate the
materials. After loading the system with one mole each of copper and
indium, the chamber was evacuated to a pressure of 165 Torr. The
substrates were heated and controlled to attain the required temperature
(473K). At this temperature, stable composite layerse” of copper and
indium were obtained. Inorder to deposit 2 moles of selenium, this
layer was dipped into a solution containing appropriate amounts of
selenium dioxide in dil. HZSO4 at room temperature. After rinsed with
distilled water, the films were finally dried. In this case, the molarity
of selenium dioxide employed was 2.01 M. The films containing different
contents of copper and selenium were also prepared by changing the
number of moles of Cu and molarity of selenium dioxide. In the present

work, these films are represented as C,, C

1 7 C3. .....Cg. whose

details are given in Table 12.1. The method of preparation of these

films is similar to that reported in [17]. The films obtained are found

to be P-type, when examined with hot probe method. Air annealing
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Table 12.1 Designation of CuInSe2 films
Sample Reactants used for the preparation
C1 1 mole copper, 1 mole indium,

2.01 M selenium dioxide solution.

C2 1.02 mole copper, 1 mole indium,
2.01 M selenium dioxide solution.
C3 1.04 mole copper, 1 mole indium,
2.01 M selenium dioxide solution.
C4 1.06 male copper, 1 mole indium,
2.01 M selenium dioxide solution.
C5 1.08 mole copper, 1 mole indium,
2.01 M selenium dioxide solution.
C6 1 mole copper, 1 mole indium,
2.03 M selenium dioxide solution.
o 1 male copper, 1. moie indium,
2.05 M selenium dioxide solution.
C8 1 mole copper, 1 mole indium,
2.07 M selenium dioxide solution.
Cg 1 mole copper, 1 mole indium,

2.09 M selenium dioxide solution.
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treatments were carried out by using a glass chamber as described in

Chapter 4.

X-ray diffraction studies were carried out with CuKe¢ radiation.
The surfaces of the films were observed in reflection using a Union
Versamet - 2 metallographic microscope. The band gap of the film was
determined from the absorption measurements in the spectral region

500 - 1500 nm using a U - 3410 Hitachi Spectrophotometer.

For obtaining good electrical contacts between the film and the
glectrodes, the surface of the film was coated with silver paint. The
electrical conductivity measurements were carried out in the fabricated
metallic cell as described in Chapter 4. For the TSC measurements,
the samples were cooled down to a low temperature (~2100 K). It was
then excited using a tungsten halogen lamp for 5-30 min. After removing
the light source, the sample was subjected to a heating rate of 0.06K/sec.
With the biasing field in the range 1-5 KV/cm, the current was recorded
as a function of temperature using an electrometer. The trap depth and

capture cross section were evaluated as described in Chapter 3.

12.3 RESULTS AND DISCUSSION

During the present investigation, good quality films of
CuInSe2 were obtained . Fig. 12.1 1is the photograph of the surface
of a typical film. The X-ray diffractogram of the film is shown in
Fig. 12.2. The diffraction lines are identified and the results obtained

are found to be in good agreement with that reported for CulnSe,{18].



Fig. 12.1: Photograph showing the surface of film.cxloo)
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Eig. 12.3 depicts the absorption spectrum of the film. The calculated

value of band gap is 1.031 eV, which agreed well with that given

in the literature [19]A.

12.3.1 Electrical Conductivity Measurements

The present investigation was undertaken with a view
to study in detail the effect of ambient conditions, annealing temper-
ature and copper and selenium contents on the conductivity of CuInSe2 ’
films. The activation energy of charge carriers was also determined. 4

The electrical conductivity 44— has been measured in
vacuum for different unannealed and annealed films as a function of
temperature. Fig. 12.4 shows a typical log e versus 103/T plot for

the film Cl' The observed exponential dependence of <~ upon temper-

ature can be explained by the equation g = & ~axp( - E ) where
P

G o is constant and E is the activation energy. For all films, the
conductivity is found to increase slowly with temperature in the range
110 - 200 K while in the high temperature region, the conductivity
is found to increase sharply with temperature. The activation energy
obtained for the films (Table 12.2) represent the energy required for

the excitation of- charge carriers from various defect levels. v

As the copper content increases, in the films the wvalue
of conductivity also increases and reaches a maximum for the film
C4. Whereas it decreases for the film C5 [Figs. 12.5 (a} to 12.5(c}].
Excess copper is expected to provide acceptors if it sits on indium
sites and hence an increase in the value of conductivity is observed.

The decrease in the value of ccnductivity for the film C5 is due to
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Fig 12.4 :

Plot of log ¢~ against 103/'1' for the film C, in
vacuum: (*) unannealed and annealed at (+) 373 Kl, (o)

473 K and (@) 573 K.
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Table 12.2 The wvalues of activation energy obtained from the conduct-

ivity measurements of the films in vacuum.

