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Preface 

Preface 

Photovoltaic conversion of solar energy appears to be one of the most 
,-

promising ways of meeting the increasing energy demands of the future in a time 

when conventional energy sources are being depleted. The present growing interest in 

pe.otovoltaic conversion is a consequence of the concern to identifY future sources of 

-aY that will be inexpensive as well as ecofriendly. 

Semiconductors have emerged as the most promising class of materials that 

can convert sunlight directly into electrical energy. Currently, a wide range of 

aemiconductors is explored for their potential use in photovoltaic applications. The 

pneral criteria determining the choice of a particular semiconductor are efficiency 

IIld cost considerations, the environmental conditions (eg. terrestrial or space 

applications and duration of sunshine) and the availability and toxicity of the raw 

materials. Each material requires a particular solar cell device structure for optimum 

perfonnance, and the choice is primarily determined by the available processing 

techniques and the photovoltaic properties that can be achieved under these 

conditions. 

Lowering the cost of solar cell production is one of the most important 

intentions in photovoltaic research. To achieve this, thin film technology need to be 

developed with thin film materials having good photovoltaic properties and 

appropriate band gap that can be deposited uniformly over large areas. Recent 

developments in solar cell research proved that CuInSez and its alloys and CurnS! are 

promising absorber layers for high efficiency solar cells. Recently efficiency upto 

19.2% has been achieved with ZnO/CdS/CuInGaSez (eIGS) cell structure. 

curnsz is particularly important because of band gap of 1.5 eV, which is close 

to the optimum value for photovoltaic conversion and controllable conversion type. 

Moreover, the constituents of this compound are non-toxic. Efficiency of the order of 

13% was obtained for TCO/CdS/CulnS2/CuGaSl cell structure. Nowadays lot of 
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Preface 

research is going on for the replacement of the buffer layer CdS by a Cd-free, wi~er 

band gap materials like In,,(OH,S)y. ZoO, ZnSe, In2Se3 or In2S3' I0253 films deposited 

using Atomic Layer Chemical Vapour Deposition (ALCVD) yielded an efficiency of 

16.4% in CrGS based cells. 

In the present work, we have prepared and characterized CulnS2 and In2S3 

thin films using the simple and low cost Chemical Spray Pyrolysis (CSP) technique. 

The technique is also suitable for large area film deposition. The films were optimized 

for different substrate temperatures and atomic concentrations. Making use of the 

optimized conditions for films with good photovoltaic activity, we could fabricate all 

sprayed CuInSi1n2SJ having 9.5% efficiency, which is the first one of its kind to the 

best of our knowledge. The thesis is divided into nine chapters and a brief 

description of the contents of each chapter is described below. 

CHAPTER 1 is a general introduction to photovoltaics. It begins with the 

description of the origin and use of solar energy along with detailed theory of pn 

junction. The factors affecting the ~fficiency of solar cell and the importance of thin 

film materials are also explained here. In the next section structure of the thin film 

solar cell with description of the requirements of different layers is given. This chapter 

is concluded with a discussion on different materials presently used for thin film solar 

cells. 

CHAPTER 2 presents an exhaustive review on copper indium sulfide, 

indium sulfide and CulnS2 based solar cells. 

Preparation and characterization of indium sulfide thin films, using Chemical 

Spray Pyrolysis technique (CSP), is described in CHAPTER 3. Chloride based 

precursor solutions- were used for sample preparation. CSP technique is essentially 

suitable for solar cell production, because of the possibility of large-area deposition of 

thin films in any required shape, easiness of doping and/or variation of atomic ratio 

and low cost/low tech nature of the technique. We prepared indium sulfide thin films 

systematically, at different substrate temperatures and by varying the InlS ratio in the 
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spray solution. Structural, compositional, optical and electrical characterizations of the 

films were carried out using X4Ray Diffraction (XRD), X-ray Photoelectron 

Spectroscopy (X PS), EDAX, resistivity, photosensitivity, optical absorption and 

transmission. Surface analysis was done using Scanning Electron Microscopy (SEM) 

and Atomic Force Microscopy (AFM). We could optimize the composition of the 

spray solution to get good values of resistivity and photosensitivity. When this 

material is used as buffer layer in solar cells, these two parameters are important. In 

terms of crystallinity, photosensitivity and band gap the sample having InlS ratio 1.2/8 

was selected for fabricating solar cells in this work. 

CHAPTER 4 deals with the studies on indium sulfide thin films prepared 

using nitrate based precursor solutions. The motivation behind the replacement of the 

precursor solution was to remove chlorine, which caused the enhancement of 

electrical resistivity of InzS3 films. Another advantage was that indium nitrate could 

be pyrolysed at relatively low temperature. Interestingly the InlS ratio 2/3 only 

showed crystallinity. We could get better control over stoichiometry of the films by 

varying InlS ratio taken in the solution, using nitrate based precursor. But there was 

considerable decrease in the photosensitivity of the samples. Maximum 

photosensitivity was obtained for the sample having InlS ratio 2/4. Nitrate based 

samples were found to be more conducting compared to chloride based ones. 

We used chloride and nitrate based precursor solutions for preparing CuInS2 

samples also. The details of preparation and characterization are given in CHAPTER 

5. Films were prepared with different CuIln ratio in the initial spray solution. The 

maximum thickness that could be achieved with single spray was O. 6 ~ and 375 ml 

of the solution was sprayed for this. Structural, compositional, electrical and optical 

characterizations of the films obtained were carried out. It was found that chemical 

composition of the solution controlled film resistivity and photoresponse. 
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Conductivity of the films was found to increase with increase in Culln ratio. Defect 

levels were identified using temperature dependent conductivity measurements. 

We tried multiple spray pyrolysis technique to increase the thickness of 

CuInS2 film. A systematic study on the samples prepared with different Culln ratio is 

presented in CHAPTER 6. Thickness of the samples could be increased to 1.17 tun 

by spraying 225 m! of the solution four times (total volume 900 ml). Thicker absorber 

layer was found to improve the performance of the cell (explained in chapter 8). 

Enhanced conductivity was obtained for samples having greater Culln ratio. Oxygen 

was absent in the bulk of the sample even after multiple spraying as revealed by XPS 

studies. EDAX measurements pointed out that CuIln ratio was slightly less than that 

taken in the solution. Structural, optical and electrical characterizations of the films 

were also done. 

CHAPTER 1 describes the fabrication of all sprayed CulnS2/In2S3 solar cell. 

The effect of variation of the thickness and atomic concentration of the absorber 

(CulnS2) and buffer layer (ln2S3) are explained in this chapter. Performance of the cell 

improved by annealing in air or keeping it at the preparation temperature itself for I 

hour after spray. The effect of annealing on the characteristics of the cell depends on 

the thickness and atomic concentration of the layers. 

Modifications made to improve the performance of the cell are described in 

CHAPTER 8. The thickness of the buffer layer was increased to compensate for 

copper diffusion from CulnS2 to In2S3. Silver, used as the top electrode, was found to 

improve the crystallinity of the In2S3 layer and this is resulted in enhancement of 

efficiency to 9.5% for all sprayed CulnS2/ln2S3 solar cell. 

CHAPTER 9 is a summary of the entire work. All the important points are 

highlighted. The chapter ends with future scope of the present work. 
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Chapter 1 

AN INTRODUCTION TO PHOTOVOLTAICS 

1.1 Introduction 

There was a dramatic increase in the usage of Renewable energy during the 

past decade, mainly due to two reasons. First one is the environmental damage due to 

large-scale usage of fossil and nuclear fuels while the second reason is the depletion 

of fossil fuels itself. The term renewable energy can be defined in several ways: 

Twidel and Weir (1986) defined renewable energy as "energy obtained from 

continuous or repetitive currents of energy recurring in the natural environment". 

Sorensen (1979) defined renewable energy as "energy flows which are replenished at 

the same rate as they are used". The term 'renewable energy' may be taken to include, 

more broadly, 'the usage of any energy storage reservoir which is being "refilled" at 

rates comparable to that of extraction' [1]. Recently, the UK Renewable Energy 

Advisory Group (REAG) defined renewable energy as "the term used to cover those 

energy flows that occur naturally and repeatedly in the environment and can be 

harnessed for human benefit". The ultimate sources of this energy are the sun, gravity 

and the earth's rotation. 

Most of the so-called renewable energy sources (renewables) are 

manifestation of solar energy. This includes direct radiation from the sun (which is 

used for heating or electricity generation) and indirect forms of solar energy such as 

energy from the wind, waves and ocean thermal energy, waterfalls and biomass 

(wood, straw, dung and other plant/animal wastes). Renewables allow a major 

reduction in the usage of fossil and nuclear fuel - or better still, if they can replace 

them entirely in the long run. 
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1.2 Solar Energy 

1.2.1 The Sun 

An introduction to photovoltaics 

Sun is an enormous fusion reactor at a distance of 150 x 106 km from earth, 

which turns hydrogen into helium at the rate of 4 million tones per second. It radiates 

energy towards the earth by virtue of its high surface temperature, approximately 

6000°C. The quantity of solar energy flowing to and from the earth and its atmosphere 

is very large. Amount of solar energy incident on the earth every year is 

.:. Equivalent to 160 times the energy stored in the world's proven reserves 

of fossil fuels . 

• :. Equivalent to more than 15000 times the world's annual use of fossil and 

nuclear fuels and hydropower [2]. 

Spectrum of solar radiation extends from 200 to 3000 nm in wavelength. It is almost 

identical with the 6000 K black body radiation spectrum. The radiation is 

distinguished as: 

(a) ultra-violet radiation (200 to 380) producing photochemical effects, 

bleaching, sunburn etc. 

(b) visible light (380 (violet) to 700 nm (red». 

(c) infra-red radiation (700 to 3000 nm) or radiant heat, with some 

photochemical effects. 

As the solar radiation passes through the earth's atmosphere [Fig. 1.I], it is absorbed 

or scattered or reflected according to the following processes. 

(a) A portion of the solar radiation is scattered when striking on molecules of 

air, water vapor and dust particles. The portion scattered downward 

through the atmosphere arrived at the earth surface in the form of diffuse 

radiation (30%). 

(b) Another portion of solar radiation is absorbed (19%), and 
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(c) The remaining portion of the solar radiation traverses through the 

atmosphere and reaches the ea rth' s surface in the larm ol'direet radiation 

(5 1%). 

4% 20% 6% 

Rellected by 
Atmosphere 

Reflected 
by Clouds 

Incoming Solar 
Radiation 100% 

Reflected from 
Surface 

51% Absorbed at Surface 

19% Absorbed 
by Atmosphere 

and Clouds 

Fig.I. 1 G lobal modification of incoming so lar radiation by 

atmospheric and surface process 

1.2.2 Solar Spectrum 

We perceive solar radiation as white light. In fact, it spreads over a wider 

spectrur;n of wave length, from infrared ( longer than red light) to ultraviolet (shorter 

than violet). Pattern of wave length distribution is criti ca lly determined by the 

temperature of the suriace of the sun [21 . Spectral distribution or sunlight is given in 

Fig.I. 2. 

3 
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Fig. 1.2 Spectral distribution of sunlight. Shown are the cases of 

AMO and AM 1.5 radiation together with the radiation 

distribution expected from the sun if it were a black body at 

6000 K 

1.2.3 Availability of Solar Radiation 

Despite the absorption and scattering of the solar radiation in the earth's 

atmosp~ere, amount of energy received on earth's surface in one hour would still be 

enough to cover the energy requirements of the whole world for I year. Hence the 

issue is not one of availability of solar energy, but of the feasibility of converting it 

into forms suitable for human use. As indicated earlier, 30% of solar radiation is 

reflected immediately back to the space. The remaining 70% is mainly used to warm 

the earth's surface, atmosphere and oceans (47%) or is absorbed for the evaporation of 

water (23%). Relatively very small proportions are used to drive the winds, waves and 
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for plants (in photosynthesis). Ultimately, all the energy used on earth is radiated back 

to space, in the fonn of infrared radiation. 

1.2.4 Direct and Diffuse Radiation 

The earth is surrounded by atmosphere, which contains various gaseous 

constituents, suspended dust and other minute solid and liquid particulate matter and 

clouds of various types. Therefore, solar radiation is depleted during its passage 

through the atmosphere before reaching the earth's surface. If the atmosphere is very 

clear then the depletion in the solar radiation occurs simultaneously by three distinct 

physical processes: 

(i) Selective absorption by water vapor, molecular oxygen, ozone and carbon 

dioxide in certain wavelengths 

(ii) Rayleigh scattering by molecules of different gases and dust particles that 

constitute the atmosphere and 

(iii) Mie scattering, which takes place where the size of the scattering particles 

is greater than the wavelength of radiation. 

Hence depletion in the solar radiation occurs both by true scattering 

(involving a redistribution of incident energy) as well as by absorption by the 

particles, where part of the radiant energy is transfonned into heat [3]. The radiation 

received after its direction has been changed by scattering and reflection is known as 

"diffuse radiation". During clear days, magnitude of diffuse radiation is about 10 to 

14% of the total solar radiation received at the earth's surface. Only diffuse radiation 

may reach the earth's surface during extremely cloudy days. Radiation received 

without any change in direction or scattering is known as "direct radiation" (beam 

radiation). On a clear day, direct radiation falling on earth's surface can have [he 

maximum power density of 1 kW 1m2 and is known as '1 sun' for solar collector 

testing purposes [2]. Direct and diffuse radiations are useful for most solar thennal 

applications. But only direct radiation can be focused to generate very high 
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temperatures. On the other hand, it is the diffuse radiation that provides most of our 

"day light". Sum of these two is called "total radiation" or "global radiation". 

1.2.5 Air Mass Ratio 

Radiation available on the surface of earth is less than the radiation available 

outside the earth's atmosphere and this reduction in intensity depends on atmospheric 

conditions (amount of dust particles, water vapor, ozone content, atmospheric 

pressure, c10udness etc) and solar altitude. The latter factor determines the length of 

atmosphere through which solar beam has to travel before reaching the earth's 

surface. If the altitude of the sun is small, the length traversed by the beam is long. On 

the other hand if the sun is at the zenith (overhead), solar beam traverses a vertical 

path, which is the shortest path through the atmosphere. Path length of solar beam 

through atmosphere is accounted through-the term 'air mass' (solar constant) which is 

a numerical comparison between the path length (which the solar beam actually 

traverses) and the vertical path through the atmosphere [3J Thus at the sea level air 

mass (m), is unity when the sun is at the zenith. In general, 

path length traversed 
Air mass = ---------- .......... (1.1) 

Vertical depth of atmosphere 

There is a widespread international agreement that performance of PV cells 

and modules should be measured under a set of standard test conditions. Essentially, 

these specifY that temperature of a cell or module should be 25°C and that solar 

radiation incident on the cell should have a total power density of 1000 W/m2 with a 

spectral power distribution known as Air Mass 1.5 (AM1.5). Spectral power 

distribution is a graph describing the way in which power contained in the solar 

radiation varies across the spectrum of wavelengths. Or the concept of Air Mass 

relates to the way in which the spectral power distribution of radiation from the sun is 

affected by the distance the sun's rays have to travel through the atmosphere before 

reaching PV module or array. 

6 
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In space, solar radiation is obviously unaffected by the earth's atmosphere and 

has a power density of approximately 1365 W/m2
• The characteristic spectral power 

distribution of solar radiation, as measured in space is described as Air Mass 0 (AMO) 

distribution. When the sun is at its zenith (ie, directly overhead) the path length of 

solar beam is minimum, the characteristic spectral power distribution of solar 

radiation is known as the Air Mass i (AMi) distribution. 

When the sun is at a given angle q to the zenith (as perceived by an observer 

at sea level) the air mass is defined as the ratio of the path length of the sun's rays 

under these conditions to the path length when the sun is at its zenith [2]. This leads to 

the second definition of Air Mass ratio as: 

Air Mass - I/Cosq .......................... (1.2) 

An air mass distribution of 1.5, as specified by the standard test conditions, 

therefore corresponds to the spectral power distribution observed when the sun's 

radiation is coming from an angle to overhead of about 48 degrees, since Cos (48) = 

0.67 and the reciprocal of this is 1.5. 

Knowledge of exact distribution of energy content in sunlight is important in 

solar cell characterization because cells respond differently to different wavelength of 

light. Distribution of energy over wavelength [4] is given in Fig.1.2. Photovoltaic 

(PV) devices or solar cells as they are often referred to, are semiconductor devices that 

convert sunlight into direct current (DC) electricity without any physical movement. 

Group of PY cells are electrically configured into modules and arrays, which can be 

used to charge batteries, operate motors and to power any number of electrical loads. 

Interesting aspect of this device is that it can be used for producing miIIiwatt and 

megawatt at the same efficiency. Moreover this is modular in nature, one can add 

more units to the existing unit as per the power requirements. 

1.2.6 Advantages of Solar Energy 

Solar energy has the following advantages over conventional energy: -
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)l> Energy from the sun is virtually free after the initial cost has been 

recovered 

)l> Depending on utilization of energy, pay backs can be very short, 

when compared to cost of other common energy sources used 

)l> Solar and other renewable energy systems can be stand alone, thereby 

not requiring connection to a power or natural gas grid 

)l> The sun provides a virtually unlimited supply of solar energy 

)l> Use of solar energy displaces conventional energy, which usually 

results in a proportional decrease in green house gas emissions 

)l> Use of solar energy is an untapped market 

1.2.7 Applications 

Solar energy can be used to heat building air or water (Iow temperature use) 

and for industrial application in concentrated fonn (high temperature use) in many 

different ways [5]. Next direct application is production of electricity using PV 

conversion. An average home has more than enough roof area, to produce enough 

solar electricity to supply for all the power requirements. Other current terrestrial 

applications of solar energy are: 

• Salt production by evaporation of sea water or inland brines 

• Solar distillation on a small community scale 

• Solar drying for agricultural products 

• Solar cookers 

• Solar engines for water pumping 

• Food refrigeration 

• Solar furnaces 

• Solar thermal electrical power generation 

• Industrial process heat 
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1.3 Solar Cells 

1.3.1 Historical Survey 

The tenn "photovoltaic" is derived by combining the Greek word for light, 

photos, with volt, the name of the unit of electromotive force (the force which causes 

motion of electrons). The 'volt' was named after the Italian Physicist Count 

Alessandro Volta, the inventor of the 'VoIta cell'. The tenn photovoltaic therefore 

signifies the generation of electricity from light. Discovery of photovoltaic effect is 

attributed to French Physicist, Edmond Becquerel (1839). He found that photo voltage 

resulted from the action ofIight on an electrode in an electrolyte solution [6]. The first 

report of PV effect in a solid substance was made in 1877 when two Cambridge 

scientists Adams and Day observed variations in electrical properties of selenium 

when exposed to light [7]. In 1883, Charles Edgar Fritts, a New York electrician, 

constructed a selenium solar cell, having low efficiency. Nevertheless, selenium cells 

eventually came into widespread use in photographic exposure meters. By 1914, solar 

conversion efficiency of about I % was achieved with the selenium cell after it was 

realized that an energy barrier was involved both in this cell and in the copper/copper 

oxide cell. 

But it was only in 1950's that the breakthrough occurred which resulted in the 

development of modern high efficiency solar cells. It took place at Bell Telephone 

Laboratories (Bell Labs) in USA where a number of scientists were studying the effect 

of irradiation of semiconductors. In 1954. Chapin et al reported conversion efficiency 

of 6% for Si single crystal cell [8]. Eventhough PV effect was discovered in 1839, it 

remained a laboratory curiosity until the mid 1950's when US space programme was 

started. In 1958, solar cells were used to power a small radio transmitter in the second 

US space satellite, Vanguard I. Although PV cells were used since 1950's in 

spacecraft, the interest in their terrestrial use enhanced very much due to the oil 

embargoes of early 1970's. 
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The CU2S/CdS heterojunction (9] was the first - all - thin - film - photovoltaic 

system to receive significant attention. Since then, the science and technology of PV 

devices and systems underwent revolutionary developments. Today, the best single 

crystal Si solar cells reached an efficiency of 24.7%, compared to the theoretical 

maximum value of 30% [1 OJ. The industrial production of PV modules is growing at 

approximately 25 percent annually, and major programs in the US, Japan and Europe 

are rapidly accelerating the implementation of PV systems on buildings and 

interconnection to utility networks. 

1.3.2 The pn Junction 

Photovoltaic energy conversion requires separation of electrons and holes by 

an internal electric field. For solar cells, the most common device structure is pn 

junction, although there are other concepts. 

In thennodynamic equilibrium, the two differently doped parts of the crystal 

are separated by a potential step. At the interface between n-type and p-type, both 

carrier concentrations have a strong gradient. Electrons flow from n-type portion to 

the p-type portion where they recombine with the holes. At the same time, holes flow 

from the p-type to n-type section and there they recombine with electrons. This has 

the consequence that the charge of the ionized, immobile impurities near the interface 

have to remain uncompensated, resulting in a negative space charge in p-type part and 

a positive one in n-type part. These space charges produce an electric field and hence 

a potential difference (the diffusion voltage Vd) at the pn junction. [n thennodynamic 

equilibrium, the diffusion currents due to the concentration gradients are 

compensated, just as the field induced currents of the two types of carriers. 

Fonnation of a potential step means that the band schemes of p-type and n

type semiconductors (assumed to be initially separated) are shifted with respect to one 

another until their Fenni energies have reached the same value S [Fig.1.3]. 

III 
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Fig. 1.3 Band scheme, Carrier concentration, 

impurity concentration and charge density for a 

pn junction 

Owing to the transition of electrons from the n-type to the p-type 

semiconductor the energy of the former decreases and the energy of the latter 

increases. The barrier created at the junction is equivalent to an imaginary battery 

connected at the junction with positive on n-side and negative on p-side. 

Height (eVJ) of the potential energy step is equal to difference ofinitial·Ferrni 

energies and is related to carrier concentrations of n-type and p-type sections outside 

the space charge regions; nnl Pn and np, Pp where nn is the majority carrier 

concentration (electrons) in the n-type, Pn is the minority carrier concentration (holes) 

11 
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in the n-type, np is the minority carrier concentration (electrons) in the p-type and PI' is 

the majority carrier concentration (holes) in the p-type. 

In the case of non-degenerate semiconductors under thermodynamic 

equilibrium we have, 

". =". ex{ (~:; }...... ....................... (U) 

P. = Po exp( E~;S) ............................................ (1.4) 

"p ="0 ex{ (~:: ). ................................. (1.5) 

Pp = P. ex{ E~;S)................... ........ (1.6) 

where E;, E:, E;, Er. are the band edge energies in n-type and p-type sections 

outside the space charge regions. Also we obtain intrinsic density nj from 

where Eg :: E; - E; :: E: - E,~ ............................... (1.8) 

Dividing eqn (1.3) by eqn (1.5) and eqn (l.4) by eqn (1.6) 

nn (E:-EnJ (eVd) np :: exp kT C :: exp kT ............................ (1.9) 

eV, = kTI{ :J kTIn(::) = kTln(":? ). ...... (1.10) 

where e Vd :: E: - E; :: Er. - EI~ ............................ (Ll1) 

Eqn (1.10) shows that step height is directly linked with majority and minority carrier 

12 
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densities. 

[t is easy to show that in the case of strong doping, ie, if nn »n, and Pp »nj , 

( C; - E; J ( )1/2 (E~ J no exp kT »nopo exp - 2kT ................... (1.12) 

( E:-C;J 1/2 ( Eg J Po exp kT »(nopo) exp - 2kT ................... (1.13) 

Effective state densities no and Po are different only because of the different effective 

masses of electrons and holes and in many cases they are of the same order of 

magnitude, ie, 

no ::::: Po ::::: (nopot 2 •••..•.••••••••.•••••••••••.••.•••.•••• (1.14) 

and from equations (1.12) and (1.13) we obtain 

E;-C;«1/2Eg ......................................... (1.15) 

and 

C; -E~ «1I2Eg ......................................... (1.16) 

Addition of these two relations yield 

E; - E: «Eg ............................................. (1. 17) 

and a combination of equations (1.8) and (1. 11) yields 

eVJ == E; -E; -(E; - En = Eg -(E; -En ................ (1.18) 

With the assumptions nn » nj and Pp» nj , ie, using eqn (1.17) we obtain, 

eVJ ::::: Eg ..................................................... (1.19) 

But this is an extreme case. While the height Vd of the potential step depends 

only on the carrier concentrations of the n-type and p-type substances, the potential 

Curve Vex) at the pn junction depends on the local distribution of the space charges, 

13 



Chapter 1 An introduction to photovoltaics 

ie, on the distribution of impurities NA (x) andN D(x)near the bou~dary surface. 

These distributions are called "impurity profiles". Electrical properties of pn junctions 

adapt themselves to the impurity profiles and thus to the potential curve. 

Both in metal-semiconductor contacts and pn junctions, carrier transport 

depends on the width d of space charge layer as compared with an "average mean free 

path" of the charge carriers. In pn junctions, this mean free path is the so called 

diffusion length CL) of the minority carriers. It is determined by the mean free path 

traversed by a minority carrier before it recombines with a majority carrier [11]. The 

most important electrical property of a pn junction, namely its rectifying action, can 

be understood without exact knowledge of the impurity profiles and the potential 

curve. 

1.3.3 The pn Junction Under Load 

Application of a voltage U at the pn junction changes height of potential step 

(ie, the step height Vd). If the p-type part is positive with respect to the n-type part, 

the barrier voltage is reduced to e Vd ...:. eU . In the case of inverse polarity, it is raised 

to eV" +eU. The unilateral thermal current of minority carriers, j(np)and j(Pn)' 

flowing towards the interface, are independent of the voltage applied, as these are 

diffusion currents. These are proportional to the equilibrium concentrations n p and 

Pn: 

j(np) = Cln p ................................................... (1.20) 

j(Pn)::: C3Pn ................................................... (1.21) 

Cl and C;; are constants. 
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The unilateral thennal currents of majority carriers, j(nn) and j(p p) are 

proportional to the fraction of carriers able to surmount the potential step of height 

eVd ±eU, ie, 

. J eV" ±eu) ;(nn)::: C2nn ex1. - kT .............................. (1.22) 

. J eV" ±eu) }(PP):::C4ppex~- kT ............................ (1.23) 

where C2 and C 4 are constants. 

From the condition ofthennodynamic equilibrium (U = 0) 

and 

The net current through the pn junction is then obtained as the sum of the 

electron current and the hole current: 

j = j(nn) - j(np) + j(pp) - j(pJ ........................... (1.26) 

Substituting equations (1.20) and (1.21) as well as (1.22) and (1.23) tHe 

current-voltage characteristic of the pn junction 

j = [j(n,) + j(P.{ex{ ± :~)-l] ......................... (1.27) 

Reduction of the barrier height, ie, application of a negative potential to the n

type section, corresponds to the forward biasing: Magnitude of the saturation current 

densities j(n p) and j(p,,) depends on the potential curve at the pn junction and on 

the recombination mechanism. 
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Measurements of the current-voltage characteristics of pn junctions are 

essentially in agreement with the theoretical relation (eqn 1.27). If very high voltages 

are applied in the reverse direction of the rectifier (n-type section positive, negative 

sign of the exponent), eqn (1.27) loses its validity. Above the so called 'breakdown 

Voltage' the saturation current grows rapidly, ie, the number of carriers passing 

through the junction increases very much. There are two mechanisms, which are 

responsible for this effect: 

j. Production of secondary electrons by impact ionization (carrier multiplication) 

When (reverse bias) blocking voltage is increased the electric field strength at 

the junction will reach very high values (-37.5 V, Si diode). The carriers are then 

strongly accelerated in this high field so that their energy is sufficient for excitation of 

additional electron from the valence band. The holes and electrons supplied in this 

way result in sudden increase of the reverse current [Fig. lA]. 
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Fig. 1 A Carrier activity within a reverse biased junction 
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ii. Internal field emission (Zener effect) 

When reverse voltage is sufficiently high, electric field strength at junction 

region becomes so high that the energy bands in this region became strongly inclined 

there making Et and E; in this region almost equal [Fig.l.5]. If the spacial 

separation between valence and conduction bands is sufficiently small, tunneling 

between valence and conduction bands becomes probable. Zener was the first to 

calculate the corresponding tunneling probability. At sufficiently high reverse voltage, 

condition for tunneling is satisfied in the case of narrow pn junctions (pn junctions 

with steep impurity profiles) so that electrons from the valence band of the p-type 

section may tunnel to the n-type conduction band. This will also cause a steep increase 

of the reverse current with increasing voltage. 

1.3.4 Junction Under Irradiation 

Semiconductor pn junction, which can convert radiative energy into electrical 

energy, is called Solar Cell. Structure of a typical solar cell is depicted in Fig. 1.6. If a 

homogeneous semiconductor is exposed to light or some other radiation, electrons are 

excited from the valence band to the conduction band (generation of electron-hole 

pairs), the carrier concentrations and thus the conductivity of the semiconductor will 

increase (photoconduction). However growth of carrier concentration is counteracted 

by increased recombination and ambipolar diffusion, ie, by diffusion of electron-hole 

pairs without charge transport [11]. 

If, however, electron-hole pairs are produced in the region of a pn junction, 

they are separated from one another by the electric field of the space charge region. 

This gives rise to a charge transport (an electric current) through the junction. 

Let us assume the excess concentrations due to light absorption to be denoted 

by b.n and !1p for electrons and holes respectively. If the wavelength of light 

corresponds to the energy gap of the semiconductor, 

l:v1 =!1p ....................................................... ( 1.28) 
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Fig 1.5 Band scheme of a pn junction in the Zener effect and 

schematic current-voltage characteristic for a Zener diode. The 

band scheme is represented for a blocking voltage belonging to 

the working point indicated on the characteristic 
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In extrinsic semiconductors, excess concentrations of minority carriers are 

usually much lower than concentrations ofthe majority carriers. For the two sections 

of a pn junction, we can therefore write in a good approximation 

!J..n «nn ...................................................... (1.29) 

t::.p« Pp ...................................................... (1.30) 

Thus concentrations of the majority carriers are virtually unchanged due to 

irradiation of light. Minority carrier concentrations, however, reach the values 

(np + fu1) and (Pn + t::.p). Hence minority carrier currents are increased by 

irradiation as; 

19 
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and 

Because of equations (1.29) and (1.30) the majority carrier currents remain 

unchanged, ie, 

jhv(n,,) ~ j(nn) ......................................... (1.33) 

and 

jhv(P p) ~ j(pp) ........................................ (1.34) 

rn the case of thennodynamic equilibrium, ie. If U = 0 and hy= 0, eqns (1.24) and 

(1.25) are again yalid. rnstead of eqn (1.26) we obtain for the total net current from 

(1.33) and (1.34) 

j = j(n,,)- jhv(np)+ j(pp)- jhv(P,,) ................. (1.35) 

or, using eqns (1.31) and (1.32), 

where 

jhv = j(6.n) + j(~p) .................................... (1.37) 

Hence it follows by analogy with eqn (1.27) that 

. - . ( (+ eu) -1J - . } - If exp - kT hv .... ......................... (1.38) 

with the saturation current for hy= 0 : 

js = j(np) + j(pJ ....................................... (1.39) 

In closed circuit with condition U = 0, the photocurrent flows as short-circuit 

current in the reyerse direction of the pn junction. From eqn (1.38) we have 

j = - jhv .......................................... (1.40) 

20 
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When the pn junction in an open circuit condition is irradiated, an external 

photoelectric voltage arises as open circuit voltage. The photodiode acts as a 

photocell. For j = 0 from eqn (\.38) 

} .. ~ ),( ex{ ± :~) -IJ .......................... (141) 

or 
. . (+ eu) jhv + Js :: Js exp - kT 

I+;.V ::exp(±:~) 
U:: kT In(1 + j~v J .............................. (1.42) 

e I, 

But we know that jhv :: j(M) + j(!1p) == 2j(M) cc M 

js = j(np) + j(Pn) == 2j(np) cc np 

Therefore U = kT In(1 + MJ .............................. (1.43) 
e np 

The voltage U in equations (1.42) and (1.43) is developed because of 

accumulation of separated minority carriers in p and n regions. This voltage is always 

forward biasing leading to the decrease of the built in field at the junction. 

Open circuit voltage causes a reduction of the potential step between the p

type and n-type sections. In the case of irradiation of the pn junction in open circuit, 

the height of the potential step drops to e Vd - e U . From the band scheme, it is easy 

to see that the maximum of photoelectric voltage will be U mu :: VJ • The potential 

step and thus the electric field at the pn junction become smaller as the radiation 

intensity is raised. As soon as the field vanishes, minority carriers are no longer 

separated and net charge flow through the pn junction becomes equal to zero. 

11 
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According to eqn (1.19) the barrier height at the doped pn junction, and thus also the 

maximum photoelectric voltage, is given by the value E g of the energy gap. The 

maximum photoelectric voltage is then of the order of 0.1 - 1 V. 

1.3.5 Symbolic Representation of Solar Cell 

Rs 

RSh Rr-d 

Fig.I.7 Equivalent circuit of a pn junction for the two diode 

model with diffusion Is. recombination current ISR• series 

resistance R •• shunt resistance Rsh and light generated current IL 

Current-voltage characteristics of a pn junction are further modified because 

of a parasitic series (R.) and shunt resistance (Rsh ) associated with the solar cell. 

Bulk resistance of the semiconductor and the resistance of the contacts and 

interconnections are the origin of the series resistance. Shunt resistance can be caused 

by lanice defects in the depleted region, such as grain boundaries and large 

precipitates. Another reason may be the leakage currents around the edges of the cell. 

To evaluate the effects of these parameters, one can theoretically obtain the current

voltage behavior of the pn junction io the equivalent circuit as shown in Fig.I.7 using 

the following equation, 

( (e(U-IR,)) J ((e(U-IR,)] (U-fR.] 
I=C/s exp kT -1 +C2 IsR exp 2kT -1 + Rsh -lhv 

........ (1.44) 

.,., 
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In many practical cases, this two diode model gives a good description of the 

current-voltage behavior of real pn junction solar cells [12J. Parameters Cl and C2 are 

then obtained by curve fitting technique. 

1.3.6 Solar Cell Output Parameters 

Perfonnance of a solar cell under illumination can be completely described by 

the current-voltage characteristics [Fig.I.8J. For practical purposes, it is sufficient in 

many cases, to characterize the current-voltage characteristics with a few parameters 

only. If we consider a typical current-voltage curve of a pn junction diode in dark and 

under illumination as depicted in Fig. 1.8, we can define three parameters that give 

rather complete description of the electrical behavior. 

Fig. 1.8 I-V characteristics of a pn junction diode in 

dark and when illuminated 

First one is the short-circuit current ( I,c ) which is obtained for U = O. This 

is the maximum current that can be extracted from the device by connecting upper and 
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lower electrodes of the cell to an ammeter with negligible internal resistance. 

Considering the analytical expression (1.44) for the current-voltage curve, it is evident 

that 1st: is equal to the light generated current Ihv ' if the series resistance Rs is zero. 

A finite series resistance Rs reduces short-circuit current. Low energy band gap and 

high diffusion length of minority carriers are favorable for high short-circuit current. 

I~ = 1,( ex{ ± e;; )-1) ..................................... (1.45) 

Second parameter is open-circuit voltage ( Vac)' which is obtained for I = 0 . 

In general, two-diode model (eqn (1.44) leads to a transcendental equation, which can 

only be solved numerically. Only in the ideal case where IsR =R s = 0 and Rsh = 00 

an analytical expression can be derived: 

Vo< = k: 10(1 + It J ............................................ (1.46) 

Voc is determined by the ratio Ihv /Is ' In order to get high open circuit voltage, 

saturation current of the diode must be as small as possible and for this, high band gap 

is essential. But this is contrary to the requirements for high photocurrent. Maximum 

conversion efficiency is obtained for semiconductors with an energy band gap 

between 1.2 and 1.5 eV. 

Performance of solar cell is eventually determined by the fraction of the total 

power of incident light that can be converted into electrical power. Under 

illumination, the junction is forward biased and the external load resistance 

determines an operating point on the current-voltage curve. Electrical power output 

P = IV is equal to area of the rectangle that is defined by the corresponding values 

Vp and I p' In the I-V characteristic, for simplicity, the ideal diode behavior eqn 

(1.38) shall be considered again, which yields for P 
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p ~ Jp k: In(I + Jp ;,J
h 

) .................................. (1.47) 

In general, solar cell will be operated under conditions that give the maximum 

power output. One particular operating point (V mp' Imp) will maximize this power 

output [4]. The maximum possible area Pmax = VmpI mp for a given current~voltage 

curve detennines the Fill Factor FF, which is determined by 

Vmplmp 
FF = ............................................. (1.48) 

VQCISC 

Evidently FF is larger, the more "square~like" the current~voltage curve is. 

Typically it has a value of 0.7 to 0.9 for cells with a reasonable efficiency [11]. 

P ffWI, can be calculated from eqn (1.44) by taking the derivative with respect to U. In 

the ideal case, with IsR = R
J 
= 0 and Rsh = cc, the equation yields a relationship for 

FF which is only dependent on the open circuit voltage and can be approximated by 

e Voc .'kT -In(O.72 +e Voc/kT) 
FF = ................... (1.49) 

l+eVoclkT 

In general, numerical methods have to be applied to detennine the fill factor 

FF. The three parameters Vac' lsc and FF are sufficient to calculate the energy~ 

conversion efficiency 11 of the solar cell, which is defined by 

VmpI mp FFVoJsc ~ 
'7 = = .................................. ( 1.)0) 

Pm 1';" 

Where P,,, is the total power of the incident light. Considering the general expressions 

for V 0<' and Isc ' essential material parameters that determine the efficiency of a solar 

cell are lifetime and mobility of the minority charge carriers and surface 

recombination velocities. Since technical design of a solar cell device is closely linked 

to material parameters, practical solar cells will have efficiencies lower than the ideal 
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values. A discussion of the major limiting factors will be given in the following 

section. 

1.3.7 Spectral Response 

Spectral response measurement can provide information about nature of 

junction and contribution of various cell components to the output of the device. 

Photocurrent collected at each wavelength relative to the number of photons incident 

on the surface at that wavelength determines the spectral response of the device. The 

"internal spectral response" (SR(A.)) is the number of electron-hole pairs collected 

under short circuit conditions relative to the number of photons entering the material 

and is given by 

while the external response ( SR{A. Lt ) is the internal response modified by reflection 

losses of the surface of the device and is represented as 

SR(A. Lt = SR(.1, XI- R(,1,)] ....................... ................ ( 1.52) 

where Jp (A. ), J n (A), J dr (A) are the hole diffusion, electron diffusion and depletion 

region contribution respectively, to the total photocurrent density J L' F(,1,) is the 

number of photons per square centimeter per second per unit band width incident on 

the device at wavelength A, and R(A.) is the fraction of these photons reflected from 

the surface. 

1.3.8 Efficiency of an Ideal pn Junction Cell 

On analyzing the performance of ideal pn junction solar cell, upper limit of 

efficiency can be obtained for a particular semiconductor. Three parameters 

describing the performance of a cell are open circuit voltage (Voc )' short circuit 
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current (l,e) and fill factor (FF). Since FF can be expressed in terms of Vac and 

1$C' only ideal limits of these two parameters be examined. 

It is relatively easy to calculate upper limit of short-circuit current 

l,c = 1hv for any semiconductor from the light generated current 1hv given in 

equation (40). For simplicity, we assume a crystal of infinite thickness Wp = 00 

having no current from the depletion region (W::: 0), no surface recombination 

(Sn = S p = 0), and a uniform diffusion length Ln = Lp = L. Total current density 

jltv(J (t::.n) + j (~)) is then given by 

. efi)o(l-R) aL ( ( (aL-I)X n )] 
Jhv= (/)()2 aL-exp- ....... (1.53) 

cosh xn L aL - 1 L 

Value of jhv depends on position of the junction below top surface and 

assumes a maximum value at x:ax, which can be determined from eqn (1.53) by 

taking derivative with respect to xn • The corresponding current density is then given 

by 

with 
rnax In(ar) 

xn ~ L ............. (1.54) 
aL -1 

For a high quality material, one can assume a large diffusion length Land 

aL »1 over most of the wavelength range of solar radiation. One obtains x:U < 1 

and cosh (x:ax / L) ~ 1 so that the current mainly depends on the photon spectrum of 

the sunlight So (v). Integrating from the lowest possible photon energy ·that can 

generate an electron-hole pair, one obtains the maximum current as a function of the 

band gap of the semiconductor. 
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Fig. 1.9 Calculated upper limits of the short-circuit current density as 

a function of the energy band gap of the solar cell semiconductor for 

a photon flux corresponding to AMO and AMI.S 

Figure 1.9 shows results for spectral distribution AMO and AM 1.5. It is quite 

evident that current increases with decreasing band gap, since more photons have 

enough energy to generate charge carriers [4]. 

Limitations on open circuit voltage of pn junction solar cell are less clearly 

defined. For the ideal cell, expression for Vac is given in eqn (1.46). Inserting the 

saturation current Is, 

I, ; I" ex{ -:; ) .......................................... (1.55) 

Vac can be approximated for I hv > Is by 

Voc = kT(l+ IhvJ~.!.(Eg +kTln Ihv J ................ (1.56) 
e Is e Iso 
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This equation is valid for low injection conditions where I hv /1'0 < I and 

f« < Eg / e . The prefactor for the saturation current 1'0 depend on the mobilities and 

life times of charge carriers and can be expressed by 

It is evident that saturation current Is has to be as small as possible for a 

maximum Vac. The important parameter that determines the choice of semiconductor 

material is the band gap, and the expression given above shows that, with increasing 

E ,the saturation current decreases and the open circuit voltage increases. However 
g 

this condition is just the opposite of that required for a high Ise. Hence there exists, a 

maximum in the efficiency of a cell. One can assign favorable values to mobility and 

lifetime to calculate efficiency as a function of band gap energy. For instance, the 

lifetime of electrons and holes are intrinsically limited by radiative recombination in 

semiconductor. Calculations for two different sun spectra [13] are given in Fig. 1.1 0 

and this shows that optimum band gap occurs between lA and 1.6 eV. The near 

optimal efficiency for AM1.5 (29%) occurs for GaAs (lA eV), whereas the peak 

efficiency for silicon Cl.! eV) is about 26% which is lower than optimum but 

relatively high. Corresponding open circuit voltage is about 0.7 V and FF is 0.84. 

There are two fundamental reasons for the limited efficiency of a 

semiconductor solar cell based on an ideal pn junction device. First, losses occur 

because energy of photons above E g is wasted in the form of heat. Second, egn (1.56) 

indicates that output voltage is smaller than the maximum voltage, which corresponds 

to the band gap energy E g / e. In general, it can be shown that a pn junction is 

inherently incapable of fully utilizing the maximum voltage by which electron-hole 

pairs are separated. 

?Q 
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Fig. 1.10 Solar cell efficiency limits as a function of the 

band gap of the cell material 

Equation (1.56) also suggests that open circuit voltage can be increased by 

enhancing intensity of the incident sunlight. Numerical calculation shows that this is 

most effective near the maximum. For instance, for 1000 suns (ie, 844 kW/m\ the 

maximum efficiency increases to 37%. This increase is primarily caused by open 

circuit voltage Vue' since the ratio lIe / Pm in eqn (1.50) is essentially independent of 

the incident power, as can be seen from eqn (1.45). Technically this concept is 

realized in concentrator solar cells, which need, however, direct sunlight and a 

tracking system to follow the path of the sun in the sky. 

It is also obvious that energy of the incident photons can be used more 

effectively ifband gap of the semiconductor could be adjusted to different wavelength 

ranges. This idea has lead to development of multiple or tandem cells with different 

band gap energies [12]. 
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1.3.9 Factors Affecting Efficiency of a Solar Cell 

Ideal limits of efficiency have been calculated assuming optimal parameters 

for material quality and design of solar cell. Important material parameters are lifetime 

and mobility of minority carriers in the bulk, and recombination velocity at front and 

back surfaces of the cell. Though for some semiconductors like silicon and GaAs, 

high quality material can be produced; it is generally difficult to retain quality of 

material during processing of a cell, especially under the constraint of low production 

costs. Since material parameters are closely linked to technical design and fabrication 

of solar cell, actual device characteristics of pn junction will be lower than its ideal 

values. 

1.3.9.1 Optical Losses (Short Circuit Current Losses) 

Losses in the light generated current directly reduce short circuit current and 

open circuit voltage (eqn (1.46». Incident light cannot be fully utilized because of 

finite reflectivity R, which, in the case of bare silicon, is about 30%. Basically two 

approaches are employed to decrease R. Most commonly used one is antireflection 

(AR) coating on the top surface oftfte cell. Minimum of reflection is then given by 

RoW = ( ::: : :::: r .......................................... (1.58) 

where no, n1 and n2 are the refractive indices for air (or glass), coating and substrate 

respectively. Reflectivity is zero if n1 2 ~ nOn2 which can only be fulfilled for a small 

range of wavelengths. In practical cases, the condition is adjusted to the wavelength at 

the maximum intensity of the solar spectrum (600 nm), which reduces total 

reflectivity. AR coatings have to be transparent and are usua!ly deposited as 

amorphous layers to suppress light scattering at grain boundaries. 

A further improvement is possible by using multilayer coatings with different 

refractive indices. Another possibility for changing reflectivity is by texturing top 
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surface. This can be achieved by using particular etchants that preferentially attack 

inclined crystallographic planes, so that pyramidal structures are formed. With the 

combination of both techniques, it is currently possible to keep total reflectivity below 

3%. 

Optical losses also occur because of finite thickness of solar cell. In order to 

collect major fraction of the sunlight inside the cell, a certain thickness is required for 

any material. This is particularly large for indirect band gap semiconductors having 

lower optical absorption coefficient. For silicon, a thickness of about 100 to 400 f..UTI is 

needed to absorb most of the light. Optical thickness of a semiconductor can be 

reduced by light trapping technique. Here trapping of light inside the crystal is 

achieved by reflecting light several time~ between front and back surfaces before it is 

finally absorbed. This requires a mirror at the backside and textured surfaces at the 

top, which reflects the light at oblique angles. 

The metal grid on the top further reduces incident sunlight, which is necessary 

to make electrical contacts on the emitter side of the junction. Even under optimum 

conditions, front contact blocks about 5% to 10% of the incoming light unless more 

sophisticated cell structures are used. Design of top contact grid is an important area 

in cell fabrication. 

/.3.9.2 Recombination Losses (Open Circuit Voltage Losses) 

A fraction of charge carriers is always generated far away from the junction, 

and some losses occur because minority carriers recombine before they can diffuse to 

device tenninals. In a pure defect free monocrystalline semiconductor, radiative 

recombination and Auger recombination detennine carrier lifetime, which depends on 

doping concentration. This is approximately given by the following equation for p

type side, 

'I = 2 ............................................ (1.59) 
SnNa +SanNa 
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HereS" ~d San are the transition probabilities for different recombination processes 

and, in practice, these parameters have to be determined experimentally. 

If deep trap impurities or other lattice defects are present, lifetime for this 

process becomes approximately (for the p-type region) 

T, = 0-. V:N T (I + ~:) .................................... (1.60) 

where PI :::: N v ex{ Ev k~ Er ), N r is the trap concentration, an is the capture 

cross section of the defect and vr the thermal velocity of electrons. Corresponding 

expressions can be derived for an n-type region. Total lifetime r is given by 

'1'2 1 
,:::::::: 2 ••••••••• (1.61) 

'1 +'2 SnNa +SanNa +CYnvrNrNa/Na + PI 

Thus , decreases with doping level N a' Since a shorter lifetime reduces 

diffusion length of minority carriers (as L:::: (D,)'I2), higher doping level also 

reduces the light generated current lhv' 

Other important recombination centers are surfaces, dislocations, grain 

boundaries in polycrystalline semiconductors and interfaces in heterostructure solar 

cells. Each of these is discussed in detail by L. L. Kazmerski [14]. Recombination at 

surface and in bulk are also fundamental processes that determine Vac' In general, 

l'ei:ombination processes in the entire cell should be minimized as much as possible. 

Bulk recombination occurs due to trap levels near the middle of the band gap. If 

appropriate trap levels are present, this condition is especially met in depletion region 

of the junction. Recombination in space charge region, which has been neglected in 

the calculation of the ideal current-voltage characteristics of the pn junction, can 

11 
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actually become very important. Increase of recombination current results in an 

increased saturation current, which reduces open circuit voltage. 

1.3.9.3 Series and Shunt Resistance (Fill Factor Losses) 

Current-voltage characteristics of pn junction are further modified because of 

series Rs and a shunt resistance RJh associated with solar cell. In any real cell, R
j 
>0 

and R'h < co, resulting in some power losses [15]. Origin of series resistance is from 

bulk resistance of semiconductor and resistance of contacts and interconnections. 

Shunt resistance can be caused by extended lattice defects in depleted region or 

leakage currents around edges of the cell. Extended defects, which can easily occur in 

low-cost semiconductors, are dislocations, grain boundaries and large precipitates. 

Plots of current-voltage charactenstics for various combinations of series and 

shunt resistance are given in Fig.l.ll. This shows that essentially shape of the current

voltage characteristics and hence FF is changed due to even a small change in these 

parameters. When shunt resistance as low as 100 Q does not appreciably change the 

power output of the device, it can be seen that even a small series resistance of 5 Q 

reduces total efficiency by 30%. For a typical n- on p-type silicon solar cell, the series 

resistance is about 0.7 Q. 

1.3.9.4 Effect of Temperature 

A considerable fraction of the incident light (about 80% to 90%, depending on 

the efficiency) is transformed into heat and hence operating temperature of a solar cell 

can vary over a wide range, especially in the case of concentrator cells. Material 

parameters, which mainly change with the temperature, are band gap energy, which 

usually decreases. and the minority lifetime, which generally increases, with 

increasing temperature. This will increase light generated current ( Isc ) slightly due to 

increased light absorption and increase in minority carrier diffusion length. However, 

open circuit voltage will more rapidly decrease because of exponential dependence of 
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saturation current on temperature, and correspondingly, the fill factor will degrade 

too. 

60 

40 

20 

<" 0 
.! 
11 .. 20 

d -. 
-60 

. ., It" .0 
)(..10.-

- lOO 

-0." -u o 0..2 Q..4 0.8 
VaI __ U IVI 

Fig. 1.11 Calculated I-V characteristics for pn junction solar 

cells under illumination with different series Rs and shunt 

resistance Rsh 

Therefore, overall effect causes a reduction of cell efficiency, as temperature 

Increases. 

e Voe + ylcT - Ego 
~V oc = ~T .................................. 0.62) 

eT 

where Ego is the band gap at T ;;: 0 K and y is a parameter that summarizes the 

temperature dependence in the prefactors of I hv / Is and varies approximately 

between I and 4. Inserting appropriate values for silicon, it can be seen that open-
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circuit voltage decreases with temperature (2.3 m V /oC at room temperature) and the 

efficiency is reduced by about 0.5% per 1°C. This effect is reduced for larger band 

gap materials, such as GaAs, where the sensitivity to increasing temperature is about 

half as much compared to silicon. 

1.4 Why Thin Film Materials? 

A thin film is a material created ab initio by random nucleation and growth 

processes of individually condensing! reacting atomic! ionic/molecular species on a 

substrate. Structural, chemical, metallurgical and physical properties of such a 

material are strongly dependent on large number of deposition parameters and may 

also be thickness dependent. Thin film may encompass a considerable thickness 

range, varying from a few nanometers to tens of micrometers and hence can be best 

defined in terms of the "birth process" rather than by thickness. Being simpler, 

cheaper and having relatively much larger throughput or rate of deposition, thin film 

techniques are of considerable interest for Thin Film Solar Cell (TFSC) technologies. 

Atomic, random nucleation and growth processes bestow new and exotic propeI1ies to 

thin film materials [16]. These properties can be controlled and reproduced, provided 

a range of deposition parameters are monitored and controlled precisely. 

Features of thin film processes that are of interest for solar cell technologies are listed 

below. 

» A variety of physical, chemical, electrochemical, plasma based and hybrid 

techniques are available for depositing thin films of the same material 

» Power to mass ratio will be always high in the case of thin film cells 

» Microstructure of films of most materials can be varied from one e:-..lreme 

of amorphous/nanocrystalline to highly oriented and/or epitaxiai growth, 

depending on the technique, deposition parameters and substrate 

» A wide choice of shapes, sizes, areas and substrates are available (unlike in 

the case of crystalline Si cells) 
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,. Because of relaxed solubility conditions and a relaxed phase diagram, 

doping and alloying with compatible, as also in many cases, incompatible 

materials can be obtained 

,. Surface and grain boundaries can be passivated with suitable materials 

,. Different types of electronic junctions, single and tandem junctions are 

feasible 

,. Graded band gap, graded composition, graded lattice constants etc., can be 

obtained to meet requirements for a designer solar cell 

);> In case of multi component materials, composition and hence band gap and 

other optoelectronic properties can be graded in desired manner 

);> Surfaces and interfaces can be modified to provide an interlayer diffusion 

barrier and surface electric field 

);> Surfaces can be modified to achieve desired optical reflectancel 

transmission characteristics, haze and optical trapping effect 

,. Integration of unit processes for manufacturing solar cells and integration 

of individual solar cells can be easily accomplished 

,. Besides conservation of energy and materials, thin film processes are in 

general eco-friendly and are thus 'Green' processes 

But, keeping in mind the factor that all good things have a price, the ability to tailor 

numerous properties of thin films required for an efficient solar cell demands good 

understanding of the material so produced with the help of a range of monitoring and 

analytic facilities. High sensitivity of film properties to deposition parameters can 

produce a multitude of undesired results and hence thin film materials should be 

treated carefully. 

1.5 Thin Film Solar Cells 

In thin film solar cells, active semiconductor is a polycrystaIline or 

amorphous thin film that has been deposited on a supporting substrate made from 
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glass, ceramic, metal, plastic or another semiconductor. Various deposition techniques 

such as evaporation, CVD or sputtering are available today and offer great flexibility 

in forming semiconducting films of various compositions. Basic requirement is that 

thickness of the film is larger than inverse of the absorption coefficient for the longer 

wavelengths of the spectrum so that most of the light can be absorbed. Next 

requirement is that diffusion length of minority carriers is larger than the film 

thickness so that most light generated carriers can be collected. Thin film solar cells 

are therefore mainly made from compound semiconductors with direct band gaps and 

high absorption coefficients. 

Main advantage of thin film solar cells is the low fabrication cost (due to 

energy for processing), relatively" lower costs· and quantity of the materials required, 

and possibility of large scale production. Flexibility in deposition techniques also 

allows development and utilization of novel semiconductors, which otherwise, might 

be difficult to produce. Deposition of semiconductors on foreign substrates usually 

results in polycrystalline or amorphous films with optical and electrical properties that 

can be substantially different from single crystal behavior. This is mainly due to large 

number of grain boundaries and other lattice defects. However, one of the major 

problems with thin film cells is that, in many cases, higher defect density also reduces 

efficiency and stability of the cells compared to the single crystal cells. Great efforts 

have therefore been made to understand influence of lattice defects on photovoltaic 

and/or photoconductive properties of the semiconductor. Though remarkable 

improvements have been obtained in particular cases, many fundamental problems 

still need to be solved especially in the case of compound semiconductors suitable for 

thin film cells. 

A variety of junctions such as Schottky barrier, homojunction and 

heterojunction have been studied. Junctions can be abrupt, graded, buried, heteroface 

etc., involving materials of different conductivity/ type of conductivity [15]. Different 

iunction clevi~e~ with anoronriatelv g:raded band !Zao can be olaced in tandem to form 
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a muirijunction device [17]. Theoretically if all solar photons can be converted into 

electricity, one may approach thennodynamic Carnot cycle efficiencies [18]. 

Theoretical analysis shows that 53% efficiency can be achieved with four junction 

devices and as the number of junctions goes to infinity [19], the efficiency can reach 

as hi~ as 68%. In view of difficulty and complexity of fabricating such 

optoe:ectronically matched junctions, commercial devices with only three junctions 

could be produced using a~Si:H [20] and GaAs [21]. 

1.6 Structure of Thin Film Solar Cells 

Thin film solar cells consist of several layers of different materials in thin film 

fonn. In general the solar cell consists of substrate, transparent conducting oxide 

(TeO I • buffer layer (p or n type), absorber layer (i or p type) and metal contact layer. 

Each of the component materials has different physical and chemical properties and 

each rlects the overall perfonnance of the device in some form or other. A critical 

unders-:mding of behavior of these individual components is essential for designing a 

device .. -\Iso important are the various interfaces between different layers. Since each 

layer ~as different crystal structure, microstructure, lattice constant, electron 

affinity work function, thennal expansion coefficient, diffusion coefficient, chemical 

affiniry. mobility, mechanical adhesion etc, the interfaces can cause stress, defect and 

intert~~ states, surface recombination centers, interdiffusion and chemical changes 

with anendant electro~optical changes. 

1.6.1 Substrate and Superstrate Configurations 

Thin film solar cell devices are configured In either "substrate" or 

"supersuate" structure. For substrate configuration, the substrate is metal or metallic 

coating on a glass/polymer substrate, which also acts as a contact. The structure of the 

cell in substrate configuration is glass/metallmetalliclTCO .coating/absorber 

layer/t-urfer layer/metal contact and the cell is illuminated from the front side. The 

term superstrate refers to a solar cell configuration where the glass substrate is not 
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only used as supporting structure but also as window for the illumination and as part 

of the encapsulation. The solar cell is grown on a glass substrate, but in operation the 

glass is "above" the solar cell structure, thus the name "Super"strate. For superstrate 

configuration, the substrate is transparent and a conducting oxide coating on the 

substrate makes the contact. The structure here is glass/TCO/buffer layer/absorber 

layer/metal contact and illumination is given through the substrate side. 

Both superstrate and substrate device structures are currently being pursued 

for CIGS device fabrication. The film growth and interdiffusion and hence the device 

properties are dependent on the device structure. The CIGS solar cells based on 

superstrate structure is inferior to substrate structure because of the interdiffusion of 

CdS during high temperature CIGS film growth. The best device efficiency of 10.2% 

was reported on superstrate device configuration having lnO buffer layer. On the 

other hand, a substrate configuration with CdS buffer layer resulted in a 19.2% 

efficiency device. CdTe devices are fabricated preferably in superstrate configuration 

because the CdTe surface is expose~ for contacting. In addition the benign feature of 

CdS diffusion during the processing reduces the lattice mismatch between CdTe and 

CdS. The importances of the different layers are discussed in the following section. 