Sample Activation energy in the temperature
range at
110-200K 205-363K
(eV) (eV)
Cl
Unannealed 0.040 0.101
Annealed (373K) 0.036 0.103
Annealed (473K) 0.038 0.102
Annealed (573K) 0.037 0.105
C,
Unannealed 0.057 0.135
Annealed (373K) 0.055 0.133
Annealed (473K) 0.054 0.131
Annealed (573K) 0.053 0.121
C3
Unannealed 0.056 0.138
Annealed (373K) 0.055 0.132
Annealed (473K) 0.053 0.126
Annealed (573K) 0.054 0.121



Contd...12.2
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Sample-. Activation energy in the temperature
range at
110-200K 205-363K
(eV) (eV)
Cq
Unannealed 0.073 | 0.098
Annealed (373K) 0.072 0.093
Annealed (473K) 0.069 0.096
Annealed (573K) 0.068 0.097
C5
Unannealed 0.027 0.151
Annealed (373K) 0.026 0.153
Annealed (473K) 0.025 0.152
Annealed (573K) 0.024 0.154
Cs
Unannealed 0.025 0.114
Annealed (373K) 0.023 0.117
Annealed (473K) 0.021 0.119
Annealed (573K) 0.020 0.118



Contd...Table 12.2
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Activation energy in the temperature

Sample range at
110-200K 205~-363K
(eV) (eV)
C7
Unannealed 0.014 0.123
Annealed (373K) 0.013 0.121
Annealed (473K) 0.011 0.122
Annealed (573K) 0.012 0.124
Cs
Unannealed 0.055 0.133
Annealed (373K) 0.054 0.131
Annealed (473K) 0.049 0.135
Annealed (573K) 0.048 0.121
Cq
Unannealed 0.058 0.135
Annealed (373K) 0.057 0.126
Annealed (473K) 0.054 0.125
Annealed (573K) 0.053 0.124
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the fact that excess copper in this film may fill its vacancies. Hence
the concentration of acceptors (holes) decreases. During the annealing
of films in air, oxygen will be incorporated and hence it affects the
electrical properties of the films. In the present case, oxygen act as
an acceptor and it increases the acceptor concentration. Hence annealing
of the films in air causes the conductivity to increase irrespective of
the copper contents in the film. The results obtained from the air anne-
aling treatments are shown in Figs. 12.5 (a) to 12.5 (c). Films annealed
at 373K have a low value of conductivity than that of films annealed
at 5731( The slight adsorbed oxygen content in the films annealed at

373K can be removed easily during the measurements in vacuum while

it becomes harder to desorb in the case of films annealed at elevated

pon

temperatures.

The significant decrease in the conductivity for the films C6
and C7. [Figs.12.6 (a) to 12.6 (c)} is due to the decrease in acceptor
degsity. But the acceptor concentration is more for the films C8 and
Cg and hence their conductivity is increased. This result is in agreement
with that reported by Kokubun and Wada [20] on the evaporated films
of CuInSez. When the temperature of annealing in air increases above
373K, the condut;tivity of the film C6 increases slightly, owing to a very

small increase in oxygen concentration. However the variation of conducti-

vity with annealing temperature for the film C7 is quite different. The

conductivity of this film does not change significantly with annealing
temperature. But for the films C8 and Cg. the conductivity is remarkably
increased on annealing.
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The temperature dependence of the electrical conductivity of
the film C1 in air is depicted in Fig. 12.7. It shows the typical beha-

viour, which is found to be similar to those obtained for all other

films. The activation energy obtained from the conductivity measurements

in air is given in Table 12.3.

The results of conductivity obtained on the films containing
different copper contents are depicted in Figs. 12.8 (a) and 12.8(b).
The conductivity of the film C7 in air is increased rapidly for all

annealing temperatures. [Figs. 12.9(a) and 12.9 (b)].

The magnitude of conductivity obtained from the measurements
in air is higher than that in vacuum for all films. [Table 12.4]. The

conductivity increase of films in air and the reversal in vacuum can
be explained by the adsorption and desorption of oxygen at the fil!m

surface (21]. J

12.3.2 TSC Measurements

Inorder to understand the trapping mechanism of charge carriers,
the TSC measurements were carried out on the films containing different
copper and selenium contents in the temperature range 100 - 350%. Figs.
12.10 to 12.18 show the TSC spectra of the films C1 to C9 recorcad
with a biasing field of 3 KV/Cm after exciting for 5 min. The peaks
are formed due to the release of the trapped carriers. The magnitude
of the current is found to be higher for the peak b for all films. The

films annealed at 573 K exhibit higher current than the unannealed films.

A slight shift in the temperature corresponding to the current maximum(Tm
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Table 12.3 The wvalues of activation energy obtained from the conducti-

vity measurements of the films in air.