The substrate and superstrate configurations are given in Fig. 1.12 (a) and (b). 

1.6.2 Absorber Layer 

This is the layer, which absorb light to convert its electromagnetic energy into 

the energy of electron-hole pairs. The material requirements are the following: 

(i) The energy gap of the material should match the spectral region where the 

cell is expected to operate. Energy gap can be measured by optical 

absorption, photoreflectance and photoluminescence measurements. 
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(a) 

(b) 

Fig. 1.12 (a) substrate and (b) superstrate configurations of the cell 

. , 
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(ii) Optical absorption coefficient of the absorber material has to be high in 

order to absorb most of the illumination energy within the thin layer~ 

Indirect semiconductors, where the energy gap for indirect transitions is 

smaller than the energy gap for direct ones, usually show too small optical 

absorption and require a complicated light-trapping scheme. Typical 

chalcopyrite semiconductors for solar cell applications, like CuInSe2 and 

CuInS2, are direct semiconductors, so that large absorption coefficients 

can be achieved. 

(iii) A large bulk life time and large diffusion length are desired for minority 

carriers to get high efficiency cells, although these requirements are not so 

stringent for thin film solar cells compared to the bulk ones, due to a 

much smaller distance the carriers have to diffuse through, in the cell. In 

order to achieve a large carrier diffusion length, one has to avoid 

crystalline defects and impurities, which could produce recombination 

levels close to the middle of the band gap decreasing the mobility. 

However, one can achieve a reasonably large short circuit current from a 

cell, in which absorber is made of a material with diffusion length 

substantially smaller than the thickness of the cell, if one uses a p-i-n 

structure. If Id is the drift length, the design criterion to choose thickness d 

of the absorber layer so that Id > d. 

(iv) n- and p- type dopability. Although the absorber layer of i-type may be 

used, no Fermi level pinning has to happen throughout the band gap. As it 

follows from the work ofKlein and Jaegermann [22J, Fermi level pinning 

and the absence of the dopability of a certain type may be related to a 

Fermi level-dependent formation of compensating defects. Also, Fermi 

level pinning may result in tunneling-enhanced interface recombination 

current across the junction. 

42 



Chapter J An introduction to photovoltaics 

(v) No degeneration should be possible in the material, independently of the 

defects. Otherwise random impurities will make the semiconductor 

degenerate and tunneling through the narrow space charge region will 

short-circuit the structure. 

1.6.3 Buffer Layer 

Primary function of a buffer layer in a heterojunction is to form a junction 

with absorber layer while admitting a maximum amount of light to the junction region 

and absorber layer; without any photocurrent generation in the buffer layer. The 

requirements are listed below. 

(i) Large energy band gap for high optical transmission in the visible region. 

Novel p-type material like CuI with a band gap of 2.9 eV may even 

outperform traditional CdS material (Eg = 2.4 e V) from this point of view. 

(ii) Optimal band discontinuities. Ideal solar cell junction will separate 

electrons and holes, letting through only one carrier type. This may be 

achieved if the energy band discontinuity, between the wide band gap 

buffer layer and the absorber material, is distributed in such a way, that 

there is no band offset for the minority carriers, but there is a large barrier 

for majority carrier. The second condition is fulfilled if the first is 

fulfilled, provided the difference between the band gaps is significant. If 

there is a band offset for the minority carriers in the buffer layer, then it 

may lead to the formation of 'spike' or a 'cliff', depending on sign of the 

offset. If the band offset produces a cliff, probability of the interface 

cross-recombination is increased, and flat band condition is achieved at 

bias smaller than Egi'q of the absorber [23]. One consequence is that 

output voltage of the cell is limited in this case, because of the lack of 

barrier height. Band alignment with a moderate spike is rather optimal, 

although the presence of a spike means the band offset for the minority 

carrier decreases and the interface becomes less selective. In a more 
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general case even a moderate spike may be dangerous as far as efficiency 

is concerned. Band discontinuities are usually studied using 

photoemission spectroscopy. Recent measurement using X-ray 

photoemission spectroscopy of the valence band discontinuity at 

CuInS2/CuI interface resulted in virtually no band offset [24], making this 

material combination attractive for solar cell applications. 

(iii) Lattice mismatch (and consequent effects) at the junction is important for 

consideration for epitaxial or highly oriented layers. In the case of 

microcrystalline layers, mismatch varies spatially and thus the 

complicated effect, if any, is averaged out. 

(iv) Doping density in the buffer layer has to exceed that in the absorber 

sufficiently, in order to confine the space charge region in the absorber, 

where its electric field helps to separate charge carriers [25]. Moreover 

larger doping density in the buffer layer is necessary to suppress the 

minority carrier generation in order to reduce the bucking current density, 

and to hold the Fermi level away from the middle of the band gap at the 

interface in order to suppress the interface recombination. However, 

strongly doped buffer layer material or buffer material with a doping 

limitation can induce the tunneling-enhanced interface recombination 

current [26] if there is a corresponding doping limitation in the absorber, 

or in the presence of a spike band alignment. 

Interestingly the oldest and only well studied buffer layer material is CdS. 

Works on cells using CdS started in 1954, almost at the same time when works on 

silicon cells started. But currently people are trying hard to avoid this material as it 

contains cadmium. 

1.6.4 Transparent Conducting Oxide, TCO (Window Layer) 

Transparent conducting oxides in general are n-type degenerate 

semiconductors with good electrical conductivity and high transparency in the visible 
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spect~m. Thus, a low resistance contact to the device and transmission of most of the 

incident light to the absorber layer is ensured. Conductivity of a TCO depends on 

carrier concentration and mobility. An increase in carrier concentration may result in 

enhanced free carrier absorption, which reduces the transparency of the TCO in the 

higher wavelength region. Hence increasing mobility by improving crystalline 

properties is considered to be the pathway for a good TCO [27]. Typical materials 

achieve mobility of approximately 40 cm2Ns. Besides these, optoelectronic 

properties, mechanical, thermal, chemical and plasma-exposure stability and passivity 

[28] ofTCO's are important considerations. Studies have shown [29] that only ZnO

based TCO's can withstand H-bearing plasma and are also stable upto 800 K. 

Therefore, ZnO based materials are being increasingly used in thin film solar cell 

technologies. Table 1.1 lists typical values of resistivity and transmission in the visible 

region for various TCO's of interest for photovoltaic application. 

Table 1.1 Typical resistivity, transmission and band gap for various TCO materials 

investigated for solar cell applications (visible region) 

Material Resistivity (O-cm) Transparency (%) Band Gap (e V) 

Sn02 8.0 x 10'" 80 3.7 - 4.6 

InZ03:Sn (ITO) 2.0 x 10'" >80 3.5 - 4.6 

In203:Ga (IGO) 2.0 x 10'" 85 3.30 

In203:F 2.5 x 10'" 85 3.50 

Cd2Sn04 (CTO) 2.0 x 10'" 85 2.7 - 3.0 

ZnZSn04 (ZTO) 10'l 90 3.35 - 3.85 

ZnO:ln 8.0 x 10'" 85 3.30 

CdO 2.0 x 10'· 90 2.50 
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1.6.5 Back Contact 

In superstrate structure it should be beneficial to use a wider band gap 

material for the back contact in order to increase carrier type selectivity and to reduce 

interface recombination [30]. This back contact must transmit maximum light to the 

buffer layer. In the substrate configuration, in order to form an ohmic contact, it can 

be a metal used for the contact and should have work function higher than that of the 

p-type semiconductor. This aligns the metal Fermi level with the upper valence band 

edge. 

1. 6. 6 Substrate 

Solar cell substrate has to be stable at the cell fabrication temperature. 

Another important issue is good adhesion to the layers of the cell. Depending on the 

application, it should be cheap like a soda lime glass or a polyimide film [31]. Usually 

one tends to avoid diffusion of impurities from the substrate, although sometimes it 

may lead to better results as in the case of sodium to the cell [32]. Substrate appears to 

play an active role in improving the photovoltaic performance of the CIGS absorber 

materials. Sodium in soda-lime glass substrate has been considered as a key pre 

requisite for efficient eIGS device fabrication. Na diffuses from the substrate into 

CIGS absorber and improves the grain growth and cell performance [33]. Sodium is 

inherently present in soda-lime glass (SLG) and in the case of Na free substrate Na 

precursors (Na2Se, Na2S, NaF) are intentionally incorporated in the device fabrication. 

1.6.7 Antireflection Coating 

Antireflection coating may be used in order to avoid efficiency loss due to the 

light reflection during penetration of the interface to an optically denser material, 

which is the solar cell. It may be applied as an alternative, or in addition to the surface 

texturization. 

1.6.8 Top Grid 

For a top grid, metal films or their stacks are usually used. Bottom layer ofthe 

grid has to provide a good ohmic contact to the window layer and it has to have a 
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large melting point in order to avoid diffusion into the cell structure during the whole 

period of operation. Nickel is often used for this purpose. Top layer of the grid has to 

be good electrical conductor, and it has to be readily connectable. Aluminium is often 

used as the top layer. Metallic grids are not necessary. Screen-printed top grids used in 

Si technology may be applied. Monolithically interconnected modules do not use any 

top grid at all. 

Long - tenn stability is vital for success of any cell. For this, stability of the 

materials is required. Diffusion and reaction at interfaces have to be controlled. Also, 

good adhesion between layers of the cell is important. Above all materials for the cell 

have to be cheap and abundant. 

1. 7 Materials for Thin Film Solar Cells 

1.7.1 Absorber Layer 

1.7.1.1 Copper lndium Selenide (CulnSeJJ 

The I-Ill-VI chalcopyrite materials have very desirable properties suitable for 

photovoltaic application. CulnS2, having a band gap of 1.53 eV, is considered as an 

ideal material for photovoltaic application. Difficulties in controlling sui fur during 

deposition and the relatively rapid diffusion of metals and impurity species, even at 

low temperatures, slow down the large-scale usage of this material [34]. However 

devices with efficiency 12.5% have been reported [35]. On the other hand, CulnSe2 

with band gap of I eV, has proved to be a leading candidate for photovoltaic 

application. It is one of the most absorbing semiconductor materials (absorption 

coefficient of 3 - 6 x lOS/cm) and also makes an excellent junction and a solar cell. 

CulnSez and other chalcopyrites appear to tolerate wide range of anion-to-cation off

stoichiometry. Unlike the II-VI analogue, CulnSe2 can be doped to make n- and p

type to a low resistivity level, merely via introduction of native defects. The most 

benevolent feature of polycrystalIine CulnSe2 lies in the electrically benign nature of 

its numerous structural defects and hence polycrystalline CulnSe2 films are as good an 

electronic material as its single-crystal counterpart. This makes CulnSez based solar 
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cells less sensitive to the impurities, grain size and crystalline defects. Devices with 

active area efficiency of 15.4% were fabricated from CulnSe2 [36]. Superior device 

performance is achieved when the junction is matched to the solar spectrum by 

increasing the band gap. Resultant increase in Voc is also beneficial to the 

manufacturing process and device properties by: (a) reducing the number of scribes 

for the monolithic integration the cells into module; Cb) reducing the top and bottom 

electrode thickness; (c) lowering the temperature coefficient at maximum power point 

and (d) making it less sensitive to light intensity fluctuations. Alloying with Ga [37], 

Al [38], or S [39] increases band gap of CulnSe2 so as to make it more suitable for 

high efficiency single-junction and multi junction devices. An increase in the band 

gap and improved process conditions resulted in the fabrication of high performance 

solar cells with efficiencies of 19.2% for smaU area [40] and 13.1 % for large area (90 

x 60 cm2). However increasing number of alloy components makes multiple processes 

extremely complex and thus intelligent processes are required for precise control of 

the composition during deposition. Use of expensive and rare metals such as In and 

Ga also adds to the cost of manufacturing. 

1.7.1.2 Cadmium Telluride (CdTej 

Owing to its optoelectronic and chemical properties, CdTe is an ideal 

absorber material for high efficiency low cost thin film polycrystalline solar cells. 

CdTe is a direct band gap material with an energy gap of 1.5 eV, and an absorption 

coefficient - 105 fcm in the visible region, which means that a layer thickness of a few 

micrometers is sufficient to absorb - 90% of the incident photons. Owing to the 

requirement of high temperature for deposition, in most cases, films are deposited 

with Cd deficiency, giving rise to p-type conductivity. Because of the high ionicity 

(72%) ofCdTe, the crystallite formed is well passivated with strong chemical bonding 

(5.75 eV) resulting in high chemical and thermal stability. CdTe solar cell devices 

have proven to be remarkably tolerant to the deposition methods and devices with 

efficiency > 10% have been fabricated by several deposition techniques. Some of 
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these techniques, (like close-spaced sublimation (eSS),. PVD, electrodeposition and 

screen printing) have been scaled to yield large area modules. Solar cells based on 

CdS/CdTe junction have achieved an efficiency 16.5% in small areas compared with 

the theoretical maximum efficiency [41] of 29%. For the past ten years the efficiency 

has only changed from 15.8% [42] to 16.5% [43]. The reason for such a slow progress 

appears to be lack of research efforts on the issues as the requirement of activation 

treatment that changes the bulk, interfacial and grain boundary properties and 

difficulty of fonning an ohmic contact without degrading the device. 

1.7.1.3 Amorphous Si (a-Si) 

Amorphous silicon is widely accepted as a thin film solar cell material 

because (a) it is abundant and non-toxic; (b) it requires low processing temperature 

enabling module production on flexible and low cost substrates; (c) The technological 

capability for large area deposition exists; and (d) material requirement is low, (only 

1-2 J.llll) due to the inherent high absorption coefficient compared with crystalline 

silicon. High absorption results from the inherent high disorder, due to dangling bond 

of the order of 1019 
/ cm3

, in the material so that all-optical transition are allowed. On 

the other hand disorder acts as recombination centers that severely reduce the carrier 

lifetime and pin the Fenni level so that the material cannot be doped either n-or p

type. Incorporation of 10% hydrogen in the film during deposition greatly reduces 

density of defects to 1016/cm3
, yielding a new and exotic material, a-Si:H which has a 

well defined optical threshold (mobility gap) at 1.75 eV compared with the crystalline 

Si indirect band gap at 1.1 eV. The reduction in the defect density makes a-Si:H 

material suitable for doping and alloying with a range of materials and for junction 

device fabrication. However, the properties of the material and the junction device are 

severely affected by the light induced creation of meta-stable defects, known as 

Staebler- Wronski effect. Light induced degradation of a-Si:H devices is partially 

tackled by reducing the a-Si:H layer thickness so that photogenerated carriers need to 

move only a short distance to reach electrode. However, thinning down also results in 
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lower light absorption and thus optical confinement techniques employing diffusely 

reflecting front and back contact are required to increase effective layer thickness in 

order to absorb the photons. 

The a-Si alloy materials are no longer strictly classical amorphous materials 

with short range order «I nm). Under suitable deposition conditions and strong 

hydrogen dilution, nanocrystalline and microcrystalline materials [44] are obtained. 

The existence of very small Si crystallites dispersed in amorphous matrix deposited by 

plasma enhanced chemical vapor deposition (PECVD) under high H dilution was 

confirmed with infrared absorption and XRD measurements [45]. While crystallite 

size and volume fraction are very small, these crystallites catalyze crystallization of 

the remainder of the amorphous matrix upon annealing. Microcrystalline materials 

deposited by this method is found to have less defect density and are more stable 

against light degradation compared with a-Si. Recently developed improved 

efficiency materials consist of this heterogeneous mixture of the amorphous and an 

intermediate range order microcrystalline material. Laser [46], rapid thermal 

annealing and optically assisted metal-induced crystallization techniques [47] were 

also used to obtain microcrystalline film from amorphous film and to increase the 

grain size. 

1.7. 1.4 Polycrystalline Si 

New high rate deposition technologies for polycrystalline Si films and 

innovative solar cell designs are being evolved to make reasonably efficient solar 

cells. Crystalline silicon on glass (CSG) technology combines low manufacturing cost 

of thin film technology with established strengths of silicon wafer technology [48]. 

Owing to high conductivity, no TCO w~ required for the current collection. Main 

advantage of polycrystalline silicon over a-Si is that mobility can be order of 

magnitude larger and material also shows greater stability under electric field and 

light induced stress. With the assistance of light trapping technique, efficient modules 

(as high as 7%) have been fabricated on 2 J..IIl1 thick silicon films [48]. High rate 

<1\ 
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deposition of polycrystalline silicon films can also be obtained by hot-wire CVD 

technique [49]. Large grain, 5-20 Ilm, polycrystalline silicon layers have been 

deposited at rates as high as 3 j.UTIlmin using iodine vapor transport at atmospheric 

pressure [50]. Microcrystalline and polycrystalline silicon films have lower optical 

absorption in contrast to high optical absorption in a-Si. 

1.7.1.5 Organic Semiconductors 

There are at least three very good reasons why organic materials are 

promising for PV application. Two of them are based on the necessity to reduce the 

cost of production. Requirements on quality and purity of organic material are small 

and their large-scale production is relatively easy as compared to most inorganic 

materials. Third is connected to the infinite variability of organic compounds, which 

can, in principle, be tailored to all needs. Organic semiconductors can be classified 

into three categories, depending on their chemical properties, as insoluble, soluble and 

liquid crystalline. They can be further classified as monomers (such as dyes), 

pigments and polymers [51J. Doping of organic semiconductors can be done by 

introducing foreign atoms or molecules, or by electrochemical oxidation/reduction 

process. Some dopants for p-type materials are, Ch. Br2. h. N02• organic molecules 

such as o-chloranil and 2,4,7-trinitrofluorenone, high electron affinity semiconductors 

such as C60 and perylene diamides. Some dopants for n-type material are, alkali 

metals, phenothiazines or semiconductors with low ionization potential. Mobile 

charge concentration can also be changed by trapping of stray electrons in conduction 

band (material becoming better hole conductor than electron conductor by shifting the 

Fermi level close to the volume bond due to the reduction of free electron 

concentration). making the material doped p-type conductor. Since there is no net 

increase in the charge carrier concentration, conductivity does not increase unless 

mobility is affected. 
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Organic solar cells have the advantage of using chemically tailored materials 

with desired properties and can potentially be manufactured by inexpensive 

technologies. In order to be attractive from manufacturing point of view, organic solar 

cell device efficiency has to be improved from the current « 3%) efficiency [52]. 

Also, organic solar cells have stability problem common to conjugated polymers [53]. 

However, these may not be very serious problems and may be overcome in the near 

future due to intense research going on in this field. 

1.7.2 Buffer Layer 

1.7.2.1 Cadmium Sulfide (CdS) 

CdS cells have a history of development, dating back to 1954 [54], about the 

same year as the first results appeared for diffused silicon cells. Since then, there have 

been several attempts to produce a commercial §olar cell based on this material. It is 

one of the most extensively investigated semiconductors in thin film form and a large 

variety of deposition techniques have been utilized to obtain solar cell quality layers. 

These preparation techniques include evaporation [55], spray pyrolysis [56], chemical 

bath deposition [57], MBE [58], CVO [59], anodization [60], electrophoresis [61] etc. 

Among them, CBO has been proven to be the most suitable method to produce CdS 

thin films for photovoltaic application. In general films deposited using CBO are 

stoichiometric, which results in high dark resistivity and high photosensitivity 106_109 

in CdS [62, 63]. The CIGS solar cells typically using CdS window layer (which is 

deposited by a chemical bath deposition (CBO) technique) provide a superior device 

performance, with efficiencies upto 19.2% has been achieved [40]. Eventhough 

lattice mismatch between CdTe (111) and CdS (001) is - 9.7%, CdS remains the best 

heterojunction partner for CdTe. CdS has an energy band gap of 2.42 eV. Relatively 

low band gap of CdS as a buffer layer reduces the blue response, but the effect is 

mitigated in both CdTe and CIGS devices by utilizing thinner CdS films. 
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1.7.2.2 ZnxCd/-..s 

Composition of the alloy films play a dominant role in determining their 

structural, electronic and optical properties. In general, CdS and ZnS form a solid 

solution over the entire composition range and the alloy films exist in a single-phase 

wurtzite structure upto 60% Zn concentration irrespective of the deposition technique. 

Beyond 80% ZnS, the films exhibit cubic structure. Between 60 and 80% ZnS 

concentration the films exist in both wurtzite and sphalerite structures. Optical band 

gap of these films is direct at all compositions [64] and varies sublinearly with 

composition from that of pure CdS (2.4 eV) to that of pure ZnS (3.6 eV). Variation of 

Eg with the alloy composition x can be expressed as 

Eg (x) = Eg (0) +[Eg(l) - Eg (O)]x-cx(l- x) .. _ ........... (1.63) 

where Eg (0) andEg (I) are the energy gaps of the two constituent compounds and c 

is the optical bowing [65]. Increase in band gap results in increased Voc when it is 

used as buffer layer in solar cells. 

1.7.2.3 Indium Sulfide (In~JJ 

On the one hand research is aimed at a better understanding of the junction 

formation in classical devices with chemical bath deposited CdS. On the other hand 

works are in progress to replace cadmium sulfide by cadmium free buffer layers due 

to environmental reasons. Numerous studies are going on for cadmium - free buffer 

layers. Many are related to the growth of buffer layers (from solutions by chemical 

bath deposition) such as ZnS, ZnSe and indium sulfide, which are not pure and often 

contain oxygen impurities. Indium sulfide (In2S3) is a Ill-VI compound originating 

from II-VI semiconductor by replacing group II metals by group III elements [66]. A 

number of techniques have been used to prepare this compound such as CBD [67], 

organometallic chemical evaporation [68], spray pyrolysis [69-71], thermal 

evaporation [72], rf sputtering [73] and atomic layer epitaxy [74]. Naghavi et al 

prOved Atomic Layer Chemical Vapour Deposition (ALCVD) as an effective method 
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for the deposition of indium sulfide. They reported an efficiency of 16.4% for a 

copper indium gallium diselenide (CIGS) solar cell with indium sulfide deposited 

using ALCVD [75]. Band gap of the indium sulfide layer was about 2.7 - 2.8 eV and 

hence wider than that of CdS (2.4 eV). They considered quantum size effect as a 

possible origin forthis difference [76]. An increase of band gap upto 3 eV is possible 

for very small grain sizes between 2 and 3 nm. Presence of oxygen and sodium has 

been reported also to increase markedly band gap of indium sulfide prepared by PVD 

[77, 78]. As a buffer layer, being a wider band gap material than CdS, this material 

should decrease optical absorption losses at short wavelengths, leading to a gain in 

efficiency due to an increase in short circuit current. Indium sulfide layer (ALCVD) 

has also been used for CIGS so"lar modules (module area 30 x 30 cm2) with an 

efficiency of 10.8% [79]. Stability test indicated a similar behavior of standard 

cadmium containing modules. In our lab, we deposited indium sulfide thin films using 

spray pyrolysis technique, which was found to deliver an efficiency of 9.5% with 

CulnS2 as the absorber layer [80] and detailed descriptions on this work are given in 

following chapters. 

1.7.2.4 Indium Selenide (InzSeJJ 

In recent years, thin film of In2Se3 compound has attracted considerable 

attention as a new semi conducting material for photovoltaic solar cell [81]. InzSe3 

crystallizes in a layered structure (a-phase), I3-In2Se3 obtained by heating a-InzSe3, 

defect wurtzite structure (r-phase) [82] and a recently discovered anisotropic structure 

(K phase) [83]. In general, band gap of In2Se3 is 1.7 eV and depending on the 

preparation conditions it can vary upto 2.4 e V close to that of CdS [84]. One of the 

advantages of indium selenide is that it forms negligible lattice mismatch with 

CulnSe2' However, the low transmittance of indium selenide is a limiting factor to get 

high current densities. Gordillo et al obtained an efficiency of 9.2% with the cell 

structure Mo/CISlIn2Sey'ZnO with evaporated In2Se3 layer [85]. They also suggest 
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that decreasing the thickness of In2Se3 leads to an increase of J.c• On the other hand, 

the reduction of the thickness of In2Se3 layer leads to a decrease in open circuit 

voltage (Voc)· Most likely explanation of this behavior is reduction of the band 

bending in the absorber layer by decreasing buffer thickness. In our lab, we have 

prepared indium selenide thin films using SEL (Stack Elemental Layer) structure [86]. 

SEL structure was grown using chemical bath deposited a-Se film and vacuum 

evaporated indium thin films. Whole process of film preparation of In2Se3 involved 

two steps. First step was the preparation of Se-In stack layers while second stage 

involved the process of annealing the stack layers. Works are in progress for the 

fabrication of CuInSeiIn2Se3 junction. 

1.7.2.5 Zinc Oxide (ZnO) 

Zinc oxide is a wide gap semiconductor AlIBV! with n-type conduction. 

Because of its structural, electrical and optical properties, ZnO is useful for many . 

applications in different devices, including gas sensors, transparent electrodes in solar 

cells and acousto-and electro-optical devices. Optical band gap energy of the films is 

3.3 eV. This allows maximum light to be transmitted to the cell when it is used as the 

window layer. Many different techniques such as chemical vapour deposition [87] 

spray pyrolysis [88], sputtering [89] and laser deposition [90] are used for the 

preparation of ZnO thin films. Today, chalcopyrite -based devices with the structure 

ZnOlbuffer layer/CIS or CIGSlMo/glass reach highest efficiencies. A record 19.2% 

efficiency was obtained for the cell structure ZnO/CdS/Cu(ln,Ga)Se2 solar cells [40]. 

Bi-layer structure of the window layer also was found to yield good efficiency cells. 

Cell having structure MgF2/ZnO: B/i-ZnO/CdS/CIGS/Mo fabricated by Hagiwara et 

al yielded an efficiency of 18% [91]. 

1.7.2.6 Indium Hydroxy Sulfide (In,,(OHSJ.J 

Indium sulfide thin films often contain oxygen impurities (0 or OH groups), 

Which contribute to widening the band gap. Band gap energy depends on the film 

stoichiometry (between 2.0 eV and 3.7 eV) and is between band gap energies ofln2S3 
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and In203 respectively [92]. Huang et al obtained an efficiency of 7.39% for the 

Inx(OH,S)y'CIGS solar cells [93]. A still better efficiency of 15.7% was reported by 

Hariskos et al [94]. In both the cases the films were deposited using CBD technique. 

Some of the alternate buffer layers investigated for solar cell applications are listed in 

Table 1.2. 

Table 1.2 Alternate buffer layers for solar cell 

Alternate buffer layer Deposition technique Reference 

InxSey, In2Se3 Co-evaporation 95 

GaxSey, Ga2S3, Ga2Se3 Co-evaporation 95 

In(OH)xSy, In(OH)3 CBD 96 

ZnInxSey ALD 97 

Sn (S,Oh Spray 98 

zr02 CBD, PLD 99 

ZnO, GaZnO, ZnO:B RF!DC sputtering 100 

ZnSe,ZnS Sputtering, Co-evaporation 101 

(ZnCd)S Spray, PVD, CBD 102 

a-CdS:O Sputtering 103 
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Chapter 2 

REVIEW ON In2S3 AND CuInS2 THIN FILMS 

2.1 Introduction 

In2S, is one of the numerous compounds in the In-S phase system [I]. Three 

well defined modifications of In2S3 have been reported in the literature. The cubic u

form [2] is stable above 693 K and crystallizes in the defect spine! structure (a = 10.77 

A). The stable room temperature phase is i3-In2S3 [3]. A third modification (y-In2S3) 

with trigonal symmetry has been reported above 1047 K [4]. 

It belongs to the Ill-VI compounds, is a wide band gap semiconductor with 

high photoconductive and luminescent properties. Thus the material finds its 

application as buffer layer in solar cells. Eventhough CdS is very efficient in 

achieving promising cells, it is undesirable from the point of view of environmental 

safety. Moreover a wider band gap material than CdS can reduce optical absorption 

losses at short wavelengths. 

CuInS2 belongs to the group of I-III-VI2 compounds, which are probably the 

most interesting ternary members in the tetrahedral family. These compounds usually 

have chalcopyrite structure [5]. It is the simplest, noncubic ternary analogue of the 

well-understood binary zinc blende structure, with cia ratio approximately equal to 

two. CuInS2 in particular, having an optimum band gap of 1.5 eV and high absorption 

coefficient, is a potential candidate as absorber layer in solar cells. 

Some of the works done earlier on these materials and on solar cells based on 

CuInS2 are described in this chapter. 

2.2 In2S3 Thin Films 

The physical properties and structure of indium sulfide [Fig. I] thin films are 

given below. Indium atoms are in red colour and sulfur in blue colour. 

Structure : Tetragonal 
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Colour 

Appearance 

Melting, Point 

Density 

Lattice Parameters 

Review on In.S .! and Cu/nSl lhin films 

: Yellow 

: Crystalline solid 

, 1050'C 

, 4450 kg/m' 

:a = b = 7.619Aandc = 32.329A 

Fig. I Crystal structure of In2S3 

The crystal structure of indium sulfide had been studied by Hahn et al (2) who 

ascribed to it the cubic structure of a disordered cation deficient spinel. C. J. X 

Rooymans [3J found that some "extra lines" in the X-Ray diagram were conclusive 

evidence indicating that InzSJ was in fact tetragonal. The tetragonal unit cell was 

fonned by the superposition of three spinel blocks, a four-fold screw axis appeared as 

the result of indium vacancy ordering. 

2.2.1 Preparation Techniques 

Variety of preparation techniques were reported for this material and some of 

them are di scussed below. 
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Thin films of InzS3 were prepared by chemical precipitation onto glass 

substrates by Kitaev and Dvounin [6]. These films were amorphous regardless of their 

thickness (150 to 400 nm) and crystallized when heated to 773 K in vacuum. 

Use of single source evaporation for the deposition of compound 

semiconductor films often leads to highly non-stoichiometric films. This was because 

of the decomposition of the solid when heated in vacuum and of preferential 

evaporation of the components. To avoid these difficulties indium sulfide was 

deposited by reactive evaporation of indium in a sulfur atmosphere by George et al 

[7]. They used a glass crucible placed in a canonical basket of molybdenum wire to 

evaporate sulfur and a molybdenum boat to evaporate indium. The substrate (micro 

glass slides) temperature was varied between room temperature and 600 K. The 

source to substrate distance was 15 cm and the deposition rate was around 20 to 30 

nmlmin. Films showed [3- InzS3 phase. They optimized the substrate temperature to be 

425 ± 50 K ie, the films were smoother, had good transmission and the refractive 

index approached the bulk value at this temperature. They found that this was in good 

agreement with the concept of critical optimization of Vincett [8]. He concluded from 

many experimental results that, when the substrate temperature approached about 0.33 

of the boiling point of the material, the film qualities (surface smoothness, optical 

transmission, carrier mobility etc) improved considerably. Also the bulk diffusion was 

large at these temperatures, which helped the filling of gaps created by the 

evaporation of amorphous or disordered materials. 

InzS3 crystals were grown by direct melting of stoichiometric mixtures of the 

components [9]. Stoichiometric quantities of high purity indium and sulfur were 

reacted in evacuated double-wall sealed silica tubes. Temperature of the furnace was 

raised to 800°C in first step and then up to 1 150°C. The molten mixtures were held at 

this temperature for three days under occasional stirring for homogenization. The 

samples were then let to cool to about 10 K below the melting point (1050°C) and 
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were kept at this temperature for a week. Two methods were used to cool the sample. 

In the first one, the tube was pulled out of the furnace progressively achieving a 

cooling rate of 0.5 KIh. Large surfaces of ordered crystals were obtained in this way. 

The second method of sample preparation consisted of rapid quenching of the ingot 

into ice water. Disordered crystals with random distribution of cation vacancies were 

produced by this procedure. Annealing in vacuum to avoid oxidation was performed 

for duration of three months at 400°C just below the transformation temperature 

(420°C) between a and p- In2S3 modifications. 

N. Barreau et al compared the properties of indium sulfide thin films prepared 

using Chemical Bath Deposition (CBD) and Physical Vacuum Deposition (PVD) and 

the influence of the synthesis conditions on the physico-chemical, optical and 

electrical properties were discussed [10]. In CBD, the deposition took place in 

aqueous solution containing indium chloride (InCh) and thioacetamide (CH3CSNH2). 

Temperature of the bath was 345 K. The substrates were immersed vertically in the 

stirred solution. In PVD the deposition of the constituents was carried out by vacuum 

thermal evaporation at a pressure of 5 x 10-4 Pa with the purities of indium and sulfur 

maintained at 99.99 and 99.98% respectively. In order to obtain films this indium and 

sulfur layers were sequentially deposited, their thickness and evaporation rate being 

controlled in situ by an rf quartz monitor. The S/In ratio was ~ 3. Structure obtained 

from this process were then annealed in a tubular oven for 30 min under a constant 

argon flow of 0.6 dm3/min. They studied films annealed at five different temperatures 

523, 573, 623, 673 and 723 K. The threshold temperature was found to be 623 K. 

Above this temperature, the films were wholly crystallized. From the XPS analysis 

they found that, for PVD deposited films, there was partial bond formation between In" 

and S even before annealing. Film after annealing contained oxygen and Na in the 

bulk while there was no such contamination before annealing. However the films were 

amorphous, with large amount of excess sui fur. Best ~- InzS3 thin films were obtained 
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with a heat treatment at 673 K. They had the same crystallization as those annealed at 

723 K and they were lightly contaminated as those obtained at 623 K. The CBO films 

were sulfur deficient and there was more oxygen than sui fur in the film with the 

oxygen compensating sui fur deficiency. The major difference between the two kinds 

of films was in their crystalline properties. The crystalline property of PVO film was 

far better than that of CBO. 

Indium monosulfide (InS) thin films were prepared by thermal evaporation 

onto quartz and glass substrates held at 473 K during deposition process by Seyam 

[11]. The deposition rate was held at 10 nm/sec keeping the pressure at 1 O~ Torr. InS 

granules (99.999% pure) were allowed to evaporate. The films obtained were 

amorphous, and stoichiometric. 

Nanocrystalline In2S3 modified In203 electrodes were prepared with 

sulfidation ofIn203 thin film electrodes under H2S atmosphere by Hara et al [12]. The 

aqueous slurry of 1n203 was prepared from 2 g of commercial InZ0 3 powder, 10 J.LI of 

acetyl acetone, 50 III of Triton X-lOO (as a surfactant) and distilled water (4 ml). This 

slurry was deposited on a fluorine doped Sn02 transparent conducting glass using a 

scotch tape as the spacer with doctor blade painting and calcinated at 500°C for 1 hour 

under air. The In203 thin films were treated under H2S at 200-300°C for 10-30 min, 

resulting in the formation of an In2S;iln203 thin film electrode. 

Herrero et al prepared thin films by chalcogenisation of electroplated metallic 

indium films onto Ti substrates in a flowing stream ofH2S at about 350°C for 1 hour 

with a pretreatment of3 hour at 130°C [13]. X- ray diffraction patterns showed that~

In2S3 thin films were grown \\ith good crystallinity. This material in a 

photoelectrochemical cell with polysulfide solution showed low dark current, a 

noticeable photocurrent characteristic ofn-type semiconductors. Photostability tests of 

the semiconductor in aqueous polysulfide showed that it was photodegraded, and from 

lill 
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the band scheme of In2S3 it was inferred that the photocorrosion was a kinetic process 

and that its stability in this electrolyte was, at least thermodynamically possible. 

Thin films of 1n2S3 were deposited on soda lime glass and Sn02 coated glass 

using indium acetyl acetonate (In(acac)3) and H2S precursors by atomic layer 

deposition (ALD), a sequential deposition technique allowing the formation of dense 

and homogeneous films [14]. ALD is based on alternate saturative surface reactions. 

Each precursor is pulsed into the reaction chamber alternately, one at a time, and the 

pulses are separated by inert gas purging periods. With properly chosen growth 

conditions, the reactions are surface saturated and the film growth is thereby self 

limiting. In that case, each ALD cycle deposits maximum one monolayer of the 

desired material. However the amount of material. deposited per cycle depends on the 

temperature, precursor combination and the reactive sites on the surface and therefore 

only rarely is a full monolayer gro\\th per cycle obtained. The required thickness can 

be obtained simply by repeating these ALD cycles. The precursors must be volatile 

and thennally stable up to the reac~ion temperature. They should chemisorb on the 

surface and react rapidly at the absorbed state with the other precursors. To obtain 

1n2S3, the pulsing orders were 

1. indium acetyl acetonate 0.7 s 

2. nitrogen (purge 1) 1 s 

3. hydrogen sulfide 0.5 s 

4. nitrogen (purge 2) 0.8 s 

The surface chemical reactions were 

Step 1 Indium pulse 

2 In(CH3COCHCOCH3)3 (g) + surface ----l~~ 2 In(CH3COCHCOCH3h (adsorbed) 

Step 2 Sulfur pulse 

3H2S (g) + 2 In(CH3COCHCOCH3)3 (adsorbed)-' In2S3+ 6 CH3COCH2COCH3 

In a temperature window between 130 and 260°C, a maximum growth rate of about 

0.7 A per cycle was obtained at 180°C. 
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Yousfi et al [15J also employed Atomic Layer Deposition (ALD) for 

depositing In2S3 thin films. Depositions were carried out in an ALD machine. 1ndium 

sulfide layers were prepared from indium acetylacetonate at 130°C and hydrogen 

sulfide. Deposition temperature was approximately 150-160°C. The purging gas was 

nitrogen with 300/500/300/500 ms. Composition measurements were made by RBS 

on film deposited on silicon substrates. The 1nlS ratio was found to be 0.66 indicating 

the film to be 1n2S3. As the composition of the films did not change with annealing, 

they related the high band gap value to structural effects like quantum size effects. 

R. Bayon et al used the simple and low cost CBD technique for the 

preparartion of indium hydroxy sulfide films [16J. Thin films of In(OH)xSy were 

prepared from an acidic bath (pH = 2.2-2.5) containing indium (Ill) chloride, acetic 

acid (AcOH) and thioacetamide (TA). Indium (Ill) chloride concentration was kept 

constant (0.025 M) [TA] was varied from 0.05 M to 0.5 M and [AcOH] from 0 M to 

0.3 M being the bath temperature 70°C. The formation ofIn2S3 films was based on the 

slow release of In3
+ and S2- ions in an acidic medium and their subsequent 

condensation on the substrates when the ionic product exceeded the solubility product. 

Sulfide ions were provided by the hydrogen sulfide produced during the thioacetamide 

hydrolysis in dilute acid solutions. Finally the hydrogen sulfide was dissociated to 

give rise the sulfide ions needed for the In2S3 precipitation. Acetic acid was added to 

the reaction mixture either to reduce the pH, which would favour the TA hydrolysis 

and avoid the formation of hydrolysed species, or to complex the In3
+ ions. The 

thickness of the films was 1800 A after deposition of about 45 min. From XPS 

characterization they proved that the films were mainly composed by indium hydroxyl 

sulfide, indium oxide and indium sulfate having absorbed on the surface, some 

Contaminant species from the solution and also CO2 from air. Samples annealed in air 

Were found to have grater oxygen concentration. The non-annealed samples had more 

than 80% indium hydroxy sulfide in their composition. The molecular formula of the 

as deposited film was close to In (OH) S. 
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Growth of indium sulfide by deposition of indium onto MoS2 surface was 

studied [17]. Topotactical growth of indium sulfide at the initial stages of the film 

growth had been observed. From the electron microscopic images of the film, it was 

found that by the increment of In2S3 particle size, InS was also produced. On 

increasing the film thickness to more than 20 nm indium crystals predominantly grew. 

Kaito et al [18] prepared single crystals of ~- In2S3 by the reaction of indium 

metal and sulfur vapour. Sulfur vapour was obtained by evaporating sulfur powder 

from a quartz boat. Indium was evaporated from a nichrom boat. ~- In2S3 particles 

grew as single crystal octahedra. 

In2S3 crystals of cr, ~ and y form were synthesized by Diehl et al [19]. 

Ampoule was charged with elements of indium and sui fur in quantities corresponding 

to the stoichiometric composition. They found that growth temperature of 800°C and 

sui fur vapour pressure of 4 atm were required to prevent dissociation of In2S3 and to 

maintain stoichiometry. This was achieved by adding 80 mg of extra sulfur in a 

volume of 25 cm3. Iodine was used as the transport agent. 

J3-In2S3-3,,03l< thin films were prepared using a dry physical process on glass 

substrate [20]. The temperature during the synthesis process was 473 K. Na free 

substrates were used to avoid diffusion ofNa. They found that the films were smooth, 

continuous and homogeneous from SEM analysis and the grain size was 50 nm as 

obtained from AFM. 

Temperature of the bath and the concentration of the reactants were important 

parameters for films deposited using CBD. In2S3 thin films were successfully 

deposited using CBD technique by Lokhande et al [21]. The chemicals used were 

indium sulfate (In2(S04)3), 80% hydrazine hydrate, thioacetamide, triethanolamine 

(TEA) and ammonium chloride (NH4CI). For the deposition of In2S3 thin films 10 ml 

of indium sui fate solution was taken in a glass vessel to which 1 ml on.4 M TEA and 

IO ml ofNH4Cl solutions were added successively. Under continuous stirring, 0.2 ml 
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ofhydrazine hydrate (80%) was mixed and the reactant vessel w~ kept in a constant 

temperature water bath (± 0.5°C). When the appropriate temperature (25 to 70°C) was 

attained 10 ml ofthioacetamide solution was added to the bath. The resultant solution 

was transparent. The solution was stirred with a magnetic stirrer for a few seconds and 

cleaned glass substrates were immersed vertically. The solution colour change to 

lemon yellow and finally to bright yellow. The presence of 1n(OH)3 in the deposition 

bath was unavoidable due to the aqueous nature of the bath. For 1n2S3 films the 

concentration of the reactants taken in the solution were 0.1 M indium sulfate, 0.5 M 

thioacetamide, lA M NH4CI, 14.7 M TEA and 80% hydrazine hydrate. Temperature 

increase favored homogeneous precipitation, but lower film thickness. Samples 

deposited on FTO (F doped tin oxide) exhibited better crystallinity. Presence of 

oxygen in the film had been detected using RBS. 

Bulk indium sulfide was prepared by passing H2S gas through a solution of 

indium chloride in water [22]. The precipitate, orange in colour, was washed several 

times with distilled water and then dried in a desiccator. The powder thus formed was 

then vacuum deposited on different faces of rocksalt, on the cleavage face of mica, 

polycrystalline NaCI tablets and also on the glass substrates at temperatures varying 

from 25 to 450°C. X-ray diffraction showed that the material consisted of 

predominantly a phase of 1n2S3 mixed with little amount of j3 phase. The deposits 

were of j3 variety at high temperatures. 

Uniform nanocrystalIine 13-1n2S3 powders were prepared using organothermal 

synthesis by S. H. Yu et al [23]. The reaction was 

2 InCI3 + 3 Na2S3 solvent. 1n2S3 + 6 NaCI + 6 S 

This was conducted in a glovebox filled with argon gas. Toluene and 1, 2-dimethoxy 

ethane (DME) were used as solvents. An appropriate amount of analytical grade InCh 

and O.OlM of Na2S3 were added into a teflone-Iined autoclave of 100 ml capacity, 

Which was filled with organic solvent upto 80% of the total volume. The air dissolved 
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in the solution was driven off by passing argon gas through it. The autoclave was 

sealed and maintained at 140°C for 12 hour and cooled to room temperature naturally. 

The yellow precipitate was. filtered and washed respectively with CS2, acetone, 

distilled water and absolute ethanol several times to remove the byproducts ofS, NaCI 

and other impurities. The product was then dried under vacuum at 80°C for 4 hours. 

The broad nature of diffraction peaks indicated formation of nanocrystalIine I3-In2S3. 

They found that the particle size of nanocrystalline I3-In2S3 could be controlled by 

choosing different solvents. Particle size in Toluene was smaller than that in DME (8 

and 16 nm respectively). They also studied the influence of water content, 

organothermal time and temperature on the samples. No evidence for organic 

impurities in the samples was obtained from IR. spectrum. 

Kumaresan et al deposited indium sulfide thin films by photochemical 

deposition technique (PC D) [24J. The S20t ions present in the solution absorb UV 

radiation and release S according to the following equation 

S2032- + hy = S + S032-

This spontaneous release of S in a more acidic medium takes place according to the 

equation 

S2032- + 2 H+ = S + H1S03 

Also the S2032. ions get excited by absorbing the UV radiation and release electrons 

according to the equations 

2S20t + hy = S40/" + 2e-

sot + S20t + hy = s30t + 2e-

The sulfur atoms and electrons combine with the In + metal ions present in the solution 

of In2(S04)3 to form InS according to the relation 

In++S+e'=InS 

The as deposited InS films were amorphous in nature and phase transition to 

crystalline In2S3 occured upon annealing at 500°C. Raman analysis of the as deposited 
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film confirmed the formation of In-S phase. The films had 3 J.lm thickness over a 

deposition period of 90 min. Thickness decreased to 1 J.lffi upon annealing at 500°C. 

Presence of oxygen in the film was detected by AES analysis and the sulfur to oxygen 

ratio was 6: 1. Even after annealing at 500°C oxygen was present in the film and there 

was a possibility for the fonnation of In2S3-3x03x and the S to 0 ratio was about 9: 1. 

The as deposited films did not show a clear absorption edge, possibly because of the 

amorphous nature of the film, while upon annealing sample show clear absorption 

edge. Annealed samples exhibited a direct band gap of2.1 eV. 

lndium sulfide thin films were deposited using CBD technique from aqueous 

solution containing InCl3 and thioacetamide [25]. The pH of the fresh solution was 3.1 

and it could be adjusted by adding HCI to the reaction bath. Temperature of the bath 

was 50-90°C and the reaction time was varied between 5 and 600 min to achieve 

required film thickness. The deposits consisted ofnano-sized particles ofl3-In2S3 or its 

mixture with a-1n2S3 as found by crystallographic study and TEM_ The EDAX and 

XPS analysis revealed the presence of excess sulfur in the film. 

A new approach for the electrosynthesis of indium sulfide thin films (ln2S3) 

was described by Tacconi et al [26]. Electrosynthesis using a suI fur modified gold 

electrode and alternative exposure to indium and sulfur fon containing aqueous bath 

consisted of four steps (a) A polycrystalline gold surface was first modified with a 

sui fur layer (b) indium was placed onto this layer forming indium sulfide (c) indium 

continues to deposit atop the indium sulfide layer (d) transfer back to a sulfide ion 

containing bath resulted in the sulfidization of the residual indium sites. In2(S04)3 

was used as the indium containing electrolyte and Na2S04 as sulfur containing 

medium. Raman active modes present at 235,268 and 309 cm-1 indicated presence of 

the I3-In2S3 defect spine I structure. 

Asikainen et al described the growth of In2S3 thin films by Atomic Layer 

Epitaxy (ALE) [27]. InCh and H2S were employed as the reactants. Nitrogen was 
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used as a carrier and purging gas. The reactor pressure was about 10 mbar. InCI3 was 

evaporated inside the reactor from a crucible held at 275°C. H2S flow rate was 9 

cm3/min. The films were deposited on glass substrates at 300-400°C. The films were 

cooled to about 200°C under nitrogen flow before removing from the reactor. The 

highest growth rate obtained was 1.4 AlcycIe at 300°C. The resulting films were 

polycrystallinep-ln2S3. SEM analysis showed that the film consisted of densely 

packed particles with a diameter of about 100-150 nm. RBS analysis revealed the 

composition of the film grown at 300°C as InoAoSo.S7Clo.o3. 

Indium sulfide films were prepared using MOCVD by Barron [28]. The 

majority of studies have employed the thiolate compounds prepared from the parent 

trialkyl indium: 

InR3 + HSR' ~ ~ [(R )2 In(R' )12 + RH 

InMe3 + 2HS'Bu ~ ~ [CBuS) (Me) In(S'Bu)12 + 'BuH 

Films grown using either [CBu)2In(S'Bu)h or WBu)2In(S'Bu)h as the precursor at 

each of the temperatures 300, 350. and 400°C were essentially independent of the 

precursor in terms of morphology and phase present. The microstructural features and 

chemical composition of the deposited films were, however, observed to have 

significant dependence on the deposition temperature. Films deposited from methyl 

substituted precursor [(Me)2In(S'Bu)h showed marked difference from those grown 

using either [('Bu)zIn(S'Bu)h or WBu)2In(S'Bu)]z. Films deposited from the methyl 

precursor at 400°C yielded a crystalline diffraction pattern In2S3. 

Stoichiometric thin films of In2S3 were prepared by thermal evaporation 

technique for the first time by Shazly et al [29]. The as deposited films were 

amorphous and crystallinity was built in on annealing at 423 K. The crystal structure, 

as determined by both x-ray and electron diffraction showed that tetragonal films of P
In2S3 phase were obtained. The degree of crystallinity was found to increase with 

increasing either the film thickness or the annealing temperature. 
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A novel layered indium sulfide material consisting of corner and edge shared 

InS4 tetrahedra was synthesized under solvothennai conditions by Cahill et al [30]. 

The synthesis of DPA-InS-SB3was synthesized by reacting elemental In and elemental 

S with the organic structure directing agent dypropylamine in the approximate molar 

ratio 1 :2.3:3.5. Reactant slurries were sealed in pyrex tubes and held static at 180°C 

under autogenous pressures for five days. The resultant product, a white powder, was 

then washed with ethanol and water and allowed to dry in air. Large single crystals 

upto 0.2 mm on edge were obtained. Qualitative electron probe microanalysis 

revealed the presence ofIn, Sand N. The In-S bond lengths range from 2.42 to 2.534 

A with an average of 2.432 A. 

~-In2S3 powder with pa.rticIes having an average size of 13 nm and spherical 

shape was successfully prepared through the hydrothennal treatment of an acidic sol 

(pH = 3) from indium trichloride and sodium sulfide at 140°C [31]. HydrothennaI 

treatment of an alkaline sol gave amorphous In2S3 powder. The effects of temperature, 

time and the pH value of the solon the fonnation of nanocrystalline ~-In2S3 powders 

were investigated. The results showed that hydrothennal treatment of an acidic sol 

(pH = 3) at 140°C for 6 to 12 h was the optimum condition for crystallization of 

amorphous In2S3. 

In2S3 films were grown using indium (Ill) isopropyl xanthate, In(S2COC3H, 

iSO)3, a readily available chelate, which volatized when heated in vacuum and yielded 

~-In2S3 when thennally decomposed in an inert atmosphere [32]. The resistivity of 

In2S3 films (- 200 nm thick) increased from 10-1 to 5 X 102 Q-cm as the deposition 

temperature was raised from.230 to 450°C. It was suggested that the lower resistivity 

of films deposited at lower temperatures might be due to a higher degree of 

disordering in the structure of In2S3. Analysis of film composition using AES revealed 

presence ofIn, Sand O. The average ratios were IsIIln = 3 and loIlln = 0.55. Triangular 
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features were seen from SEM analysis, which w~re indicative of film growth along 

(Ill) direction. 

Chemical bath Deposition of indium sulfide thin films from aqueous mixtures 

containing indium chloride and thioacetamide under the two extreme reaction 

conditions 30 and 70°C was examined by Yamaguchi et al [33]. X-ray analysis ofthe 

films indicated the formation of amorphous indium hydroxysulfide in the early stage, 

followed by the formation of nanocrystalline indium sulfide in the late stage of the 

film growth. The films deposited at 30°C had a cauli-flower like morphology, whereas 

the fibrous structure was obtained at 70°C. 

Indium sulfide thin films had been prepared by a novel modulated flux 

deposition technique [34]. Experimental parameters were adjusted to obtain high band 

gap and low absorption material at low deposition temperature as required for 

photovoltaic applications. Films were deposited in a home-made evaporation chamber 

containing a rotating holder that transported standard soda-lime glass substrates 

cyclically 'around three different ~reas: indium source beam, heating lamps and 

reactive sulfur region. The parameters that had been controlled in the film deposition 

were the evaporation source temperatures, the substrate temperature and the angular 

velocity of the rotating substrate holder. Substrates were rotated at 30 rev/m in and 

maintained at 200°C. Samples showed tetragonal p-In2S3 phase. The layer thickness 

did not affect the crystalline phase, but influenced the average crystallite size. 

Successive Ionic Layer Adsorption and Reaction (SILAR) technique was used 

by Sankapal et al to deposit indium sulfide thin films [35]. This was achieved using 

indium sulfate (In2(S04)3)and thioacetamide solutions. The temperature of deposition 

was 25-70°C and the deposition time was 4-5 hours. The films were 0.2 J.Ull thick. 

Films deposited on glass substrates showed poor crystallinity, but on FTO samples 

were crystalline. TEM analysis revealed that the initial growth of film on glass 

77 



Chapter 2 Review on /n]SJ and Cu/nS] thin films 

substrate was the r phase of In2S3 with particle size ranging from 20 - 40 A. Presence 

of oxygen was detected by RBS analysis. 

A novel in situ oxidation-sulfidation growth route via a self purification 

process was developed to synthesize p-In2S3 dendrites by Xiong et al [36]. The 

precursor of InSb dendrites was firstly obtained by a sonochemical coreduction route. 

In subsequent, the mixtures of 1nSb dendrites (0.473 g, 2 mmol), CS2 (0.18 mL, 3 

mmol), NaOH (0.72 g, 18 mmol) and 30% H20 2 (0.60 mL, 6 mmol) were loaded into 

a 50 mL teflone-lined autoclave, which was then filled with distilled water upto 90% 

of the total volume. The autoclave was sealed and maintained at 180°C for 24 hand 

was then cooled to room temperature naturally. The precipitate was filtered off, 

washed with distilled water and absolute ethanol for several times, and then dried in 

vacuum at 60°C for 4 h. The product obtained was pure In2S3. 

2.2.1.1 InzS3 Using Chemical Spray Pyrolysis (CSP) 

Chemical Spray Pyrolysis is a simple and low cost method for the fabrication 

of In2S3 thin films. Review of the earlier works done on indium sulfide films prepared 

using spray technique is given below. 

Bhira et al prepared 1n2S3 thin films using spray pyrolysis technique. Films 

were deposited on pyrex glass by spraying a solution of 10-3 M indium chloride and 

2xIO-3 M thiourea [37]. The substrate temperature was kept at 340°C. They used 

nitrogen as carrier gas keeping the solution and gas flow rates at 2 cm3/min and 4 

IImin. Well crystallized films showed ~-1n2S3 phase with preferential orientation along 

(400) plane. Microanalysis of the films pointed out a deficit of chalcogen (46%) and 

from XPS analysis they confirmed that this deficit was compensated by oxygen 

bonded to indium in addition to that as a surface contaminant. They detected traces of 

chlorine also in the bulk of the sample. Photoconductivity measurements were carried 

out within the range of wavelengths in the visible spectrum at different modulation 

frequencies and bias voltages ranging from 5 to 300 Hz and from 3 to 25 V 
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respectively. They observed a fast increase of photocurrent signal toward 2 eV 

connected with a progressive decrease in the high absorption region. They attributed 

this to the presence of trap centers at the grain boundaries or to the presence of 

structural defects or secondary phases in the film. The response increased with 

increase in illumination time and bias voltage. They found out the mean absorption 

edge from the photocurrent measurements using Devore's model [38]. The band gap 

value (2.05 eV) was found to be in close agreement with that obtained from optical 

absorption measurements (2.08 eV). 

Optical properties using transmittance and reflectance measurements of InS 

films with composition close to that of In2S3, prepared using airless spray technique 

was studied by Kamoun et al [39]. Samples ~ere prepared with different InlS ratio. 

They observed a broadening and/or shift of the short wavelength absorption edge for 

smaller InlS values which was ascribed to the presence of secondary phases and to a 

more disordered structure. They perfonned spectroscopic ellipsometric measurements 

over the 0.5 to 4 eV spectral ranges. It was found that the refractive index (n) and 

absorption coefficient (a) decreased with increase in InlS value. Annealing of the 

films at high temperature (500°C) induced a strong decrease in the value of both nand 

a which was explained by an improvement in sample crystallinity, while annealing at 

rather low temperatures (300°C) has little effect on the optical constants. 

Energy band gap of In2Sx thin films grown using spray solution composition 

from x = 2.0 to x = 3.9 was studied by Kim et al [40]. Films showed l3- In2S3 phase 

with tetragonal structure. They found that the band gap increased from 2.15 eV to 2.43 

e V on increasing the x composition. 

The effect of substrate temperature on structural and morphol-ogical properties 

of indium sulfide films deposited on glass substrate by sparay method was studied by 

Bouguila et aI [41]. In2S3 was fonned from the chemical reaction 

21nCh + 3 CS(NH2)2 + 6 H20 ~ In2S3 + 3C02 + 6 NH4CI 
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X-ray diffraction had shown that In2S3 was the main phase present in these films and 

that the structure and the allotropic form of this phase were affected by substrate 

temperature. Analysis of the layers by SEM and AFM revealed that best crystallinity 

and homogeneity were obtained for the substrate temperature 613 K. 

2.2.2 Optical and Electrical Properties 

The first optical measurements of In2S3 were reported by Kauer and Rabenau 

[42]. Investigations by Bube and McCarrolI [43] and GilIes [44] et al were mainly 

concerned with photoconduction in indium sulfide. Garlick et al [45] reported on the 

IR emission and luminescence properties. Rehwald and Harbeke [46] reported on the 

electrical and optical properties. All the studies were done on single crystals or 

polycrystalline bulk materials. For B-In2S3 the absorption edge was mainly due to 

direct transitions [47] and weak indirect transition was also reported [46]. 

Studies of conduction mechanism in single crystal B- In283 [46] showed that 

the conductivity is always n-type and p-type is observed when the samples are doped 

with copper or cadmium. Becker [48] obtained a p-response when single crystals were 

prepared with an excess of sulfur or InP, but n- response was also present. 