Activation energy in the

Sample temperature range at
303-363K
(eV)
€4
Unannealed 0.308
Annealed (373K) 0.274
Annealed (473K) 0.239
Annealed (573K) 0.214
C2
Unannealed 0.213
Annealed (373K) 0.238
Annealed (473K) 0.231
Annealed (573K) 0.215
C3
Unannealed 0.212
Annealed (373K) 0.239
Annealed (473K) 0.238

Annealed (573K) 0.205



Contd.... Table 12.3
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Activation energy in the

Sample
temperature range at
303-363K
(eV)

€4
Unannealed 0.239
Annealed (373K) 0.256
Anneaied (473K) 0.230
Annealed (573K) 0.197

CS
Unannealed 0.282
Annealed (373K) 0.275
Annealeld (473K) 0.240
Annealed (573K) 0.222

C6
Unannealed 0.231
Annealed (373K) 0.256
Annealed (473K) 0.230
Annealed (573K) 0.197
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Contd.... Table 12.3
Activation energy in the
Sample temperature range at
303-363K
(eV)
C7
Unannealed 0.214
Annealed (373K) 0.239
Annealed (473K) 0.231
Annealed (573K) 0.215
Cq
Unannealed 0.205
Annealed (373K) 0.239
Annealed (473K) 0.238
Annealed (573K) 0.222
Cq
Unannealed 0.206
Annealed (373K) 0.189
Annealed (473K) 0.188
Annealed (573K) 0.214
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Table 12.4 The values of conductivity of unannealed films

Conductivity at room temperature

Sample in different ambients
Vacuum Air
(A b (a mh)
c, 2.66 x 10° 1.01 x 10*
C, 1.49 x 10* 1.98 x 10%
Cy 1.99 x 10 2.65 x 10%
c, 2.82 x 10% 3.55 x 10%
C 8.41 x 10° 1.68 x 10
Cq 1.41 x 10° 1.33 x 104
o 7.94 x 10° 1.48 x 10%
Cq 1.19 x 10% 1.77 x 10*
Cq 1.78 x 10° 2.37 x 10%
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was also observed. The values of Tm, trap depth, capture cross section
of the traps, etc are given in Table 12.5. It is seen from Fig 12.19
that the magnitude of the current increases with copper content, reaches
a maximum wvalue for the film C4 and decreases thereafter. The peak
height decreases as the selenium content increases and reaches a minimum
value for the film C7. [Fig. 12.20]. But for the films CB and Cg. an
increase in the wvalue of current is observed. Figs. 12.21 and 12.22
depict the wvariation of the peak height as a function of biasing field

and excitation time. In both cases, the peak height is found to be incre-

ased linearly [22].

12.4 CONCLUSION

Thin films of CuInSe2 containing different contents of copper
and selenium have been prepared for studying their electrical character-
izg;cion. The films are characterized by microscopic and XRD analysis.
The value of band gap determined from the absorption spectrum is found
to be 1.031 eV. The electrical characterization of the films indicate
that the values of conductivity are influenced by the ambient conditions,
anne_:__avlving temperature and copper and selenium contents. The values of

activation energy of charge carriers are determined for all films in

vacuum and air.

The magnitude of thermally stimulated current depends on copper
and selenium contents, annealing temperature, biasing field and excitation
time. The peaks observed in all films are attributed to the release

of carriers from the trap levels.
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Table 12.5 The values of various parameters obtained from the TSC
spectra of the films.
Sample Peak a Peak b
Tm E Capture Tm E Capture
rross cross section
(X) (ev) section (K) (eV)
(sz) (sz)
C4
—85 25
Unannealed 139 9,0793 2.13 x 1 251 0.208 3.41x10
-26 -25
Annealed(573K) 142 0.075 1.18 x 10 229 0.188 3.39x10
C2
'86 ‘84
Unannealed 132 0.075 2.17 x 1 244 0.238 2.26x1
06 -os
Annealed(573K) 137 0.072 1.18 x 18 234 0.210 8.80x18
C3 26 -
Unannealed 132 0.071 1.45 x 10 229 0.188 3.39x10
Annealed(573K) 139 0.072 3.17 x 186 240 0.231 1.95x—1%4
C4
10 10°
Unannealed 125 0.058 5.60 x 1 230 0.198 5.62x1
Annealed(573K) 136 0.061 4,15 x I&7 250 0.239 1.73x_1%4
CS
Unannealed 127 0.048 1.65 x %?) 246 0.248 3.39;1%4
-28 -24
Annealed(573K) 118 0.038 7.94 x 10 250 0.270 8.24x10

Contd »«
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Contd.... Table 12.5
Peak a Peak b
Sample Tm E Capture Tm E Capture
cross section cross section
2 2
(K) (eV) (Cm™) (K) (eVv) (Cm)
C
6 26 4925
Unannealed 142 0.085 3.02 x 10 248 0.200 2.60x10
, =27 25
Annealed(573K) 145 0.072 7.53 x 18 232 0.171 1.13x1
-27 ~25
Unannealed 148 0.075 8.48 x 10 242 0.180 1.18x10
Annealed (573K) 153 0.079 9.34 x 187 235 0.183 1.92xi65
Cg
-27 -25
Unannealed 143 0.065 4.29 x 10 247 0.223 8.93x10
Annealed (573K) 147 0.074 8.16 x I87 245 0.195 2.30x.165
Cq
. "67 '64
Unannealed 135 0.058 3.22 x 1 258 0.244 1.47x1

Annealed (573K) 140 0.067 6.10x 10°7 252 0.214 4.42x19°
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