George et al [7] calculated refractive index from the, optical transmission 

spectra of the samples prepared using reactive evaporation of indium in sulfur 

atmosphere. They used the method given by Manifacier et al [49]. The value was 

found to be 2.56. Band gap was found to be 2.01 eV corresponding to a direct 

forbidden transition. They attributed the unresolved absorption peaks just before the 

onset of band-to-band transition from the plot of (l vs hv as due to different energy 

levels (suI fur vacancies) in the forbidden gap to which transition may take place. They 

also found that films prepared above a substrate temperature of 350 K were low 

resistive and indium made good ohmic contact to these films while films prepared 

below this temperature showed high resistivity and indium did not make ohmic 
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contact to these films. From the temperature dependence of resistance of these films , 

the activation energy for electronic conduction was obtained as 0.26 ± 0.02 eV. 

Temperature dependence of band gap of ~- In2S3 thin films was studied by 

Kambas et al [47]. They found that the transition was direct and the Eg dependence on 

T was linear, band gap increased with decrease in temperature. The value was found 

to be 2 e V at room temperature. 

GiIles et al [44] studied the photoconduction in In2S3 prepared by the direct 

synthesis under a pressure of sui fur of the order of 5 to 10 atmospheres. They found 

that under an illumination of nearly 1000 lux, the conductivity of this material 

increased by five orders of magnitude. Traces of copper increased the photosensitivity 

of the compound markedly. The diffusion length was found to be of the order of few 

millimeters. They observed a correlation between the reciprocal of the diffusion 

length and the photosensitivity of copper doped samples: the maximum photocurrent 

was obtained in samples where the reciprocal of the diffusion length is a maximum. 

From the thermal analysis, they found two-phase transitions in indium sulfide. The 

first one was in the temperature range between 414°C and 421°C while the second one 

was around 738°C. Thermal activation energy was determined from the measurements 

of resistivity as a function of temperature and was found to be 0.56 e V below first 

transition point and 0.63 e V above 420°C. 

The band gap of PVD p-In2S3 films increased with annealing temperature 

until 623 K, whereas for higher annealing temperature the absorption threshold was 

stable [IO]. Band gap was found to be 2.8 eV to 2.9 eV, which was greater than that of 

earlier reports. They observed that when oxygen was introduced into the films, the 

band gap values were far higher than that of the single crystals. The wide band gap of 

PVD films was attributed to the presence of In-O bonds. The substitution of indium by 

Na was also found to increase the band gap. When heating rate was increased, the 

band gap was not as broad, because of the fast crystallization. They found that oxygen 
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contamination had a positive effect to obtain layers with properties matching well 

with the specification of solar cell buffer layers. 

Indium monosulfide thin films prepared using thennal evaporation by Seyam 

[11] exhibited absorption coefficient of the order of 105 cm-I and the band gap was 

1.94 eV. He calculated the refractive index (n) and extinction coefficient (k) from the 

transmittance and reflectance spectra and the values were estimated to be 2.2 and 2.3 

respectively. The high frequency dielectric constant was calculated from the plot of 

(n2_1).1 vs A.-land the value was found to be 5.76. He found that the dark resistivity 

decreased with increasing temperature and film thickness. Thennal activation energy 

of the charge carriers, from the electrical resistivity measurements, was found to be 

0.84 eV. Density of charge carriers was found to be 10ZI m·3 from the space charge 

limited current analysis. 

Hara et al prepared nano crystalline InzS3 modified Inz03 electrodes with 

sulfidation ofInZ03 thin film electrodes under H1S atmosphere [12]. Band gap ofIn2S3 

estimated from the onset of absorption spectra was 2 eV. This photoelectrochemical 

cell could convert visible light of 400-700 nm to electrical energy. A highly efficient 

incident photon to electron conversion efficiency of 33% was obtained at 410 nm. The 

solar conversion efficiency TJ, under AM 1.5 was 0.31% with Jsc = 3.1 mAJcmz, Voc = 
0.26 V and FF = 38%. 

Optical and electrical properties of ~-InzS3 thin films containing Na 

([InI6h[Ins.33-"Na3"OZ.66_z"hdSn) were studied by Barreau et al [50]. Both tansmission 

and reflectivity curves showed interference fringes, which put in evidence for the 

homogeneity of the morphology of the films. They found that the band gap linearly 

increased from 2. I eV (when the films were pure) to 2_95 eV (when their Na content 

Was 8.4 at%). The electronegativity of Na is 0.9 while that of In is 1.7. Therefore 

when it was substituted for indium, the sodium increased the ionicity of the tetrahedral 

cationic-sui fur bonds, which could be an explanation of the increase of the optical 
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band gap. They also suggested that incorporation ofNa in the tetrahedral vacant sites . , 
attracted electrons of sui fur inducing an increase of In-S bond length which in turn 

produced perturbation of the electronic structure of the material resulting in the 

increase of band gap. All the films had n-type conductivity. Incorporation of Na was 

found to increase the conductivity of In2S3 films. But when the Na content was 

increased from 0.2 at% to 5 at% the conductivity decreased, while on further 

increasing (above 6 at%) conductivity drastically increased. 

Optical band gap varied from 2.1 e V for pure In2S3 to 2.9 e V for samples, 

which contained 8.5 at% oxygen as reported by Barreau et al [20]. They found that the 

electronic structure of indium sulfide was very much disturbed due to the presence of 

even a few oxygen atoms substituted to sui fur in the crystalline matrix, which induced 

the high increase of optical band gap. The- electrical conductivity of the oxygen 

containing samples was found to be greater by approximately 2 orders than that of 

pure In2S3 films. They attribute this effect to the modification of the properties of the 

grains or their grain boundaries wh~n oxygen was introduced in the films. The films 

showed n-type conductivity indicating that the introduction of oxygen did not change 

the type of majority carriers. 

The optical band gap of indium sulfide thin films prepared using CBD 

technique by Lokhande et al [21] was found to be 2.75 eV. The as prepared samples 

were photoactive as observed from Time Resolved Microwave Conductivity (TMRC) 

studies. The same value of band gap was obtained for SILAR samples [35]. Band gap 

value could be tuned between 2.3 and 2.7 eV by changing the reaction temperature or 

pH of the aqueous chemical bath as shown by Yoshida et al [25]. Variation of Eg 

values were discussed in terms of the change of chemical composition, crystal 

modification and crystal size. 

Refractive indices of the films prepared using Atomic Layer Epitaxy were 

found to be of the order of 2.5-2.7 and the band gap was 2.3 eV [27]. Samples were 
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highly resistive and they showed photoresponse when exposed to daylight. The 

photoresponse was reversible and fast. 

Both dark electrical resistivity and thennoelectric power (See beck coefficient 

S) were measured for films prepared by thennal evaporation technique, before and 

after annealing [29]. Dark electrical resistivity decreased exponentially with 

increasing film thickness. Resistivity decreased after annealing also. Thennoelectric 

power of all films decreased with increasing the sample temperature. The In2S3 films 

showed n-type conduction. Existence of two distinct activation energies t::. E. and t::. E2 

belongs to two types of level: a shallow level of t::. E. = 0.319 eV before annealing and 

11 E. = 0.166 eV after annealing and deep level of t::. E2 = 0.61 eV for as deposited 

films and t::. Ei = 0.515 e V for annealed films. The deep level was also detected by the 

space charge limited current technique and the trap density was found to be 3.92 x 

1022 m·3
• The decrease in t::. E. for the shallow levels as a result of annealing indicated 

that these levels were structure defect levels. 

The electrical properties of single crystal indium sulfide was studied by 

Rehwald et al [46]. They showed that the range of electrical resistivity and Hall 

coefficient at room temperature covered more than six decades. When these 

parameters were low, it was found that they changed only little with temperature or 

even remain constant down to liquid nitrogen temperature, where as the very high 

values had strong dependence on temperature. By heat and sulfur vapour treatment, it 

was demonstrated that this large variation had its origin in the deviations from 

stoichiometric composition of the material. The nearly exponential dependence of the 

measured Hall mobility on temperature, observed in specimens of high resistivity, was 

explained by different scattering mechanisms for electrons and hole in the same 

temperature region. All crystals were found to be n-type, regardless of doping during 

growth. Impurities, which otherwise produce p-type conductivity in similar materials, 

did not have the effect of changing the sign of charge carriers in In2S3. The main 

effect on concentration and sign of charge carriers come from the deficiency in sui fur, 
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which could not be completely avoided during growth. The cation vacancies, forming 

a constituent of the lattice due to the chemical formula, were assumed to be mainly 

ordered in indium sulfide. The small fractions of disordered cations and cation 

vacancies acted as donors arid acceptors nearly compensating each other. Their 

difference in concentration was determined by the lack of sulfur. They also suggested 

that high resistivity material might be useful as a photoconductor. 

Barreau et al studied the optical properties of 1n2S3 thin films grown using 

PVD [51]. Optical properties of in diu m sulfide thin film depended on their synthesis 

process and composition. High homogeneity and excellent surface state of the films 

were confirmed by the presence of interference fringes on transmission and 

reflectivity spectra. Band gap was found to be independent of the annealing 

temperature and the value was about 2.8 e V,higher than that of 13-1n2S3 single crystal, 

due to the presence of oxygen in the film. The refractive index (n) and the extinction 

coefficient (k) were also found to be independent of annealing temperature. The 

values were in the range 2.1- 2.8 and 0.01 - 0.3 for wavelengths in the range 250 nm 

to 2500 nm. 

Absorption onset indicated a band gap value above 2.5 eV for indium sulfide 

thin films, prepared using a novel modulated flux deposition technique [34]. Energy 

band gap increased for reduced indium sulfide layer thickness, which was related to a 

reduction of the average crystallite size of the films. 

Thermally stimulated current measurements were carried out on as grown n

InS single crystals having orthorhombic structure in the temperature range 10-125 K 

by Gasanly et al [52]. They identified four trap levels located at 20, 35, 60 and 130 

me V and suggested that these levels in undoped layered crystals might be associated 

with presence of structural defects and/or unintentional impurities. Trap parameters ' 

were determined by curve fitting method, peak shape method and initial rise method 

and found that they agreed well with each other. The retrapping process was 
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negligible for these levels, as con finned by the good agreement between the 

experimental results and the theoretical predictions of the model that assumed slow 

retrapping. 

Photoluminescence spectra (PL) ofInS single crystals were investigated in the 

wavelength region 477.5-860 nm and in the temperature range 8.5-293 K [53]. They 

observed three PL bands centered at 605 nm, 626 nm and 820 nm. The first two bands 

were due to radiative transitions from the donor level at 0.01 e V below the bottom of 

the conduction band to the valence band and from the donor level at 0.06 eV below 

the bottom of the conduction band to the acceptor level at 0.12 eV above the top of the 

valence band respectively. 

ALD In2S3 thin films, deposited by Yousfi et al [15] were amorphous and the 

band gap was approximately 3.3 eV which was much greater than that of the bulk 

value. Band gap reduced to 2.25 e V after annealing while that deposited by Naghavi 

et al [14] were crystallized in a tetragonal fonn with band gap vales of about 2.7 eV. 

Quantum size effect was considered as a possible origin for wide band gap. A shift of 

0.7 eV was expected for grain size of about 3 nm. Electrical properties had been 

addressed by using impedance measurements on semiconductor electrolyte junctions. 

The films were n-type with a doping level around 1016_10 17 cm·3 and possessed a good 

blocking behaviour under reverse bias. The doping level increased with increasing the 

deposition temperature. Their flat band potential was close to -1.1 V versus MSE. 

Mane et al deposited indium sulfide thin films by SILAR technique using 

indium chloride and sodium sulfide as cation and anion source in an aqueous medium 

[54]. The films were amorphous. The optical band gap was 2.3 eV and the films were 

highly resistive possessed resistivity of the order of 105 Q-cm. 

Fifteen nonnal modes of vibrations were observed for 13-ln2S3 dendrites from 

Raman spectra, which correspond exactly to those given by a sample of 13-ln2S3 with 

unpolarised light [36]. The sample showed strong quantum confinement of excitonic 
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transition, which was expected for 1n2S3 dendrites. Under PL excitation at 330 nm, the 

In2S3 dendrites emitted blue light at 358 nm, which clearly indicated the existence of 

electronic transition at particular wavelength (358 nm), and was stronger than in the 

bulk 1n2S3. 

Some authors attribute the widening of band gap of indium sulfide films to 

quantum size effect [55] while some authors explained this due to excess sulfur [40]. 

Recently presence of oxygen and sodium was also reported to increase the band gap 

markedly [10). 

2.2.3 Doping in InzSJ 

13-ln2S3 and [3-ln2S3:C02+ single crystals were produced using chemical 

transport reaction method employing ZnCh+12 as a transport agent by Choe et al [56]. 

For In2S3 single crystal, In2S3 powder (purity 99.999%), 15 mol% of excess sulfur 

(purity 99. 9999%) and 5 mol% of ZnS (purity 99.999%) were used as starting 

materials. For l3-In2S3:C02+ single crystal, 2 mol% of Co (purity 99.99%) was added to 

the starting materials. Temperatures of the growth and source-zones were maintained 

at 670°C and 830°C respectively for 7 days. Dimension of the single crystals were 

approximately 6 x 5 x 3 mm and they crystallized into tetragonal structure. Optical 

absorption spectra were measured in the temperature range 5 K to 300 K. At 290 K, 

they obtained an indirect optical energy band gap of 2.24 e V fOl: [3-1n2S3 and 1.814 e V 

for [3-1n2S3:C02+ while the direct energy band gap was 2.639 e V for [3- 1n2S3 and 2.175 

e V for [3-In2S3:C02+. Three groups of impurity optical absorption peaks for [3-

In2S3:C02+ single crystal were observed in the wavelength ranges of 675-830 nm, 

1300- 1900 nm and 2800- 3200 nm. These peaks could be attributed to the electron 

transition between the energy levels ofC02+ ions sited in the Td symme'try point. 

Coln2S3+x thin films were grown [57] on thoroughly cleaned glass slides by 

spraying a solution prepared by dissolving CoCI2, InCh and thiourea in solvent 

solutions composed of methanol and distilled water (ratio of 1: 1) to give 0.2 molar 
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solutions of each solute, and then by mixing these solutions in appropriate volume 

ratio to give the desired x composition. An additional 20% in volume of thiourea 

solution compensated for the loss of sui fur caused by vapourisation. Rate of spray was 

6 mllmin and the substrate was maintained at 270°C. They found that, 13-In2S3 thin 

films were grown over the range x = 0 to 0.4 and amorphous thin films over the range 

0.6 to 1. Band gap was found to be decreasing with increasing x composition. The 

samples showed impurity absorption corresponding to wavelengths 695 nm, 750 nm 

and 802 nm. Intensities of these peaks increased with increasing x composition and 

they found that the Cobalt atoms in Cox1n2S3+x existed as C02+ ions. 

Kim et al found that as Cobalt was introduced into In2S3 single crystals, the 

structural defects were decreased [58]. The Cobalt atoms were located at the Td 

symmetry site of the 13-In2S3 host lattice as C02+ ion. Three peaks at 752 nm, 802 nm 

and 825 nm in the absorption spectrum of Co doped crystals were ascribed to Cobalt 

impurities. The photoacoustic spectrum of 13-In2S3:C02+ crystal when compared with 

that of 13-In2S3 single crystal in the ~avelength region 500 to 2500 nm, possessed four 

peaks at 650, 760, 1700 and 2130 nm. The first peak was ascribed to crystal defect 

and the rest to Cobalt impurities. Photoconductivity spectra of 13-In2S3 single crystal at 

286 K showed a broad peak centered at 663 nm and a tail in the long wavelength 

region. As ambient temperature decreased to 28 K, the broad peak also appeared at 

626 nm and the tailing phenomenon in the long wavelength region was not reduced. 

The photoconductivity spectrum of p-In2S3:C02+ single crystal at 284 K had two peaks 

centered at 620 and 705 nm. The long wavelength tail in the spectrum was reduced 

When compared to that of p-In2S3 single crystals. When the temperature was reduced 

to 21 K, the spectrum showed two peaks at 585 and 655 nm and the tail in the long 

wavelength region was rapidly reduced. 

P-In2S3 and ~-In2_xAlxS3 thin films were deposited on different substrates 

(pyrex glass, SnOz/pyrex and steel) using spray pyrolysis technique at 320°C [59]. In 
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the case of the growth on a steel substrate, the crystallography of the film was gOod 

and the introduction of Al did not noticeably change the spectrum. In the case of 

deposition on pyrex, the structure of ~-InZS3 was of poor quality. Al improved the 

crystallinity. On SnOz/pyrex substrate, presence of Al resulted in broader and smaller 

diffraction peaks. The surface structure was studied using AFM and SEM. Crystallite 

size increased on going from steel to SnOz. For steel substrates, characterized by a 

poor structural quality and a lattice disorder the impinging atoms strongly interacted 

with the surface but with little surface migration. The layers were having good 

stability; Work function and surface photovoltage did not change with time. They 

used Auger studies to get infonnation on the surface layer composition. They also 

studied effect of heat treatment and substitution ofa few indium atoms by aluminium 

atoms to this composition. In all the cases the work function topographies were flat 

and variation of ~cp along the surface were small indicating unifonnity of the surface 

layer of the films. 

Inz-zxAlzxS3-3y03y alloys were prepared on pyrex glass substrates by spray 

pyrolysis technique and their photoelectrical properties were studied by Bhira et al 

[60]. The spraying solution contained InCh, AlCl3 and CS(NHz)z as starting materials. 

The AlIIn ratio (x) was varied from 0 to 1. Solution and gas flow rates were kept at 2 

cm3/min and 4 l/min respectively. Nitrogen was used as the carrier gas and the 

substrate temperature was 340°C. The shape of the photoconductivity spectra Iph (hY) 

and the variations Iph (t) and Iph (V) helped them to understand the conduction 

mechanism and the photocarrier's recombination. For low compositions (x ~ 0.2), Iph 

(V) parabolic variation showed that this conduction was limited by the space charge 

zone in accordance with Child's law (Ipb cc YZ). This showed that the density of trap 

centers increased with the composition. With increased AI doping, the 

photoconductivity measurements depended on the photo carrier recombination 

mechanism due to the presence of trap centers at grain boundaries. For x2:0.4, the 
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electrical conduction followed Ohm's law. Band gap showed a parabolic profile with 

)(, varied in the range from 2.05 to 2.42 eV. For low c'ompositions (x = 0,0.05,0.1, 

0.2) the conductivity study as a function of temperature presented a deviation to 

Arrhenius law in the temperature domain 80 to 330 K. At very high temperatures, 

ranging from 330 to 575 K, a quasi-linear variation of a as a function of temperature 

according to Arrhenius law was observed. They found that for higher Al 

compositions, films were amorphous having poor electrical and photoelectrical 

properties. 

A variety of differently doped samples of In2S3 were prepared by chemical 

vapor phase transport (CVT) and gradient freeze techniques by Becker et al [48]. For 

CVT, h was used as the transport agent. X-ray diffraction of pure, tin doped, samples 

with excess sulfur and those with P and InP doping were shown to be single-phase p
In2S3. They found that if a sample with excess sui fur having n- and p-type responses 

was heated at 750°C for 0.5 hour, the resistivity dropped by - 5 orders of magnitude 

and the n- and p-type responses were replaced by solely an n-type response. The result 

was explained by the removal of S giving excess interstitial In donors. Doping of 

phosphorous and indium phosphide resulted in a weak p- response but n-response was 

also present. In the case of Sn doping, low resistance n-type material resulted. 

Whether this was due to true Sn4
+ substitution for In3

+ or whether Sn disrupted the 

lattice order such that the concentration of interstitial In was greater than In vacancies 

was not known. 

Kulinska et al prepared Li,cIn2S3 electrochemically with different amounts of 

Lithium (0 ~ x ~ 0.13) [61]. They applied Perturbed Angular Correlation (PAC) to 

understand the mechanisms that occur during Li insertion. P AC experiments could 

measure the hyperfine interaction between a radioactive probe and the Electric Field 

Gradient (EFG) generated by direct neighborhood at the site of the probe atom. At 

lOwer temperatures undoped material showed a strong damping of the P AC spectra 
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while after .doping (with electron donor Li) the higher concentration of mobile charge 

carriers repaired this damping. PAC spectra showed a new dynamic behavior, which 

increased with increasing Li content. They proposed that for higher temperatures (T ~ 

500 K) migration of indium atoms from the tetrahedral site started and this Was 

favored by the presence of empty sites in the direct neighborhood of a tetrahedral site , 

in contrast to the octahedral sites. They also proposed that the Li insertion lowered the 

threshold which confined the indium ions to the tetrahedral sites. The dynamic 

behavior between room temperature and 500 K was caused by the mobile Li ions , 
because the dynamic fraction was proportional to the Li content. 

2.2.4 Different Studies on In l S3 

IR reflectivity of In2S3 crystals were studied and higher reflectivity was 

observed for quenched sample at low frequencies [9]. The peaks for the annealed 

samples were sharper and well resolved. They obtained 12 reflectivity bands for 

polarized light having E .lc case and eight bands for E 11 c case. 

Amlouk et al [62] showed that acoustic techniques, more specifically acoustic 

signature V(z), are very powerful non destructive methods to characteriz~ ~-ln2S3 thin 

films prepared using CSP technique. Young's modulus of the order of 443 GPa, was 

consistent with the assumption of the ~-In2S3 material to be in ceramics group. 

Acoustic microscopy study revealed the possibility of presence of surface and bulk 

defects in this thin film. 

Temperature dependence of Raman-active mode frequencies in indium sulfide 

was measured in the range from 10 to 300 K [63]. InS polycrystals were synthesized 

from particular high purity elements taken in stoichiometric proportions. Single 

crystals of InS were grown by the modified Bridgman method. Analysis of 

temperature dependence of Ag symmetrical optical modes in InS crystal showed that 

Raman frequency shift was well described by considering the thermal expansion and 

pure temperature (phonon-phonon coupling) contributions. 
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Crystal structure of In2S3 thin films obtained by the chemical vapor deposition 

from the volatile complex compounds indium (Ill) isopropyl xanthate and indium (III) 

diethyl dithiocarbonate was studied by synchrotron radiation diffraction [64]. High 

photon beam intensity (3xI0 10 photons/mm2s) and high angular resolution (0.02°) of 

the reflexes made it possible to study weak reflexes to analyze the phase composition 

of samples in more detail, to determine the size of the particles and to evaluate stress 

at the microscopic level. They showed that the films obtained at T= 230°C crystallized 

as cubic a-1n2S3. At the deposition temperature T > 250°C, the films crystallized in the 

tetragonal f3 phase. Annealing of the films synthesized at 230°C, lead to 13-In2S3 phase 

formation as well. Size of the particles increased as the deposition temperature 

increased. Values of the interplanar spacing d, for close packed planes, were almost 

the same for all samples deposited at temperatures T = 230 - 370°C and practically did 

not depend on crystal modification, deposition temperature and thickness of the 

samples. They also showed that microstress decreased after annealing or for higher 

deposition temperatures. For the sample deposited at 430°C, splitting of the reflex 

(5,0,15) was observed, which could be explained as a monoclinic or hexagonal 

distortion of 13-In2S3. 

Band alignment at the interface of the heterostructure 13-In2SJSn02 was 

studied using XPS by Bemede et al [65]. They had sho\\,TI that the conduction band 

discontinuity (L\Ec) between 13-In2S3 and Sn02 was -0.45 eV. From this value and 

USing Sn02 work function and the Cu(In,Ga)Sez electronic affinity values reported in 

the literature, they estimated the conduction band discontinuity at the interface 

Cu(In,Ga)Sezl13-In2S3 to be about 0 eV. 

2.3 CuInS2 Thin Films 

The structure [Fig.2] and physical properties of copper indium sulfide thin 

films are given below. 
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Fig.2 The tetragonal chalcopyrite structure ofCuInS2 

Structure 

Melting Temperature 

Density 

Lattice Parameters 

: Tetragonal chalcopyrite 

: 1000 - 1050°C 

: 4739 kg/m3 

: a = b = 5.52 A and c = 11.13 A 

2.3.1 Preparation Techniques 

During mid 1970's, the chalcopyrite ternary compounds received considerable 

attention and attempts were made to prepare these compounds in thin film fonn. If a 

material is to attain any large scale and economical device utilization, its production in 

thin film fonn is a necessity. In 1975, two deposition schemes for producing CuInS2 

thin films (viz., single and double source meth~ds), were reported for the first time by 

Kazmerski et al [66]. For the single-source method, single-phase CulnS2 was used as 

the starting material. The second. and more controllable and reproducible scheme 

involved a two-source arrangement. First. the single-phase CulnSz powder was 

evaporated from a resistive-heated alumina crucible, and a second sulfur source was 
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utilized to vary the amount of sui fur in the system [66]. Since then a number of 

methods were used to prepare CulnS2 thin films, which will be discussed in the 

following part of this section. 

n-type CulnS2 thin films were deposited on glass substrate from bulk CulnS2 

crystal by singJe source thermal evaporation technique by Akaki et aJ [67].The bulk 

CulnS2 crystal was grown by the hot-press method at 700°C for 1 hr under high 

pressure (22.5 Mpa) from stoichiometric CU2S and 1n2S3 powders. Pressure during 

evaporation was maintained at lOoS TOIT. After evaporation, the films were annealed at 

100 to 500°C for 5-30 min in air. PolycrystalIine Cu1nS2 films started to grow at 

annealing 200°C in air. However, binary or ternary phases like 1n6S7, CulnsSg and 

CU1nIlS17 were included by annealing at 200, 300 and 400°C respectively. The 

samples were highly resistive as observed from four probe method. 

Copper indium sulfide thin films were grown by close-spaced vapor transport 

in a vertical closed reactor under vacuum [68]. Solid iodine was used to provide the 

reagent. The source temperature was kept in the range 360-680°C. The high p-type 

conductivity layers generally showed sphalerite structure and the low p-type 

conductivity ones showed chaIcopyrite structure. Well crystallized grains with sizes of 

the order of2 JlIl1 were observed using SEM micrograph. 

Since Cu1nS2 dissociated incongruently, it was found very difficult to deposit 

single phase Cu1nS2 thin films by the flash evaporation method. Single phase Cu1nS2 

thin films prepared using flash evaporation technique on NaCI and glass substrates by 

Agarwal et al [69]. The films were found to be n-type. Source and substrate were kept 

at a distance of 12 cm. A molybdenum boat, maintained at a sufficiently high 

temperature of about 1873 K, was found to lead to mono phase filrri formation. 

Substrate temperature was varied in the range 300-650 K. When the substrate 

temperature was raised to 423 K films became polycrystalline and the crystallinity 
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increased upto 523 K, with t~mperature. A further rise in temperature led to sui fur 

deficient films. 

Direct homoepitaxial growth of stoichiometric CuInS2 thin films on sapphire 

(000 I) substrates was achieved by rf sputtering [70]. The sputtered layers grew in 

(112) orientation with a chalcopyrite structure. Compared with MBE, sputtering had 

the advantage of simple and flexible control of stoichiometry over a large scale at 

relatively low cost. A Cu-In alloy disk (CuIln == 9111) with diameter 4.00 in. and 

thickness 0.25 in. was used as sputter target, and H2S (purity 98%) was introduced as 

both reactive and working gas during sputtering. H2S flow was varied in the range 30-

35 sccm, while the rf power was fixed at 200 W and the substrate temperature was 

kept fixed at 500°C. AFM demonstrated a smooth surface of the resultant films and 

suggested a three dimensional island like growtIi mechanism. 

Hahn et al demonstrated direct heteroepitaxial growth of direct semiconductor 

CulnS2 on silicon (001) substrates using three source molecular beam epitaxy [71]. 

The pretreatment of silicon wafers iI).cluded a high temperature exposure to the sulfur 

beam, which lead to ideal (1 x I) sulfur terminated surface, defining the starting 

condition for successful epitaxy. The sulfur termination as well as the film deposition 

leads to ordered surfaces as indicated by LEED. Combining results of x-ray, electron 

diffraction and TEM, they found that the films grew predominantly in a tetragonal 

structure which was close to zinc blende but showed a nonchalcopyrite ordering in the 

cation sub lattice. 

Effect of deposition temperature on structural and optical properties ofCuInS2 

thin films grown by thermal evaporation was studied by Kanzari et al [72]. CuInS2 

powder was evaporated from resistively heated tungsten boats. Thickness of the 

samples was found to be in the range 0.24-0.33 Jlm. Surface roughness of the films 

were in the range 4-26 nm. They found that the optimal substrate temperature for 
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depositing good quality thin films were T. ::= 140°C and T. ::= 240°C for good 

crystallinity, low roughness and high grain size. 

Structural, optical and electrical properties of chemically and thermally 

prepared CuInS2 thin films were studied by Mahmoud et al [73]. The chemical bath 

deposition was based on the slow reaction between the slowly released Cu+, In+ and S· 

ions from their complexes according to the following steps: 

CuCh + NH3 ~ [Cu(NH3)4]2+ 

InCh + TEA ~ [In(TEA)f+ 

CS(NH2h + OH' ~ CH2N2 + H20 + HS' 

The overall reaction was: 

[Cu(NH3)4f+ + [In(TEA)]2+ + S2.---~~ CulnS2 + solution 

Temperature of the growth solution was maintained at 338 K during deposition. For 

the evaporation method, starting ingot was prepared by mixing stoichiometrically, 

elements of copper, indium and sui fur in a sealed silica tube which was then 

evacuated to a pressure of about 10.2 Pa. The mixture was then heated at 873 K for 55 

hours. The films were thermally deposited by evaporation from a tungsten boat, under 

a vacuum of 10-1 Pa. Deposition was carried out on glass substrates at room 

temperature. 

Pathan et al used the simple SILAR technique for the preparation of copper 

indium disulfide thin films [74]. Copper (Il) sulfate (CuS04.5H20), indium (Ill) 

sulfate (In2(SO~)3), triethanolamine (TEA) and hydrazine hydrate (HH) served as the 

cationic precursor and Na2S as anionic precursor. The pH of the cationic solution was 

maintained at 5 by adding TEA and HH while that of anionic precursor was 12. 

Adsorption of Cu and In ions and their reaction with sui fur to form CIS can be 

represented in the following equation 

eu + + In3+ + 2S2. ~ CulnS2 
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Thickness of the film obtained from 110 SILAR cycles was 0.48 J.U11. Immersion time 

was 30 seconds while the rinsing time was 50 seconds at room temperature. XRD 

studies indicated formation of CU2S with CuInS2' Along with HRTEM it revealed 

nanocrystallinity of CIS thin films. Electrical resistivity of the films was of the order 

of IOn-cm. Presence of oxygen in the film had been detected using RBS. 

Cu-In-S films on Ti substrates were prepared by electrodeposition from 

aqueous solutions ofCuCI, InCb, thiourea, triethanolamine and ammonia [75]. Plating 

on the titanium substrate was carried out using a calomel reference and a platinum 

auxiliary electrode. The plating voltage (vs. SCE) was -1.5 to 2 V. The plating current 

was between 6 and 8 mNcm2 and plating duration was between 10 and 15 min. All 

electrodepositions were carried out in stirred baths at room temperature. The as 

deposited layers were annealed in Ar at 550-600°C for 30-60 min. After annealing, 

the electrodes were dipped in IM KCN (room temperature) for 15 min, to dissolve 

any excess sui fur or Cu. A subsequent heat treatment in H2S further improved 

photoresponse of the layers. X-ray powder diffraction showed the annealed layers to 

be mainly CulnS2 with chaIcopyrite structure, with some CuInsSg mixed in. 

Dzionk et al explained the reactive annealing of Cu-In precursors in H2S 

atmosphere as a favourable method for large scale and low-cost production ofCulnS2 

[76]. Thin films of in diu m were prepared by evaporation of in diu m metal (99.9999%) 

from an open tungsten boat onto glass substrates. Afterwards, copper films (99.999%) 

of different thickness, according the desired Cu-In composition, were evaporated from 

an open tantalum boat onto the indium films. The samples were annealed in the UHV 

chamber at 150°C for several hours. Then the samples were removed from the 

chamber and the reactive annealing was carried out in a quartz-tube hot-wall reactor at 

temperatures between 300°C and 600°C. Single phase CuInS2 films having 

chaIcopyrite structure can be obtained at 400°C and 500°C. At higher temperatures a 

significant loss of indium via volatile In2S compound occurred. With increasing 
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reaction time, the binary sui fides disappeared giving single phase CulnS2. The 

composition range, where single phase CulnS2 was obtained, was detennined to be a 

copper- and sui fur- rich region of the phase diagram. Based on these results, they 

Suggested a three-step model for the phase fonnation during the reactive annealing 

process. This included the intennediate fonnation of sui fur rich binary sui fides CuS 

and In2S3, which then react to fonn CulnS2. 

CuInS2 films were deposited by atmospheric pressure spray chemical vapor 

deposition (CVD). Films were deposited at 390°C using [(PPh3)2CuIn(SEt)4] as a 

single source precursor in an argon atmosphere [77]. Spray CVD combines the 

benefits of traditional metal-organic chemical vapor deposition (MOCVD) with those 

of spray pyrolysis, while avoiding the disadvantages of each. The technique not only 

offered film growth in inert atmospheres, large area deposition and laminar flow over 

the substrate (which are features usually associated with MOCVD), but also the low 

temperature solution reservoir of spray pyrolysis. As evident from the SEM images, 

grain growth appeared dense and columnar, despite the small grain size. X-ray 

diffraction of the films revealed that there was a preferred orientation gradient along 

the substrate, with only two third of the film (from the back) having desired (112) 

crystal orientation. The films also range in thickness, with the leading edge being 

thinner than the trailing edge. Schottky diodes prepared by thennal evaporation of 

aluminium contacts onto the CuInS2 yielded diodes for films that were annealed at 

600°C. Solar cells prepared using annealed films having structure 

AI/ZnO/CdS/CuInS21M0/glass yielded a low efficiency of 0.68%. 

CuInS2 films were prepared by rf sputtering in argon atmosphere (3 x 10-2 

Torr) with a frequency of 13.56 MHz supplied from a crystal-controlled generator via 

a matching unit [78]. The loose powder sputter target was prepared from a p-type 

Polycrystalline material. The target to substrate separation was 3 cm and the nonnal 

Working pressures were in the 5 x 10-6 to 5 X 10-7 Torr range in the chamber before 
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sputtering. Annealing at 4 10°C in an Argon atmosphere for 30 min was found to 

improve the crystallinity of the samples. Composition analysis by RBS and XRF 

revealed the deficiency of sui fur and the presence of Argon impurities trapped during 

sputter deposition process. Ohmic contacts were achieved by sputtering gold for the 

electrical measurements. As grown films were highly resistive and the resistivity 

reduced upon annealing. Although effect of the grain boundaries could not be ignored , 
small increase in mobility with temperature could be explained by the scattering of the 

charge carriers mainly by acoustic phonons and ionized and neutral impurities. 

Matsushita et al investigated formation of the CuInS2 phase from both Cu + In 

+ 2S and CuIn + 2S mixtures using differential thermal analysis and powder x-ray 

diffraction measurements [79]. In the chemical reaction process of the former mixture, 

an explosive exothermic reaction occurred at 640°C, which was ascribed to the 

formation of In-S materials. In the latter case, an explosive sulfurization reaction 

occurred at about 700°C, leading to the complete formation of the CuInS2 phase. They 

found that the sulfurization of a Cu!n alloy at a temperature higher that 750°C could 

suppress the formation of heterogeneous products also, bulk single crystals with good 

crystalline quality could be grown by sulfurization method with S vapor pressure 

around 200 Torr. 

A two-step process that involved the deposition of alternate layers of Cu and 

In onto Mo coated glass substrates using magnetron sputtering followed by annealing 

in an environment containing elemental sulfur around 350°C was used to prepare 

CuInS2 thin films for the first time by Miles et al [80]. The CuIln ratio was adjusted 

by adjusting the In deposition power. The grain sizes were greater than 0.75 flm for 1 

Jlm thick layers. They found that the sputtered multi layer process resulted in good 

mixing of the Cu and In to produce a single phase alloy without heating. 

Copper-indium alloys were prepared by electroplating from citric acid 

baths were showed to be suitable for CO 
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depositIOn or sequential electroplating of the alloy. Presence of CU71n4 in direct 

deposit as well as in sequentially electrodeposited material was observed during alloy 

fonnation. As deposited layers were heated in H2S. X-ray diffraction showed that the 

annealed layer was CulnS2 with chalcopyrite structure, where the CuInsSg phase was 

included during the annealing process. They attributed the reason for poor or no 

photo response of the Cu rich samples to the progressive formation of a CU2."S 

degenerated semiconductor. 

CulnS2 films prepared by coevaporation of elements onto heated glass 

substrates (500°C) from a three source configuration showed that the composition of 

In-rich and Cu-rich films obey the relations In2SrCulnS2 and CuS-CulnS2 in the 

ternary phase diagram [82]. Indium rich tilms exhibited a platelet-like grain structure 

where Cu-rich tilms showed a textured morphology with grain sizes in the range 1-4 

Ilm. Compositional relations in the ternary phase diagram ofCu-In-S can be expressed 

by the parameters "molecularity deviation (~m)" and "stoichiometric deviation (~s)". 

[Cu] 2[S] 
!lm = -[ ] - 1 and t:.s = r ] [] - 1 In LCu +3 In 

Polycrystalline thin tilm of single-phase CuInS2 was made from 

copper/indiumlsulfur stacked layer at various heat treatment in nitrogen atmosphere 

[83]. Optimum heat treatment temperature was found to be 500°C. Resistivity, Hall 

mobility and carrier concentration of the fabricated CulnS2 at optimum heat treatment 

were 3 xlO·2 Q-cm, 0.1 cm2Ns and 2 x 1020 cm-3 respectively. 

One-step electrodeposition using sodium thiosulfate (Na2S203) as a sulfur 

SOurce was studied for the preparation of Cu-In-S thin films [84]. The deposited film 

was found to have a sufficiently high sui fur content compared with films deposited 

using thiourea as a sulfur source and was also found to have excellent morphology. 

HCl content added to the solution was found to be one of the predominant factors to 
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control the S/(Cu+I~) and In/Cu ratios in the film. SuI fur content in the bath was also 

one of the important factors to control the In/Cu ratio in the film. 

CuInS2 films were prepared using RF sputtering from binary compounds CU2S 

and In2S3 [85J. X-ray diffraction studies showed that the film sputtered from the target 

with the mixing ratio [Cu2S]I[In2S3J = 1.5 had a single phase with chalcopyrite 

structure. Films showed higher absorption coefficients and the band gap was found to 

be 1.52 eV. 

An original technology for producing Cu-In chalcogenide solar cells on a Cu 

tape had been recently developed. This approach called "CIS on Cu tape" (CISCuT) is 

promising for the fabrication of low cost solar cells [86]. An indium precursor on a Cu 

tape, sulfurized under special transient conditions! showed an internal structure with at 

least four different semi conducting layers. This structure had a rectifying I-V 

characteristic also without any buffer layer [87J. An EBIC investigation and an 

original thennopower measurement revealed a pnp-structure with n-type layer being 

In-rich one. 

Fonnation of Cu chalcogenide secondary phases in samples prepared using 

coevaporation, sulfurization of stacked elemental layers and spray pyrolysis had been 

studied by Scheer et al [88]. It was found that the films grown by coevaporation and 

sulfurization established a CuS overlayer at the front surface of the films. The CuS 

segregation was missing for films grown by spray pyrolysis. It was shown that the 

sulfur acted as scavenger for excess Cu atoms in the CuInS2 matrix. They proved that 

the induced CuS segregation promoted the recrystallization of the films. 

2.3.1.1 CU/nS2 Using Chemical Spray Pyro(l'sis Technique 

CuInS2 films as absorbers for solar cells were deposited using spray pyrolysis 

method on commercially available ITO and TCO glasses and two different types of 

Ti02 and ZnO electrodes- flat and porous [89]. The solution composition ofCu:ln:S:;:; 

I: 1:3 resulted in nearly stoichiometric films. CuInS! crystallite sizes of 6-10 nm on 

flat electrodes and 20-30 nm on randomly oriented porous underlayers had been 
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calculated. Doped large band gap oxides were found to be appropriate conductive 

electrodes for CuInS2 deposited with the spray process. Size of crystallites in dense 

films was inversely proportional to the orientation rate of the underlayer. The cell 

having structure ZnO:InlZnO/CdS/CuInS2 showed output characteristics of V QC = 430 

m V and Jsc = 8.1 mA/cm2 respectively. 

CuInS! and CuIl1(I."01,,S2 thin films were prepared on various substrates 

using CSP technique by Kamoun et al [90]. They showed that nature of the substrate 

and presence of Al atoms in the material noticeably contributed to growth and 

structure of deposited films. The best crystallinity was obtained for films grown on 

Sn021pyrex substrate and annealed under vacuum at 593 K. Using Kelvin method it 

was found that, putting Al atoms in the film increased the work function by about 50 

me V and induced the formation of a negative surface barrier. Concentration of S and 

C elements increased when the samples were annealed in vacuum, whereas the 

concentration of Cu, In and 0 decreased as observed from Auger studies. 

Chemical spray pyrolysis technique had been used by several authors to 

prepare CuInS! thin films. Pamplin et al studied variations in the lattice constants and 

band gaps of spray pyrolysed I-Ill-VI chalopyrite films [91]. Gorska et al used 

spraying solution containing Cu2C12, InCI3 and thiourea for preparing CuInS2 thin 

films [92]. A few drops of HCl were added to the solution to increase the stability of 

Cu2Clz. Some films were produced from a solution in which cuprous acetate was used 

in place of cuprous chloride, but films made from this solution were extremely 

deficient in copper. Nitrogen was used as carrier gas and the solution temperature was 

maintained at 100°C during spraying. Substrate temperature was varied from 180 to 

3QQoC and the spraying rate from I to 20 mllmin. Films were found to be p-type and 

the resistivity could be adjusted over the range 0.1 Q-cm to very high values by 

Controlling the temperature of the substrate. 
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Spray pyrolysis conditions required to prepare single phase CuInS2 films Were 

optimized by Tiwari et al [93]. They used aqueous solutions of copper (11) acetate , 
indium chloride and thiourea as the precursor solutions. Sphalerite structure of as 

deposited films transfonned to chalcopyrite on annealing. They found that properties 

of the films could be detennined by controlling CuJln ratio in the solution. Single 

phase films had band gap of I .38 e V. Mixed films had an additional band gap at about 

1.2 eV corresponding to a CuxS impurity phase. This impurity phase reduced 

resistivity of the films from about 103 Om to about IQ"" Om. 

Totally sprayed CuInS2/Cd(Zn)S cells were fabricated by Raja Ram et al [94] 

which yielded an efficiency of2.6%. They explained the low fill factor (27.8%) as due 

to the low shunt resistance and high series resistance. The Cu:In:S ratio was 

maintained at 1.2:2:4. 

Widely used precursor solutions for preparing the film of CulnS2 were CuCh, 

InCh and thiourea. Bihri et al [95] deposited single phase CulnS2 with chalcopyrite 

structure, when the films were sprayed at 1: 1:3 ratio and the films sprayed with excess 

sulfur were nearly stoichiometric. They obtained carrier concentration of 2.7 x 1017 

cm-3 and hole mobility was 11.6 cm2Ns. 

Lopez et al showed the possibility of having CuInS2 thin films with a wide 

range of resistivities ranging from 104 O-cm to 10-2 O-cm by changing the CuJln and 

S/Cu ratios in the film [96]. Films with copper excess had low resistivity and better 

crystallinity than those, which were stoichiometric or having indium excess. 

Surface study of the In- rich films revealed, flat surface with multiphase whiie 

Cu-rich initial solution led to single phase CuInS2 [97]. Crystal growth in Cu-rich 

films was accelerated by the presen.ce of molten phases, which segregated on the 

surface of the film. 

A physico-chemical characterization of CuInS2 films deposited using CS? 

technique showed that good quality films could be obtained on Sn02(F) coated glass 
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substrates [98]. XPS study revealed the presen~e of oxygen, bound to cations. Band 

gap was found to be closer to the single crystal values as the substrate temperature 

increases. 

Etching in KCN solution and thermal treatments in vacuum and hydrogen 

were applied to as deposited films by Krunks et al [99]. KCN etching removed 

conducting conductive copper sulfide from the surface of cu-rich films, but had no 

effect on matrix composition. Vacuum annealing at 500°C and hydrogen treatment at 

400-500°C purified the films prepared from the solution with CulIn=l, from 

secondary phases, reduced chlorine content and improved crystallinity. Vacuum 

annealing resulted in n-type films due to the formation of In203 phase. Treatment in 

hydrogen reduced oxygen-containing residues and resulted in p-type CulnS2 films. 

It had been found that concentration of residues, originated from the 

precursors, was mainly controlled by the growth temperature [100]. The content of 

impurities was less depending on the CulIn ratio in spray solution as the use of Cu

rich solutions lead to larger crystallites and lower impurity concentrations. Inversely 

to the residues originated from the precursors, concentration of oxygen increased with 

the higher growth temperatures. Post deposition treatment in flowing hydrogen was 

found to improve the crystalline quality of the samples. 

Improvement of CulnS2 films stoichiometry was found by increasing the 

sulfur content in the spray solution (S = 6). Single phase films with preferential 

orientation along (112) plane having chalcopyrite characteristic peak (103) was 

obtained by increasing the sulfur content [101]. 

CuInS2 thin films were deposited using CSP technique at 650 K and heat 

treated under a sui fur atmosphere for 1 hour at the same temperature. Effect of this 

treatment on properties of the films was studied by Marsillac et al [102]. Films 

showed better crystallinity after heat treatment. They obtained stoichiometric films 

and chlorine present in the as deposited films disappeared after sulfurization. Sodium 
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concentration was slightly increased. The band gap of the samples was 1.46 eV. A 

heat treatment for 1 hour led to lower conductivity and higher activation energy. Frorn 

the Arrhenius plot, they found that observed slopes were increasing with temperature , 
which was compatible with graih boundary scattering mechanisms. Changes in the 

properties, mainly electrical, were attributed to the replacement of oxygen present at 

the grain boundaries and linked to indium by sui fur. In203 was also removed from the 

grain boundaries. The treated films were therefore more suitable for solar cell 

applications where transversal parasitic effects along grain boundaries were an 

important issue. 

2.3.2 Electrical and Optical Properties 

Interest in I-III-Vh group ternary semiconductors arose first in 1971 when 

researchers of the Bell Laboratory put in evidence ,for the existence of visible direct 

band gap for these compounds. 

Hole mobility of CuInS2, prepared from close-spaced vapour transport, was 

very high for samples grown at Iow temperatures, which was explained by the 

presence of iodine and more probably CuI [68]. Band gap was found to vary from 

1.34 eV (for samples grown at Iow temperature) to 1.43 eV (for samples grown at 

high temperature). Carrier densities were of the order of 1016_10 18 cm,3 and Hall 

mobilities from 0,5 to 6.5 cm2tvs and even more. 

Agarwal et al obtained highly resistive samples at room temperature using 

flash evaporation, and the resistivity decreased with increase in substrate temperature 

[69]. The activation energy values indicated presence ofIocalized gap states below the 

conduction band edge in n-type CuInS2' For films deposited at 473 K the electron 

mobility and concentration were 5 cm2/Vs and 2 x 1018 cm,3 respectively. Band gap 

was found to be increasing with increase in substrate temperature (1.16 e V to 1.31 

eV). The low band gap at low substrate temperature was explained to be due to the 

presence of localized states. 
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Films deposited above 200°C, using thennal evaporation, were found to have 

relatively high absorption coefficient (104-105 cm-I) in the visible and near IR spectral 

range [72]-

Mahmoud et al studied optical and electrical properties of chemically and 

thennally prepared Cu1nS2 thin films [73]. The chemically prepared samples, both as 

prepared and annealed showed a band gap of 1.5 eV. On the other hand, the thennally 

prepared films (in as deposited condition) demonstrated two optical direct transitions 

of 1.5 eV and 1.72 eV. They explained the band gap at 1.75 eV, due to the optical 

transition from Copper d-states in the valence band to the lowest conduction band 

minimum, which disappeared by heating. Resistivity of the chemically prepared 

samples decreased on annealing in vacuum_ But on annealing in sulfur, the value was 

further reduced due to addition of carriers by sulfur interstitials. Activation energy of 

0.12 eV was calculated in the low temperature region, for both as prepared and 

annealed samples, which was attributed to some shallow acceptor levels, introduced 

by copper vacancies. On annealing in excess of sulfur, the activation energy in the low 

temperature region increased upto 0.33 e V, which was associated with a deep acceptor 

level created by the interstitial sui fur atoms. 

Temperature dependence of the energy gaps for sui fur-annealed copper 

indium disulfide was studied using Photoreflectance (PR) in the temperature range of 

10-300 K by Hsu et al [103]. Single crystals ofCuInS2 were grown by traveling heater 

method. The as grown crystals were n-type with resistivity near I Q-cm, a carrier 

concentration of 1016_10 17 cm-3
, and the mobility near 40 cm2Ns at room temperature. 

The p-type CulnS2 was obtained due to thennal treatment in the sulfur vapor_ The as

grO\\TI crystal had been annealed under maximum sulfur pressure at 750°C. Resistivity 

of the p-type samples was near 10 Q-cm, with carrier concentration near 3x1017cm-3 

and mobility of 10 cm2/Vs. The sulfur annealed samples were found to have larger 

transition energies, smaller positive temperature coefficients of energy gaps and larger 
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spin-orbit splitting energies compared with those of as grown samples. They 

explained the experimental results by a decrease of d orbital contributions to the upper 

valence band for the sui fur annealed sample which was probably caused by the 

variation of lattice distance due to native defects. 

Alt et al investigated the influence of cooling rate in a deposition process on 

the electrical conductivity of CulnS2 thin films for solar cells [104]. The films were 

grown by simultaneous evaporation of Cu, In and S, at growth temperature of 730 K , 

and growth rate of 10 Als. The final film thickness was 2-4 !-lm. It was found that the 

room temperature electrical conductivity depended significantly on the cooling rate of 

the film after deposition. The value reached lx10·3 S/cm for a cooling rate (R.,) of2.0 

± 0.2 Klmin whereas for abrupt cooling and higher cooling rates it reduced to 1 O~ and 

10.5 S/cm respectively. The possible explanations could be related to thermal stress in 

the films or to the defect chemistry. Difference in the thermal expansion between a 

thin film and the substrate could induce structural defects in the film. In the other case, 

S atoms could adsorb at the grain .boundaries during the cool down period thereby 

passivating the grain boundaries. A further decrease in R." reduced conductivity by 

more than one order of magnitude with respect to the maximum value. 

The photoelectrochemical characterization of Cu-In-S films, prepared using 

electrodeposition was done in polysulfide electrolyte under AM 1 equivalent tungsten 

-halogen illumination [75]. From the spectral response they found the existence of an 

indirect band gap at 1.3 eV, which was attributed to the presence ofCulnsSg. 

Wu et al prepared both p-type and n-type CulnS2 films by three source 

evaporation [105]. They found that the resistivities were between 0.01 and 10 Q-crn. 

The best electron mobility obtained was 21.84 cm2Ns and the best hole mobility was 

1.42 cm2/Vs. They noted a spread of WMRS (Wavelength Modulated Reflectance 

Spectroscopy) spectra, which they suggested to be due to the inferior crystaIline 

quality. 
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Minority carrier lifetime and surface recombination velocity were measured in 

both n-type and p-type CuInS2 chalcopyrite compounds, combining the 

photoelectromagnetis effect (PEM) and stationary photoconductivity (PC) effect 

[106]. CulnS2 single crystals were grown by the method ofvapor phase transport. The 

values were calculated to be 1.2 x 10.10 sec and 1.2 x 105 cm/sec for p-CulnS2 and 6.5 

x 10.7 sec and 1.3 x 103 cm/sec for n-CulnS2. Using these values they calculated the 

theoretical maximum conversion efficiency between 24 and 26%. 

Two distinct absorption regions were observed for vacuum deposited CulnS2 

thin films by Sun et al [107]. The absorption edge at 1.54 ± 0.02 e V corresponds to 

the direct band gap transition. Another one was observed at low energies 1.41 to 1.42 

eV, which was due to the transitions from a copper vacancy band to the conduction 

band. The improvement in the absorption characteristics due to annealing was 

attributed to the grain growth as well as the reduction of copper vacancies. 

Studies of optical properties of CulnS2 thin films prepared by flash 

evaporation revealed an indirect transition at 1.565 ± 0.005 eV along with a direct 

transition at 1.524 ± 0.005 eV [108]. This was ascribed to an optical transition from 

the valence band maxima at the boundary of the Brillouin zone to the lowest 

conduction band minimum at the zone center. Three further optical transitions which 

were probably due to the copper d states in the valence band were observed at 

energies well above the fundamental edge. 

2.3.3 Effect ofNa Incorporation 

Doping of Cu-poor CulnS2 thin films by sodium and oxygen species, such as 

O2 and 0, was investigated using SIMS and conductivity measurements. Samples 

Were prepared by co-evaporation of the elements Cu, In and S. Na increased grain size 

of the polycrystalline films, thereby reducing volume density of grain boundaries and 

hence increasing carrier concentration within the grains. For low Na content, 

conductivity increased with Na content while for very high Na concentration, 
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conductivity decreased. Increased oxygen concentration was observed for Na-doping. 

The SIMS signals of CuO and CuOS were also detected. They coincided with 0-

doped films but differed for Na and O2 doped films. This was interpreted as due to 

grain boundary effects. Oxygen was found to play a major role in Na doping. It Was 

proposed that the active role of 0 on the electrical properties was mediated via grain 

boundaries in CulnS2 materials [109]. 

Changes in the electronic structure of CuInS2 thin films due to Na 

incorporation were studied by Fukuzaki et al [110]. XPS spectra were recorded for Na 

free Cu deficient CulnS2 and Na incorporated films. Peaks corresponding to Cu 2p, In 

4d and S 2p of CulnS2 films were shifted by - 0.5 eV, due to Na incorporation, 

without changes in both line width and shape. They suggested the formation of a new 

(Na,Cu)InS2 phase on the film surface. Electron density of states increased by Na 

incorporation and the increments were larger for films with larger Cu deficiency. 

Explanation was that the electrons were delivered from NaCu into the valence band 

of the Cu-deficient p-CuInS2. 

Yamamoto et al. investigated electronic structures ofNa-incorporated and In

rich CuInS2, based on ab initio electronic band structure calculations. They found that 

formation of ionic NaCu -S bond decreased Madelung energy, resulting in a shift in 

energy levels of S 3p orbitals, in the vicinity of Na atoms, towards lower energy 

regions [111]. Mobile Na acted as a passivator of donor states such as InCu and 

interstitial In. They also studied the effect of codoping using Na and 0 into p-type Cu

deficient CuInSz [112]. Codoping of Na and 0 led to the formation of a complex, 

containing Nacu and Os, where they occupied nearest neighbour sites, causing the 

annihilation of the deep level in the band gap due to n-type Cu-S divacancy. 

Sodium incorporation into CulnS2 was of great interest because controlled 

incorporation ofNa into this material improved cell performance remarkably. In 1997, 

Watanabe et al investigated the characteristics of the Na-incorporated CulnS2 films by 
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intentional addition and diffusion from a soda-lime glass [113]. They observed a 

striking difference in the film morphology between the Na-containing and Na-free 

cuInS2 films in size and shape of the grains. SEM micrographs revealed that Na-free 

culnS2 films had needle like grains on the surface. However, with sodium, the gains 

changed significantly to large and coarse. Also full width at half maximum (FWHM) 

of the (112) peak for sodium-containing CuInS2 films was much narrower than that of 

sodium free films. Enhancements in conductivity, crystallite quality and device 

performance were also reported in controlled Na- incorporated CuInS2. 

2.3.4 Effect of KCN Etching 

Dissolution of metal chalcogenides in cyanide solutions was established since 

long before and was applied in the surface treatment of solar cells. KCN was known 

to dissolve copper selenides and copper sulfides and was used successfully to prepare 

CuGaSe2 based solar cells from very Cu-rich material. [114]. Post deposition 

stoichiometric adjustment could be done through chemical etching, using KCN. 

Complexing of copper by cyanide resulted in removal of a variety of electronically 

deleterious copper chalcogenides as this became soluble [88]. 

In order to remove quasi-metallic CuS layer, which predominantly 

precipitated at the front surface of the Cu-rich films, Scheer et al. chemically treated 

the samples in a XCN solution with X = Na, K [115]. 

Ogawa et al. had also applied KCN treatment on the CuInS2 film [116]. For 

this, the grown CuInS2 film was dipped in an aqueous solution of 10% KCN for 3 

minutes at room temperature and rinsed with deionized water. They found that after 

KCN treatment, CulIn ratio was lowered to -1 and is almost independent of the ratio 

eXisting before treatment. Resistivity increased by a factor of - I 00, mainly due to a 

reduction of excess carrier concentration. 

Hashimoto et al. found that KCN treatment adjusted the conduction band 

offsets from -0.7 eV to -0.05 eV. It also changed the interface CuIln ratio. KCN 
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treatment remov~d the CuxS phase or corrected structurally poor interface and made 

the band offsets close to the theoretical estimation [I 17J. 

Thin films of KCN-etched CulnS2 surfaces during an annealing procedure 

were investigated using photoelectron spectroscopy and scanning electron microscopy 

combined with energy dispersive X-ray analysis by MUlier et al [I 18J. Films Were 

prepared using sputter deposition of Cu and In followed by sulfurization in S2 vapOur 

at 500°C. Surface of the films was cleaned in situ by soft argon sputtering to remove 

residual contents of oxygen or carbon impurities. SEM micrograph indicated an 

average grain size of approximately 2 Ilm. SEM pictures directly after etching and 

without sputtering and annealing indicated no significant difference in roughness, 

homogeneity or grain size. In contrast, surface composition of the etched samples 

showed significant deviation from stoichiometry. Heat treatment of the samples after 

etching with KCN, led to CulnS2 with almost ideal elemental composition. 

Removal of a deleterious CuS phase in CulnS2 through KCN etching is 

considered to be problematic. Aggour et al. developed a novel electrochemical 

treatment for CulnS2 films, to remove the segregated CuS phase [I 19J. 

E1ectrochemical treatments were carried out in a glass cell having three electrode 

potentiostatic arrangement with a Pt counter and a saturated calomel electrode as the 

reference. They were able to remove CuS phase and the photoeffect observed using 

this method was as good as that obtained after the KCN etch. 

2.3.5 Different Studies on CulnSz 

Electron beam annealing of phosphorous-implanted CulnS2 single crystals 

had been shown for the first time to be an effective way for p-type conductivity 

control by extrinsic impurities by Lin et al [120]. CuInS2 single crystals were grown 

by chemical vapor transport (CVT). Phosphorous implantation in CulnS2 followed by 

thermal treatment, resulted in the formation of P 4S5 precipitates, which made it 

difficult to control p-type conductivity. Effect of doping by Zn and vacuum annealing 
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were also discussed. When Zn was introduced into CuInS2, the crystals became n-type 

and resistivity was reduced, which waS the evidence of it being a shallow donor in 

cuInS2. The electrical resistivities of both undoped and Zn-doped crystals were found 

to increase with the annealing temperature, and a large increase in resistivity was 

found when heated beyond 300°C. 

Chemical shifts of the K absorption discontinuity of copper had been studied 

in ternary chalcopyrite compounds by Deshpande et al [121]. It was observed that 

there existed a linear relationship between the chemical shift (~E) and the band gap 

(Eg) in the system. 

Changes in the electronic structure of Na doped CuInS2 thin films with Ga 

incorporation increased the energy conversion efficiency of CdS/CuInS2 solar cells 

from 10.6 to 1l.2% as reported by Abe et al [122]. Optical absorption energy of the 

CuInS2: Na film increased from l.40 to 1.43 with the Ga incorporation. They ascribed 

the enhancement of open circuit voltage from 0.76 to 0.80 V by Ga incorporation to 

the observed widening of band gap. Films were prepared by sulfurisation of the 

precursor films at 550°C for 1 hour in the 5% H2S1 Ar atmosphere. 

Bridenbaugh et al were the first to observe homojunction electroluminescence 

in CuInS2 [123]. This homojunction was made by two different annealing procedures, 

which converted a surface layer of p-type crystals. Diodes made by low temperature 

(200°C) In-Ga diffusion showed a rectification ratio of 17000: 1 at 2V and a zero bias 

resistance of 1 x 107 O. For diodes made by high temperature (600°C) annealing in 

InCI3 the values were 15000: 1 and 3 x 107 0 respectively. Electroluminescence had 

been observed in diodes made by In-Ga diffusion. Two peaks at 1.48 and 1.40 eV 

Were present in the spectrum at 300 K and 1.42 eV peak dominated for that at 77 K. 

The internal quantum efficiency was 10·s at 300 K and 10.3 at 77 K. 

One of the best-suited techniques for structurally assessing the films is Raman 

Scattering. Micro Raman scattering along with Auger electron spectroscopy 
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measurements were used to identify the maIn secondary phases in the Cu Poor 

samples as CuInsSg and CuS for Cu-rich ones [124]. The presence of secondary 

phases was strongly related to the temperature of processing. Secondary phases were 

inhibited when the growth temperature decreased to 420°C. Raman spectra of these 

samples were characterized by the presence of an additional mode at about 305 cm·'. 

The analysis of the layers by TEM and XRD suggested that the sphalerite structure 

was not directly related to this additional mode, but to either CuAu ordering or to 

local arrangements of cations vibrating around S anions. Hwang et al [125] identified 

eight vibration modes at frequencies 61,84,240,268,289,304,321 and 342 cm-' by 

Raman scattering for single crystal CulnS2 prepared using iodine vapor transport. 

Guha et al studied the Raman and PL spectra of CulnS2 powder produced by 

chemical route [126]. Films of CuInS2 were prepared by Doctor's blade technique. 

Crystalline quality of CulnS2 improved with the pH value of the precursor solution 

and the best crystalline quality was obtained at pH > 1 1. There were four prominent 

peaks in the Raman spectra, at 292,_ 305, 340 and 472 cm-' in addition to the peak at 

265 cm-I. They attributed the strong peak 292 cm-' to the characteristic A, mode while 

the peak at 340 cm-' to B2 mode. Formation of !3-In2S3 binary phase created a peak at 

305 cm- l and the peak at 472 cm-' was ascribed to the internal stretching mode of 

sol' ion which disappeared above pH = 11. The peak at 265 cm-' was obtained only 

for pH = 9 and was attributed to B2 mode. PL studies revealed the formation of sulfur 

vacancy during H2 annealing. 

The Aulp-CuInS2/Cu structure was found to exhibit electronic switching 

characteristics [127]. Amorphous CulnS2 films were deposited using single source 

thennal evaporation technique. The switching was explained to be associated with 

electronic processes than the thermal ones. 

Grzanna et al. studied chemical stability of CuInS2 in oxygen at 298 K [128]. 

They performed a thermochemical analysis in the quartenary system Cu-In-S-O. They 
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found twelve quaterna'!' two-phase equilibria for Cu-In-S-O system. From the 

predominance area diagram of Cu-In-S-O for different partial pressures of oxygen, 

they found that the area of existence of CulnS2 became smaller and those of In203 and 

In2 (S04) 3 became larger with increasing oxygen pressure. The field of CulnS2 just 

vanished when the oxygen pressure became -51.5 Pascal. This pressure corresponds 

to the equilibrium, 

2CuinS2 +602 ~ In2(S04)3 +Cu2S 

Thus for oxygen pressures larger than this value, CulnS2 was unstable and 

was transformed into Cu2S and In2 (S04)3. 

Electric and magnetic properties of Mn and Fe doped CulnS2 compounds 

were studied by Tsujii et al [129]. Electrical conductivity changed drastically with 

increasing Mn concentration, indicating an increase of carrier density. It was found 

that susceptibility was reduced due to increase in Mn concentration, which indicated 

enhancement of anti ferromagnetic interaction. However, magnetic ordering was not 

observed in these systems. In the case of samples doped with Fe, the magnetization 

increased monotonically without any step as the anti ferromagnetic interaction of Fe 

ions was weak since the Fe-Fe distance was much larger than that ofMn-Mn. 

Hydrogen diffusion in CulnS2 thin films was studied by measuring the 

spreading of implantation profiles upon annealing [130]. Hydrogen diffusion observed 

was too slow to be attributed to the intrinsic diffusion. It was found that in 

polycrystalline CulnS2 films, hydrogen left the samples through the pores between 

grains. 

Interaction of atomic hydrogen with the surface of Cu-IU-Vh chaIcopyrite 

semiconductors was studied by Lippold et al [131]. The technique of low energy 

broad beam ion implantation into heated targets was used to introduce atomic 

hYdrogen. They found that for temperatures above 150°C, surface layer became rich in 

indium. Based on the results of micro Raman analysis and EDAX, they proposed a 

114 



Chapter 2 

model for this effect: copper in-diffusion, caused by the filling of Cu vacancies and 

possible substitution of Cu by hydrogen. They also suggested that incorporation of 

atomic hydrogen at elevated temperatures could be a tool for controlled post grOwth 

stoichiometry variation of Cu chalcopyrite surfaces. 

Otte et al. implanted H3
+ at 300 eV into Cu-chaIcopyrite semiconductors at 

temperatures between 50°C and 300°C [132]. They found an increase of radiative 

recombination, which was attributed to defect passivation due to hydrogen 

incorporation. 

Electron-phonon contribution to the energy gap in CuInS2 was studied using 

the photocurrents of a Schottky barrier diode in the temperature from 10 to 300 K 

[133]. The Schottky barrier diode was constructed by evaporating a layer of about 100 

A gold film on the front surface of the sample. It was showed that the electron-phonon 

interaction for the band transition was dominated by the highest-energy phonons, and 

the results confirmed the positive temperature coefficient of the energy gap for the 

thermal expansion in CuInS2. 

In solar cells made of amorphous silicon or Indium phosphide, hydrogen is 

either an essential part of the system or is used to improve the performance of the 

cells. Effect of hydrogen in the chalcopyrite materials is now beginning to receive 

attention. Gil et al. performed muon spin rotation (JlSR) experiments on CulnS2 to 

study the effect and behavior of hydrogen in the material [134]. Muon spin rotation 

could provide information on the local structure and electronic configuration of 

isolated hydrogen because, muon can be regarded as a proton analogue or 'light 

isotope' of hydrogen. 

Influence of post deposition annealing of coevaporated CulnS2 films in 

hydrogen and oxygen atmosphere was studied using photoluminescence (PL) and 

nuclear reaction analysis (NRA) techniques [135]. Intensity of the PL peak at 1.445 

eV could be drastically influenced by post-deposition treatments. This transition was 

ascribed to the donor-acceptor pair recombination between a sulfur vacancy and a 
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copper vacancy. They found that the sui fur vacancy could be activated by hydrogen 

annealing and passivated by oxygen annealing. 

Vijaya Lakshmi et al prepared CuInS2 thin films doped with Mn using spray 

pyrolysis technique. The band gap was found to increase with Mn content in the range 

1.38 to 1.56 e V [136]. The decrease of hole concentration with doping indicated the 

creation of donor levels by Mn. 

The piezoelectric photoacoustic spectra had been investigated using a tunable 

laser for CuInS2 crystals grown by the traveling heater method [137]. The spectrum 

observed at 9 K showed two dips in the band edge region corresponding to free 

excitons located at 1.536 and 1.556 eV respectively. The dip suggested that the 

probability of non-radiative recombination of excited electrons and holes decreased at 

the free exciton energies. 

2.3.6 Defects in CuInSl 

Understanding of the defect chemistry of a material is very important in view 

of the practical applications. The efficiency ofCuInS2 solar cells is determined by the 

presence of native (extrinsic) lattice defects. These defects introduce energy levels in 

the band gap, which determine the conductivity type and the minority carrier life time. 

Defect Physics and chemistry of CuInS2 films were studied by Nanu et al [138]. The 

films were obtained by sulfurization of a Cu-In (Culln = 1.8) metallic alloy. Nature of 

the sulfur precursors was found to play an important role in the defect chemistry of 

CulnS2 films. From Raman spectra it was concluded that with H2S, the concentration 

of Cu-Au ordering was much higher than that when Sn was used. If O2 was added Cu

Au order diminished substantially. Since the use ofH2S yielded a higher concentration 

of sulfur vacancies, and since O2 was known as a passivator for Vs it was postuiated 

that the presence of Cu-Au ordering and Vs were correlated. This model was 

supported by PL spectroscopy. PL emission taken from H2S-treated samples was 

much stronger than PL emissions from Sn treated samples. The PL bands could be 

assigned to donor-to-valence band and donor-acceptor recombination and gave 
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support to the idea that a high concentration of Vs was connected to a high 

concentration of anti-site defects, CUln and Incu. These anti site defects fonn an ° 

ordered arrangement being the Cu-Au order. Thus, they were able to establish a link 

between the presence of Cu-Au ordering and PL spectra. 

It was established that electrical and optical properties of ternary chalcopyrite 

semiconductors were dominated by the presence of intrinsic defects (vacancies , 
interstitial and anti-site defects). The influence of intrinsic defects, cation vacancies 

(V CU, V1n) and anti-site defects (Incu, CUln) on the band structure of nonstoichiometric 

CulnS2 based upon the ab-initio electronic band structure calculations using 

augmented spherical wave (ASW) method was done by Yamamoto et al [139]. They 

found that an energy shift of the center
O 

of gravity of S 3p band was a key parameter 

for controlling change in the type of conductivity-and resistivities of CulnS2 crystals 

with intrinsic cation defects. In p-type crystals (Vcu, CUln and V1n) the physical 

characteristics were determined by the change in the interaction between Cu and S 

atoms. 

Photoluminescence (PL) is a very sensitive method that investigates defect 

and impurity states. So, far a number of PL studies on CulnS2 were performed. But 

not much is known about the native defects associated with bound excitons because of 

the difficulty of high quality crystal growth. Wakita et al investigated the effects of 

annealing on PL spectra in CulnSz crystals grown by traveling heater method [140]. 

They found that after vacuum annealing at 400°C the emission of bound exciton at 

1.525 e V (E:<2) was completely eliminated while another bound exciton peak appeared 

at 1.520 eV (Ex3). On the other hand, when the crystals were annealed in contact with 

In::S3 powder, bound ~xciton emissions almost did not change compared with the 

spectra of the as-grown crystals. They proposed that the defects associated with Exl 

and Eu bound excitons were attributed to interstitial S-atoms and In-vacancies or 

substitutional Cu-atoms at In-site respectively. The radiative life times of the E:<2 and 
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Eo with single exponential decay had been estimated as 2.1 and 3.5 ns respectively 

[78]. Similar analysis of slow component of ExI emission showing double exponential 

decay gave a radiative life time value of 500 ps. Charge state of the defect centers 

associated with the bound excitons was argued to be neutral. 

Binsma et al used PL as an effective tool to identify defect levels in CuInS2 

[141]. They found that in In-rich material, the acceptor level was located at 0.10 e V 

above the valence band, which was ascribed to V CU. In Cu-rich samples, the acceptor 

level was located at 0.15 e V above the valence band, due to either VIn or CUIn. Two 

donor levels having ionization energies 35 and 72 meV were also identified in both 

Cu-rich and In-rich samples, which originated from either intrinsic defects or 

impurities. 

Combining the studies of electrical, photoluminescence and stoichiometry 

analyses, the defect structure of CulnS2 single crystals was revealed [142]. Ionization 

energies were determined to be 0.038, 0.068 and 0.145 e V for the sui fur vacancy, 

indium interstitial and indium occupying copper vacancy respectively. They also 

found that for CuInS2, a high hole concentration could only be obtained by 

phosphorous implantation and pulse electron beam annealing and a high electron 

concentration could be obtained by zinc diffusion [143]. They obtained ionization 

energy of 0.018 e V for phosphorous occupying sulfur vacancy and the ionization 

energy of zinc occupying copper site was 0.18 eV. 

Deep PL emission bands at hy = 0.954 eV and 0.864 eV were observed in 

CulnS2 single crystals [144]. They were resulted from a donor-acceptor pair (OAP) 

recombination, such that the donor atom of the OAP occupied an interstitial position 

within the chalcopyrite lattice and the acceptor atom was at a cation site next to it. The 

probable donor defect was identified as an interstitial Cu atom and the associated 

acceptor defect as a cation vacancy VIno 
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Masse et al studied the cathodoluminescence of single crystals of CuInS
2 

obtained by iodine chemical transport [145]. As grown crystals and crystals annealed 

in In, S, (In + S) or in vacuum were used. Two types of spectra were observed. One 

for n- type crystals due to S vacancies and the other for p-type or compensated 

crystals, which was interpreted as donor-acceptor pair transitions between S-vacancy 

(donor - 90 meV) and the Cu vacancy (acceptor - 45 meV) and by the corresponding 

free-to-bound transitions. 

Topper et al investigated the PL spectra of both CuInS2 films and solar cells 

prepared by coevaporation as a function of post deposition treatments for different 

temperatures and excitation intensities [146]. No significant difference was found 

between thin films and solar cells. Annealing in hydrogen atmosphere caused an 

increase of PL intensity at 1.445 e V by more than a factor of 100, while subsequent 

annealing in oxygen or air ambient passivated this transition, which was ascribed to a 

donor-acceptor pair recombination between a sulfur vacancy and a copper vacancy. 

They suggested a defect mechanism that assumed the passivation of sui fur vacancies 

by oxygen in grain surfaces, which could be activated by hydrogen annealing. 

Electrical and PL measurements had been carried out on chemical vapor 

transport grown CulnS2 single crystals in order to determine intrinsic defect levels in 

this material [147]. Post-growth treatments, like annealing in vacuum, air, Cu, In and 

S atmosphere were used to identify the observed electronic defect levels. Combining 

these results with those given by Lewerenz et al [148], a band diagram for CulnS2 

could be proposed [Fig. 3]. 
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Fig. 3 Band Diagram ofCulnS2 

2.4 CuInSl as Absorber Layer 

The main function of this component is to absorb light and to convert its 

electromagnetic energy into the energy of electron-hole pairs, which is of a chemical 

nature [1491. CuInS2 possesses several exceptional material properties, which make it 

potentially suited for photovoltaic applications. Energy gap of the absorbing material 

should match the spectral region where the cell is expected to operate. CuInS2 is 

having a direct band gap of 1.5 eV, which is the optimum value for solar energy 

conversion. Optical absorption coefficient of the absorber material has to be high in 

order to absorb most of the illumination energy within the thin layer. Indirect 

semiconductors, where the energy gap for indirect transitions is smaller than the 

energy gap for the direct ones, usually show too small optical absorption and require a 

complicated light-trapping scheme. Typical chalcopyrite semiconductors for solar cell 

applications like CuinSe2 and CuinSl (CIS) are direct band gap semiconductors, so 

that large absorption coefficients can be achieved here. This material can be prepared 

both in p-type and n-type fonn so that homojunction is also possible. Meese et al 

120 



Chapter 2 Review on /n]SJ and Cu/nS] thinji1lns 

predicted theoretical efficiencies between ~7% and 32% for the CulnS2 homojunction 
and this is the highest figure for any photovoltaic device [150]. 

Some of the requirements for forming a good quality heterojunction are: 0) 

the lattice constants of the two materials should be nearly equal, (ii) the electron 

affinities should be compatible and (iii) the thermal expansion coefficients should be 

close. Mismatch of lattice constants and thermal expansion coefficients leads to 

interfacial dislocations at the heterojunction interface, giving rise to interface states , 
which act as trapping centers. Difference in electron affinity between the two 

materials can result in energy discontinuities in the form of a notch or a spike, in one 

or both of the energy bands in an abrupt heterojunction [151]. Current emphasis in 

photovoltaic technology is directed toward the development of high performance 

inexpensive solar cells. 

2.5 Review 00 CuIoS2 Based Solar Cells 

Thin film solar cell is a promising approach for terrestrial and space 

photovoltaic and offer a wide variety of choices in terms of device design and 

fabrication. Since the discovery of pn junction Si photovoltaic (PV) devices [151] 

reported in 1954, the science and technology of PV devices (solar cells) and systems 

have undergone revolutionary developments. The problem of high cost of Si was 

recognized right from the beginning. Silicon being an indirect band gap material with 

band gap - 1.1 eV is by no means an ideal material. For effective solar absorption, Si 

wafers have to be at least 50 ~ thick unless optical enhancement techniques are used 

to improve the effective absorption. It has also been recognized that cheaper solar 

cells can be produced only if cheaper materials and lower cost technologies are 

utilized. The I-Ill-VI chalcopyrite materials have some of these desirable properties 

for photovoltaic application. CuInS2, having a direct band gap of 1.5 eV is considered 

as an ideal material for photovoltaic application. 
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Fabrication and characterization of several vacuum deposited photovoltaic 

heterojunction involving CuInS2, were reported by Kazmerski et al in 1972 [152] with 

CdS as the buffer layer. The CuInS2 films having 2-4 )lm thicknesses were grown by a 

dual source deposition technique and CdS was evaporated from a Ta- baffled source. 

The substrates were polished alumina with a Zn-Au metalisation for back contact. The 

devices were fabricated completely in-situ and the CuInSiCdS had a measured 

efficiency of 2.55%. 

They also reported formation of a n-p CuInS2 homojunction solar cell in the 

same year [153]. The CuInS2 films for the device investigation were grown by a dual 

source deposition technique, employing a resistive heated quartz or beryllium oxide 

crucible for the single phase ternary powder and Ta boat for the sulfur. The purpose of 

this second, chalcogen source was to alter the S content in the film during growth, and 

hence to control carrier type. The measured efficiency of the device was 3.33%. 

An attempt to prepare solar cells using spray pyrolysis was made by Gorska et 

al in 1979 [92]. They prepared heterojunction by spraying CuInS2 onto heated CdS 

single crystals. They also prepared an all-thin-film heterojunction device, by spraying 

CdS over CuInS2 layer. But weak photo activity was observed in both cases. In 1985, 

totally sprayed CuInS2/Cd(Zn)S cell having efficiency 2.66% was reported by Ram et 

al [94J. 

Heterojunctions of hydrogenated a-Si films prepared by rf sputtering with 

Spray pyrolysed CuInS2 films were studied by Kumar et al in 1986 [154]. 

Capacitance-Voltage measurements established the formation of an abrupt 

heterojunction which exhibited photovoltaic behavior with V DC = 220 meV and Jsc = 

0.20 mNcm2• 

In 1992, Waiter et al investigated heterojunction formed with co evaporated 

CUlnS2 and CuIn(S,Se)2 [114]. Heterojunctions of single and bilayer CuInS2 thin films 

Were completed by evaporation ofGa doped n-type (Zno,ICdo,9)S window or a highly 
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conductive ZnO layer with a chemical bath deposited thin CdS buffer layer (50 nm) 

and AI contact. During spectral response measurements, they observed a negative 

response (reversal on photocurrent) under forward bias and at equilibrium condition 

for the red end of the absorption spectrum resulted in the cross over of the dark and 

illuminated J-V curve. This could be correlated to the existence of a quasi-metallic 

CuS phase, because the effect was not observed when using a bilayer or a KCN etched 

single layer. Thus it was possible to overcome the phase inhomogenities by applying 

bilayer recipe and therefore avoiding CuS. They could get an efficiency of 6.1 % for a 

(Zn,Cd)S/CuInS2 heterostructure and an active area efficiency of 10% for a 

ZnO/CdS/CuIn(Seo.ssS0.42)2 solar cell. Using a graded band gap in order to over come 

interface problems, the efficiency improved to 11.7%. 

In 1993, Scheer et al reported the cell structure glassIM0/p-CulnS2/n-CdS/n+. 

ZnO/AI, which delivered 10.2% efficiency at stimulated AMI.5 conditions [115]. The 

Cu-rich p-type absorber having 3 J.Ul1 thickness was prepared by thermal 

coevaporation. Deposition of a thin CdS layer was performed in a chemical bath and 

sputtered ZnO:AI layer served as the transparent conductive window layer. An 

evaporated Al grid completed the cell structure. They also attempted to leave out the 

bath deposited CdS layer using a configuration of CuInS2/ZnO. These cells exhibited 

much lower photovolatge. 

Thin film photovoltaic cells were fabricated using the heterostructure 

consisting of an atom beam sputtered ZnO films, a chemical bath deposited CdS layer 

and a CulnS2 film obtained by sulfurization of a metallic precursor in 1994 by Uenishi 

et al [155]. They prepared two types of cells using CdS buffer layer prepared from 

aqueous solution containing iodides and chlorides. The cell 'prepared with CuIln ratio 

1.21 for CuInS2 and CdS from iodide solution showed 2.2% efficiency while that with 

CdS from chloride solution yielded only 1 % efficiency. 3.1 % efficiency was achieved 
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for the cell where the heterojunction consisting a CdS layer (iodide solution) and 

culnS2 thin film (Culln ratio 1.21) was annealed in vacuum at 150'C for 30 minutes. 

An efficient (9.7%) thin film photovoltaic cell was fabricated by Ogawa et al 

(116] in the same year, using the heterostructure consisting of a CulnSz film obtained 

by sulfurization of a metallic precursor, a chemical bath deposited CdS layer and an 

atom- beam sputtered In203 film. CdS was deposited from an aqueous solution 

containing Cdlz, NH41 and thiourea. A preceding KCN treatment of the Cu-rich 

CulnS2 film removed the possible CuxS layer and/or excess Cu phase in the compound 

until the CulnSz film became stoichiometric. 

Subbaramaiah et al reported an all-sprayed p-Culn(So.sSeo.s)z/n-CdZnS:ln 

heterojunction in back wall configuration having conversion efficiency 1.1% [156]. 

In 1995, Hashimoto et al studied band offsets at CdS/CulnSz heterojunction 

using X -ray Photoemission spectroscopy [1I 7]. In order to accurately determine the 

band offsets, they measured the C~d and lfl4d core levels as well as the valence band 

maximum (VB M). Then, the band offsets are given by 

~v = Ev.ln4d- Ev. Cd4d- 6.ECL 

~c = -6Ev - Eg(CulnSz)+ Eg (CdS) 

where 6Ev is the valence band offset and ~CL is the energy difference between the 

C~d and Ifl4d levels of a CdS/CulnSz heterojunction. They determined the band offsets 

for untreated CdS/CulnSz junction as 6Ev = 1.8±0.3 eV and 6Ec = -0.7+ OAeV. The 

values obtained for the KCN treated one were ~v= 1.18+ 0.1 and 6Ec = -0.05 +0.15 

eV. The result revealed that the KCN treatment not only reduced the carrier 

concentration of the CulnSz film but also adjusted the conduction band offsets from -

0.7 eV to -0.05 eV, improving the interface to establish the alignment of the 

conduction band minima. The reduction in the conduction band offset at the 

CdS/cyanide treated CulnSz junction suggested that the cyanide treatment improved 

the interface to give rise to the alignment of the conduction band minima, which was 

suitable to the solar cell applications. 
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CdS had been successfully used as buffer layer for I-III-VI2 thin film absorber 

for a long time. Recently lot of research was going on for an alternate to CdS buffer 

layer in order to eliminate toxic cadmium for an environmentally friendly photovoltaic 

technology. Moreover improvement of transmission in the blue wavelength region by 

using a material with a wider band gap compared to CdS was one of the aims to obtain 

an improved device performance. 

In 1996, CuInS2 solar cell with 6.3% efficiency had been achieved without 

KCN treatment by Watanabe et al [157]. They prepared CuInS2 films using a two 

stage process in which Cu-In-S precursor were sputtered in H2S/ Ar with metal targets 

(Cu and In) and then annealed in H2S atmosphere. They also found that control of S 

content in the precursor was essential for fabricating high- efficiency solar cells. This 

efficiency was obtained when S/(Cu+In) ratio of the precursor was 0.3. They 

suggested that a reduction of In-rich phase (In2S3, CuInsSg etc) was also important in 

order to achieve a high efficiency in CulnS2 solar cells without using poisonous KCN. 

Fabrication of a 11.4% efficient thin film solar cell based on CulnS2 with an 

In,,(OH,S)y buffer layer (Cd- free) was reported by Braunger et al [158]. CuInS2 thin 

films were deposited in a single layer process by thermal coevaporation of the three 

elements onto a heated Mo-coated soda lime glass substrate. Absorption layer 

thickness was adjusted to approximately 3 Jlm and the films were grown with 10% 

excess of copper and fifteen fold surplus sui fur in the vapor. The secondary CuS phase 

was removed by KCN etching. The cadmium free buffer layer was deposited from an 

aqueous solution ofthioacetamide (CH3CSNH2)2 and InCh at temperature upto 70°C. 

Another such material was n-Si. Crystalline Si (c-Si) probably represented the 

most attractive substrate material, as lattice mismatch between CIS and Si was only 

2%. In 1997, Metzner et al presented the first epitaxial Si/CuInSz heterojunction 

device [159]. By means of Molecular Beam Epitaxy (MBE), slightly Cu- rich CuInS2 

epilayers were deposited on sui fur- terminated Si-( Ill) surfaces of n-type wafers. In 
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the first step, an ITO film of about 100 nm thickness was deposited onto the CIS layer 

by means of electron beam evaporation. In the second step, a structured Cri Ag grid 

was deposited on top of the ITO layer, by means of lit off process. Finally, the Ga 

metallic back contact was fonned on the unpolished side of the substrate by means of 

mechanical alloying. However the photo activity of the device was very low. 

Illumination with an AMl.5 spectrum yielded a photocurrent of typically 1-2 mA. 

Negami et al [160] showed that sulfurization ofCu-In-O films could suppress 

the fonnation of binary phases in CulnS2. CulnS2 solar cells with a structure of 

ITO/ZnO/CdS/CulnS2/Mo/Glass were fabricated after KCN treatment of the CuInS2 

films, since the obtained films had a Cu-rich composition with CulIn ratios of above 

1.2. CdS buffer layers of 50-100 nm thick were deposited using chemical bath 

deposition (CBD). After that, ZnO and ITO layers were deposited by RF-magnetron 

sputtering with thickness of 0.2 and 0.3 Ilm respectively. They studied the dependence 

of the perfonnance of the cell on the H2 gas pressure during the sulfurization process. 

Open circuit voltage (V QC)' short circuit current (Jse) and fill factor (FF) increased with 

increasing H2 gas pressure. They suggested that small amount of oxygen remained in 

the CuInS2 films could affect the cell perfonnance. ie, A sufficient reduction ofCu-In

o system during sulfurization process was necessary to achieve higher cell 

efficiencies. The CuInS2 solar cell fabricated showed a conversion efficiency of 7.5 

%. 

An active area efficiency of 10.4% had been achieved for the cell structure 

CulnS2/CdS/ZnO by Klenk et al [161]. CuInS2 films were prepared by sulfurization of 

sequentialIy deposited CulIn stacks with elemental sui fur. Films were etched in a 10% 

aqueous solution of KCN for 5 minutes at room temperature prior to window layer 

deposition. Window layer consisted of a solution grown CdS and rf-sputtered i-ZnO 

and ZnO:AI. Substrate were float glass I" xl", bare or coated with e- beam 

evaporated Mo. The cell structure was completed with e-beam evaporated Ni/AI grid. 
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Controlled incorporation of Na onto the absorber layer of CuInS2 solar cells 

improved cell performance remarkably. Without toxic KCN treatment, conversion 

efficiency of over 6% was achieved by sulfurization of sodium containing precursor 

by Watanabe et al [162], while the cell having Na free absorber layer showed Poor 

cell performance of only 1 %. They also investigated the characteristics of sodium 

incorporated CulnS2 fi.lms by intentional addition and diffusion from soda lime glass. 

The striking diffetence in the film morphology between sodium-containing and 

sodium-free CulnS2 fi.lms was the size and shape of grains. Na free CulnS2 films had 

needle like grains on the surface. With Na the grains changed significantly to large 

and coarse. The enhancement ofY QC (235 mY to 665 mY) and FF (27% to 52.6%) was 

striking compared with lsc. However, higher concentration of Na reduced cell 

efficiency. They related this effect to the formatio.n of a highly resistive NalnS2 phase 

on the surface of CulnS2 fi.lms. 

Park et al reported an efficiency of 5.66% for a CulnSiCdS solar cell 

fabricated by depositing CdS thin film with dopant In of 1 % on ternary compound 

CuInS2 thin film [163]. A still better efficiency of 8.25% was obtained for a four layer 

structure low. p -CulnS2lhigh p-CulnS2lhigh p -CdS/low p -CdS, which had back 

surface field and internal electric field by graded band gap. Mo coated glass slides 

were used as the substrate. 

Nature of the substrate had very much influence on the properties of film 

deposited over it. The solar cell, which consisted of a CuInS2 thin film prepared by 

sulfurization of a metallic precursor, deposited either on a Pt sheet or a Mo-coated 

soda lime glass substrate exhibited an efficiency of 10.5% at AM1.5 without 

antireflection coating [164]. Initially more Cu-rich fi.lm was often torn off from the 

substrate when Mo coated soda lime glass was used as substrate. Thin Ga layer with 

different thicknesses were initially deposited on Mo-coated glass substrate to improve 

the film adhesion. They obtained a relatively good efficiency when Ga layer 

127 



Chapter 2 Review on /n~J and Cu/nS] thin films 

sandwiched between the precur:>0r and Mo-coated substrate was 27 nm thick when 

compared to Ga free cell. Comparable efficiency was obtained for cells prepared on Pt 

substrate. It was revealed by XPS depth profiling that, after KCN treatment, the 

chalcopyrite absor~er consisted of a stoichiometric portion in the bulk of the film and 

also an interface portion, which might be formed by the reaction of In with a Pt 

substrate. A comparable device performance was obtained when Mo-coated glass was 

used as a substrate. 

Scheer et al investigated the electrical properties of polycrystalline CuInS2 

thin film grown by coevaporation by lateral electrical conductivity measurements 

[165]. They showed that annealing of Cu-poor films in S atmosphere, during an 

extended cool-down period, enhanced the lateral conductivity at room temperature, 

clearly showed the influence of the cool down step on the electronic film properties of 

CuInS2/CdS/ZnO devices. This influence was explained by the saturation of S 

vacancies during the cool-down period. By reducing the cooling rate from 10 Klmin 

to 2 Klmin, the efficiency increased from 3% to 8.3%, under AM1.5 illumination. 

They suggested that further improvements were expected, provided the room 

temperature conductivity in these films could be further increased. 

In 1998 Gal et al electrodeposited films of size quantised CdS as a buffer 

layer on CulnS2 [166]. The resulting CulnS2/CdS thin film solar cells gave increased 

photocurrents and higher light conversion efficiencies (> 11 %) than those made with 

conventional non-quantised CdS films. This was mainly due to the increased band gap 

of the quanti sed CdS, allowing more light to reach the active CulnS2 layer. CIS films 

were deposited on Mo-coated glass by co evaporation of the elements. The films were 

etched in aqueous KCN for 30 seconds. ZnO was deposited onto the CulnS2/CdS 

structure by rf sputtering from a ceramic ZnO target doped with 2% by weight of 

A120 3• A Nil AI grid was electron beam e~aporated onto the ZnO as top contact. 

Ennaoui et al [167] used ZnO, grown using SILAR technique, as buffer layer 

for CulnS2 based solar cells. The motivation of searching for this alternative was to 
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eliminate the toxic cadmium and to improve the light transmission in the blue 

wavelength region since ZnO had a wider band gap (3.3 eV) compared to CdS (2.42 

e V). Due to the higher band gap of the Cd free buffer layer, an enhanced response in 

the short wavelength of the spectrum was observed. However the cells still had lower 

efficiency (around 4%) compared to the standard devices with CdS buffer layer 

prepared under the same conditions (efficiency around 9%). Nevertheless they found 

comparable values offill factor and photocurrent. 

In the same year Penndorf et al developed a new technique "CIS CuT" for the 

preparation of polycrystalline single-phase CuInS2 thin films for solar applications 

[86]. In a continuous roll-to-roll process, a copper tape was at first electrochemicalIy 

plated with an In layer. In the second step, this tape underwent a rapid sulfurization 

process at about 600°C at atmospheric pressure. The CU2."S layer formed at the top of 

CIS was removed by KCN etch. For CulnS2 based solar devices, attempts to prepare 

the common CuInS2/CdS heterostructure had failed all the time. Surprisingly only a 

substrate ofCuInS2/p-type semiconductors lead to a diode characteristic. ZnTe, CU20, 

CU2."S and Cu(S,O) had successfully been used to form such devices. For a 

CulnSiCu(S,O) device, the efficiency was determined to be 6.1 %. 

For CuInS2 based thin film solar cells, total area efficiency of 11.1 % and 

active area efficiency of 12.5% was reported by Klaer et al [168]. The sequential 

process for CuInS2 preparation used in this study was based on dc magnetron 

sputtering for metal deposition, followed by sulfurization in elemental sui fur vapor. 

The CuInS2 layer thickness was about 3 !lm. Heterojunctions were then prepared by 

chemical bath deposition of 50 nm CdS and a sputtered transparent conducting ZnO 

window layer. Finally, an aluminium grid for contacting and an MgF2 antireflection 

coating completed the cell. The best conversion efficiency was obtained with strongly 

copper-rich precursors with a CuIln ratio of 1.8. 
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As Na incorporation resulted in a remarkable increase in the lateral 

conducting of Cu-poor CulnS2 films, Watanabe et al investigated the effect of Na 

doping in CulnS2-based solar cells [169]. They explained the increase in the 

conductivity by Na incorporation by the annihilation of donor states, most likely Inj. 

They obtained drastic enhancement of efficiency to over 8% by incorporation of 

Na.CulnS2 films were fabricated through sulfurization of In-S/Cu/Na2SlIn precursors. 

The cell structure was ITOICdS/CulnS2/M0/Si02/SLG. 

Two methods were commonly used to prepare CulnS2 thin films for high 

efficiency solar cells. One was a Cu-rich process in which Cu-excess CuInS2 thin 

films are grown by simultaneous evaporation or sulfurization with sui fur vapor or H2S 

and then the CuS phase that segregated on the film surface was removed by treatment 

with potassium cyanide (KCN) solution. Using this method, it was possible to 

fabricate high-quality CuInS2 films because CuS promoted the formation of large 

grains. Another method was the sodium-incorporation process. In this process, Cu

poor CulnS2 films were grown by sulfurization of sodium containing precursor. It was 

well known that it was difficult to realize high efficiency Cu-poor CulnS2 films 

compared with Cu-rich CuInS2 ones because the films had poor crystallinity and 

extremely low hole concentration that were inadequate for solar cell applications. 

Sodium incorporation into CulnS2 enhanced films conductivity and the conversion 

efficiency of the solar cells. Currently, this was the only means of fabricating high

efficiency solar cells based on Cu-poor CulnS2' In CulnSe2 and CuInS2 absorber 

films, gallium was commonly used as an isovalent substrate for In in order to enlarge 

the band gap. 

In 1999, Watanabe et al obtained a high open circuit voltage exceeding 0.8 V 

by adding Ga to Na incorporated CulnS2 thin films [170]. Cu(In,Ga)S2 films were 

fabricated by sulfurization of Cu-In-Ga precursors containing Na in H2S atmosphere. 

The cell structure was ITO/ZnO/CdS/Cu(In,Ga)S2/Mo/TilSiOzISLG. They achieved 
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an efficienc~ of 11.2% with Vex= 802 mY, 1sc= 20.9 mNcm2 and FF = 66.7% without 

any KCN treatment. 

In 2000, Kneisel et al used thermal admittance spectroscopy, to study the 

defect properties of high efficiency CuInS2/CdS/ZnO thin film solar cells [171]. They 

found that defect spectra did not depend on the buffer layer. Two pronounced trap 

levels were found at 0.3 and 0.5 eV. Both were identified as majority carrier traps in 

the bulk of the p-CIS space charge region. The trap at 0.5 e V was correlated with a 

decrease in the open circuit voltage of the cells. 

Performance of CuInS2 solar cell, consisting of a transparent conductive 

oxide/CdS/CuInS2 heterostructure, had been analyzed by Ito et al [172]. A theoretical 

mode, in which a very thin n-type layer was assumed to exist at the interface between 

the p-type CuInS2 and the n-type CdS buffer layer, had been developed to explain 

their characteristics. In this case an n-n heterojunction was formed between n-type 

CdS buffer layer and n-type CuInS2 layer. The substrate material was found to have 

substantial influence on the device characteristics. When the absorber layer was 

prepared on a Mo-coated soda lime glass substrate by sulfurization, the 

heterostructure was an abrupt junction (in which the acceptor concentration was 

uniform throughout the p-type region). When prepared on a Pt foil substrate, the 

heterostructure was a linearly graded junction (in which the acceptor concentration 

increased linearly with the distance from the junction). These two types of junctions 

were theoretically discussed. 

Hengel et al used Ga incorpoaretd highly efficient CuInS2 thin film solar cells 

for fundamental investigations on the recombination mechanism [173]. They 

demonstrated that the incorporation of small amount of Ga did not change the 

recombination mechanism as such. They also postulated a change from tunneling into 

interface states in the dark to a thermally activated process under illumination for T > 

150 K. 
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In 2001, Siemer et al employed a rapid thermal process (RTP) for CuInS2 

absorbers to get an efficiency ~f 11.4% for the cell structure glass/Mo/CuInS2/ZnO 

[174]. They used a sequential process with metallic layers of Cu and In rapidly heated 

in elemental sulfur vapor. All samples were prepared under Cu excess with atomic 

ratio [Cu]/[In] = 1.8. Segregation ofCuS due to Cu excess had been removed by KCN 

etch. Admittance spectra showed a maximum in defect distribution about 140 me V 

which was attributed to interface states. The vapor pressure of sui fur and its constancy 

during the process had an important influence on device quality as the efficiency of 

solar cell was significantly improved by the use of a smaller reaction volume. 

For CIS CuT cells, p-type Cu(O,S) buffer layer was commonly used which 

was having a band gap of 2.6 eV. This had been replaced by copper iodide (CuI), 

another p-type semiconductor with a higher band gap of 3.1 eV, to improve the cell 

performance [175]. They investigated two different configurations of the cell (i) the 

window layer concept, with a ZnO:AI window layer on the top of the buffer layer and 

(ii) the grid concept with direct contacting of Cui by the application of a metal grid. 

They formed CulCulnS2/CuIlZnO in the most promising concept. The efficiency had 

been improved from 3.89% to 5.38% on replacing Cu(O,S) by CuI. 

Recently Klaer et al fabricated a CuInS2 based mini-module on a 5 x 5 cm2 

glass substrate consisting of seven integrated series connected cells with 9.2% 

efficiency [176]. The absorber layer was grown by a sequential process consisting of 

sputtering the metals with subsequent sulfurization in elemental sulfur vapor. The 

secondary CuS phase which formed due to copper excess (Culln = 1.8) was 

subsequently removed by KCN etching, leaving behind 2-3 Jlffi stoichiometric 

CuInS2. CdS layer was deposited in a chemical bath and ZnO by sputtering. Thus 

layer structure of the complete module was Mo/CulnSiCdS/ZnO. 

The composition and solar cell behavior of CuInSiZnSe junctions had been 

studied with XPS and electroreflectance (ER) techniques [177]. CulnS2 films (Culln = 
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1.8) having thickness -2 J..lm were prepared by dc-sputterin~ deposition of a copper 

film and indium film onto a dc-sputtered Mo film on glass followed by sulfurization at 

600°C. The secondary CuS phase was removed by KCN etching. ZnSe films were 

deposited by chemical bath deposition and ZnO window layer by sputtering. This 

configuration has given efficiencies above 9%. 

For polycrystalline cells grain size must be large compared with the absorber 

layer thickness, if an appreciable fraction of short circuit current potentially available 

was to be realized in practice. Onuma et al developed a process to fabricate high 

efficiency solar cells using Cu1nS2 films with very large grain [178]. They 

successfully prepared CulnS2 film with a maximum precursor atomic CulIn ratio of 3 

without peeling from the substrate by heating during CulIn evaporation and/or 

depositing Pt or Pd interlayer between Mo and CuinS2' They characterized CulnS2 

films, varying thickness from 2-9 J..lm and found that devices using thick films (which 

were over 4 J..lffi) gradually showed low efficiency and low stability in spite of the high 

quality of the film without chemical etching. Therefore film thickness was controlled 

to be within 3-4 J..lm by chemical etching (Cu-rich), and the respective cells delivered 

an efficiency of 12%. The cell structure was SLG/Mo/(Pt or Pd)/CulnS2/(CdS or 

In(OH,S»/(ZnO:AI or In203)/(Ag paste or Ni/AI). 

Luck et al investigated the influence of different Na concentrations on Cu rich 

CulnS2 absorbers and devices [179]. Using different glass substrate types, the Na 

content in sequentially (and Cu-rich) prepared CulnS2 films and corresponding 

CulnS2/CdS/ZnO thin film solar cells was varied. Even though the defect chemistry of 

Cu-rich sequentially processed CulnS2 films changed as a consequence of Na 

presence, these changes were not relevant for the performance of the corresponding 

solar cells. Na did not seem to be critical for the Cu-rich preparation of high efficiency 

CulnSiCdS/ZnO thin film solar cells using a sequential process. 
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Thin film solar cells of CulnS2/Zn(Se,0)/ZnO configuration had been studied 

from the point of view of their dependence on the Zn(Se,O) chemical bath deposition 

(CBD) conditions by Chaparro et al [ISO]. The CBD growth was carried out under 

variable conditions in the bath (temperature and composition), to allow for buffer 

layers with identical thickness but under different kinetic regimes ie, electroless and 

chemical, and the effect on solar cell performance was studied. They characterized 

solar cells current':'voltage curves (I-V) and quantum efficiency (QE) measurements. 

CuInS2/Zn(Se,0) heterojunctions were studied with Electron Beam Induced Current 

(EBIC) and cathodoluminescence (CL), which allowed for a closer view of the 

CuInS2/Zn(Se,0) interface and defects generated close to the CuInS2 surface as a 

consequence of the CBD buffer growth. 

In 2003, the superstrate configuration ZnO/CdS/CuInS2 solar cells were 

prepared by cost-effective spray pyrolysis technique for all layers using CuIln ratios 

of 0.9,1 and 1.1 in spray solution by Mere et al [181]. But the conversion efficiency 

was low. They suggested that the columnar microstructure and small size of 

crystallites in sprayed films might be responsible for low output characteristics of 

sprayed cells. 

The influence of sodium on the growth path and properties of Cu-poor 

prepared CulnS2 thin films was investigated in situ using experiments of X-ray 

diffraction and Raman spectroscopy by Rudigier et al [IS2]. On Mo coated soda lime 

glass, sodium doping had been provided by exploration of NaF. Solar cell devices 

showed efficiencies of 1 % without Na doping while with sodium, efficiencies as high 

as 5% could be achieved. The achieved improvements in conductivity and electronic 

properties opened the possibility to use Cu-poor prepared CIS thin films as absorber 

material in thin film solar cells. 

Solar cells with structure glasslMo/CIGS/buffer/i-ZnOIITOlNi-AI grids had 

been realized and studied by Barreau et al [IS3]. They showed that p-In2S3 containing 

134 



Chapter 2 Review on In:zSJ and CulnS] thin films 

Na thin films (BINS), having wider band gap could be used ~ good candidate to 

substitute CBD-CdS as buffer layer in CIGS-based solar cells. The best cell, reaching 

a conversion efficiency of 8.2%, has been achieved with a 100 nm thick BINS thin 

film. 

Nakamura et al prepared CuInS2 films by sulfurization of electrodeposited 

Cu-In precursors [184]. To remove Cu-S phases, the films were etched by KCN 

solution. Then n-CdS and lnO:AI as a transparent electrode were deposited by 

chemical bath deposition and sputtering respectively. Thus the cell structure was 

AgllnO:AI/CdS/CuInS21Ti. They obtained an efficiency of 1.3% for the first time 

with CuInSrbased solar cells prepared from electrodeposited Cu-In precursor. 

Very recently in 2004, copper indium disulfide films were grown on Ti 

substrates by sulfurization of Cu-In precursors prepared by sequentially 

electrodeposited Cu and In layers [185]. Thin films of lnSe were electrodeposited on 

CulnS2 film in order to fabricate solar cell. The solar cell structure 

Ti/CulnS2/ZnSe/metal produced an 0l?en circuit voltage, Voc of 325 m V and short 

circuit current J.c of2 mA/cm2 under AM 1.5 illumination. 

Efficiency above 9% with Voc exceeding 650 mV and fill factors well above 

65% was achieved with copper indium disulfide cells fabricated on a continuous 

copper tape at IST(D) [186] by Verschraegen et al. They carried out capacitance and 

inductance vs voltage and vs frequency- measurements, at temperatures varying 

between 80 and 300 K. Maxima were observed in the curves at high forward bias 

voltage. C-F and G-F measurements were interpreted in terms of deep states. 

Introduction of a very thin CuGaS2 base layer prepared on a Mo coated SLG 

in the heterostructure consisting of a CulnS2 absorber was found to have beneficial 

effect on the cell performance [187]. A 13% efficiency cell was obtained using 

TCO/CdS/CuInS2/CuGaS2 structure. For this a Cu-Ga stacked precursor layer was 

vacuum evaporated onto the substrate followed by sulfurization in ArIH2S mixture 

gas. It was then treated with KCN solution. In the next step, an In-Cu-In-Cu stacked 
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precursor layer was deposited on the surface, again sulfurized and etched using KCN. 

They suggested the improvement in efficiency due to high crystallinity and electron 

barrier of the heterostructure. This was the best efficiency reported so far CuInS2 

based solar cell. 
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Chapter 3 

STUDIES ON INDIUM SULFIDE THIN FILMS PREPARED USING 
CHLORIDE BASED PRECURSOR SOLUTION 

3.1 Introduction 

Thin film solar cells based on Cu (In,Ga) Sez, CuInSez and CulnS2 absorber 

layers showed promising solar energy conversion efficiencies (> 10%) [1-3] using CdS 

as buffer layer. Nowadays a lot of research is going on for Cd- free CIS based solar 

cells. The motivation of searching for an alternative buffer layer is not only to 

eliminate toxic cadmium but also to improve light transmission in the blue wavelength 

region by using a material with a wider band gap compared to CdS [4]. Recently 

Nakada and Mizutani [5] showed that use of CBO-ZnS (Eg>3 eV) as buffer layer 

allowed reaching a conversion efficiency of 18.1 %. Other materials like ZnO, ZnSe, 

In2Se3, Inx(OH,S)y were also used to replace CdS effectively [6-9]. ZnO buffer layer, 

deposited using CBO technique yielded comparable values of fill factor and 

photocurrent (as in the case of CdS) for CuInS2 based solar cell even though the 

efficiency was only 4% [6]. The solar cell structure Mo/CIS/InzSey'ZnO in which 

In2Se3 is the buffer layer, yielded an efficiency of 8.3% [8]. An active area efficiency 

of 11.4% was obtained for a CuInSz based solar cell in which CdS was replaced by 

Inx(OH,S)y [9]. In2S3 is another such material. Indium sulfide is an important 

semiconductor material for optoelectronic and photovoltaic applications [10, 11] and 

is a promising candidate for many technological applications due to its stability, wider 

band gap and photoconductive behaviour [12]. A number of techniques have been 

used to prepare this compound such as CBO [13], organometallic chemical 

evaporation [14], spray pyrolysis [11, 12, 15], thermal evaporation [16], reactive 

evaporation [17], rfsputtering [18] and atomic layer epitaxy [19]. 
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Chemical Spray Pyrolysis (CSP) technique, one of the chemical methods for 

the preparation of thin films, is widely used to deposit a variety of thin films. It 

involves spraying a solution, usually aqueous, containing soluble salts of constituents 

of the desired compound, onto' a heated substrate. It is quite suitable for depositing 

large area thin films using simple apparatus with good reproducibility. In CSP 

technique it is quite easy to vary the stoichiometry of the film or the doping profile. 

Stoichiometry can be varied by changing molarity of the solution while dopant 

concentration in the film can be varied by changing the quantity of do pant dissolved 

in the solution. These parameters can be varied along film thickness itself. A major 

shortcoming of this technique is that sometimes films prepared using this may have 

voids/pinholes. 

CSP was developed in the early 1960:s by Hill and Chamberlin and 

preparation of thin films of certain inorganic sulfides and selenides using this 

technique was first reported by Chamberlin and Skannan [20J. At present, this method 

is used for preparation of binary and ternary compounds, and their quaternary alloys. 

Optical energy band gaps of p-In2S3 thin films grown by spray pyrolysis was studied 

by Kim et al [15J. They also studied CoxIn2S3+x thin films having various compositions 

with x varying from 0.0 to 0.6 [2IJ. L. Bhira et al used this technique for the 

preparation of indium sulfide films and they studied the structural and photoelectrical 

properties [12J. Optical properties of InS layers with lw'S composition ratio varying 

from 0.4 to 0.6 deposited using an airless spray technique had been studied by 

Kamoun et al [22J. They also studied the effect of the nature of the substrate on p

In2S3 and introduction of small amounts of Al (13-In2.xAlxS3) on the properties of the 

film [23J. Acoustic properties of in diu m sulfide thin films prepared by spray technique 

were also reported [11 J. But the effect of substrate temperature and variation of 

composition of indium on the structural compositional, optical and electrical 

properties of indium sulfide films prepared using CSP has not been studied yet. 
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Our intension was to use In2S3 films prepared using CSP technique, for 

fabricating pn junction with CuInS2 for solar cell application. We were interested in 

depositing In2S3 film having suitable photosensitivity and electrical resistivity for this 

application. Hence photoconductive 13-In2S3 thin films were prepared using CSP 

technique at different substrate temperatures and various indium to sulfur ratios. 

Knowledge of variation of photosensitivity of this material with deposition, structural 

or stoichiometric parameters are very much essential for photovoltaic device 

application. It is to be specifically noted that in CSP technique, it is comparatively 

easy to make variation in stoichiometry of the sample. A detailed study on the 

variations in structural, compositional, optical and electrical properties of In2S3 films 

due to changes in molarity ratio of spray solution, substrate temperature and sample 

thickness was done as we could not find out such an exhaustive study on this 

important material from earlier publications. 

3.2 Experimental Details 

Experimental set-up for the deposition is schematically shown in Fig. 3.1. 

Cleaned glass slides (37 x 12 x 1.4 mm3) were placed on a thick iron block (15 x 9 xl 

cm\ which can be heated to the required temperature with a controlled heater. 

Temperature of substrate holder was measured using a digital thermometer (Therm is, 

series 4000) and temperature control was achieved using a variable transformer. Spray 

head and heater with substrate were kept inside a chamber provided with an exhaust 

fan for removing gaseous by- products and vapour of the solvent (here water). During 

spray, the temperature of substrate was kept constant with an accuracy of ± 5°C. 

Pressure of carrier gas was noted using a.manometer and was kept at 90 ± 0.5 cm of 

Hg. Spray rate was 20 ml/min, and the distance between spray head and substrate was 

- 15 cm. In order to get uniform composition and thickness, the spray head was 

moved to either side manually with uniform speed. At a time we usually kept three 
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substrates spread over the heater for sample preparation. All these samples were fou d . n 
to be good for further studies. 

In2S3 thin films were deposited by spraying aqueous solutions of indiurn 

chloride (InCh) and thio-urea (CS(NH2)2) using compressed air as carrier gas. 

Thiourea was chosen as the source of sui fur ions in spray solution because it avoids 

precipitation of metallic sulfides and hydroxides since it forms complexes with indiurn 

ions easily [24]. Aqueous solutions of these salts were prepared in distilled water. 

Indium to sulfur ratio in the solution was varied by varying molar concentration of 

InCb and CS (NH2)2. Formation OfIn2S3 results from the chemical reaction: 

2 InCb + 3 CS(NH2)2+ 6 H20 ~ In2S3 +3 CO2 +6 NH4Cl [25]. 

Total volume of the solution sprayed was 400 ml in all cases. Samples were 

prepared at different substrate temperatures in the range 150°C to 380°C with an 

accuracy of ± 5°C keeping InlS ratio at 2/3. Then the molar concentration of sui fur in 

the solution was varied by keeping the indium concentration at 2 so that InlS ratio 

varied from 2/1 to 2/8. For this, molarity of indium chloride was kept at 0.025 M and 

that of thiourea was varied. Later keeping the sulfur concentration at 3, 6 and 8, the 

concentration of indium was varied from 1.2 to 2.5 with the aim of studying the 

variation in photoresponse of the sample. Samples having different thicknesses were 

also prepared by varying the total volume of the solution sprayed as 400 ml, 600 m), 

800 ml and ) 000 ml. In all these cases substrate temperature was kept at 300°C. 

Details of changes in the properties of the films due to variation in stoichiometry, 

substrate temperature and volume of solution will be discussed in the following 

section. 
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1. Air CompHssor 
2. Gas flow control nl'fC 
3. Maoometer 
4. SOIUlioD RCIct1'oU-
5. SolutioD flow coolrol nl'fe 
6. Spray Held 
7. Substrare 

r-------------------, 
I ' 
I 
I 

~ ___________________ J 

8. Temperature Controller 
9. Subnrze He~tef 
10. Dimmerltal 
It Ul!IUst F.n 

Fig. 3.1 Experimental set-up for spray pyrolysis system 

3.3 Results and Discussion 

3.3.1 Effect of VariatioD of Substrate Temperature 

Samples were prepared at different substrate temperatures in the range 150°C 

to 380°C keeping the InlS ratio at 213. The samples prepared were found to be very 

unifonn for all the substrate temperatures except at 150°C. Thickness of the films 

prepared at 300°C was found to be 1 J.Ull from Stylus measurement (Fig.3.2). 

Conductivity of all the samples was detennined to be n-type using Hot Probe method. 

3.3.1.1 s.tructural Analysis 

X-Ray Diffraction (XRD) is an extremely important technique in the field of 

material characterization to obtain information on an atomic scale from both 

crystalline and non crystalline (amorphous) materials. 
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Fig. 3.2 Stylus measurement ofIn2S] film 
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It can be used to detennine the phase content in many minerals and materials. 

It requires no elaborate sample preparation and is essentially non-destructive. 

Generally, it gives a whole range of infonnation about the crystal structure, 

orientation, crystallite size, composition (with the help of standards), defects and 

stresses in thin films. Experimentally obtained diffraction pattern of the sample is 

compared with Joint Council Powder Diffraction (JCPDS) data for Standards. This 

gives infonnation of different crystallographic phases, the relative abundance and 

preferred orientations. From the width of the diffraction peak, average grain size in the 

film can also be estimated. 

Interplanar spacing d was calculated from the X-ray diffraction profiles using the 
formula, 

2d sin () = nA .................................... (3.1) 

where () is the Bragg angle, n is the order of the spectrum and A. is the wavelength of 

X-rays. Using the d values the set of lattice planes (h k I) were identified from the 

standard data and the lattice parameters are calculated using the following relations. 

For the tetragonal systems, 

1 (h2+e) /2 
-2 = 2 + -2 ..•••.....•............... (3.2) 
d a c 

and for hexagonal systems, 

1 4(h2 +hk+e) /2 
-2 = 2 +-2 .................. (3.3) 
d 3a c 

where a and c are lattice parameters. The grain size (D) can be evaluated using 

Scherrer's fonnula , 

kA 
D= ................................ (3.4) 

fJ cos() 

Where k is a constant which is nearly equal to one and f3 is the "full width at half 

rnax.imum (FWHM)", usually measured in radians. 
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In the present study, XRD analysis was done using Rigaku (D.Max.C) X-Ray 

Diffractometer, with Cu Ka (A. = 1.5405 A) radiation and a Ni filter operated at 30 kV 

and 20 mA. Fig.3.3 shows the X-ray diffraction pattern of the films deposited at 

different substrate temperatures. All figures have the same scale on Y-axis. 

(220) 

(109) 

380'C 

i 
C 

350°C ::l -e 
.!!. 
b 
'iij 

300'C C (309)(400) .s 
.5 

250'C 

200'C 

150°C 

10 20 30 40 50 50 70 

29 (degrees) 

Fig.3.3 XRD pattern of I3-In2S3 films prepared 

at different substrate temperatures 

The d values coincided with that of I3-In2S3 in standard JCPDS data card (25-

390) with preferential orientation along the (220) plane at 2~ = 33.45°. Eventhough 

samples prepared at 380°C showed better crystallinity, maximum photoresponse was 

observed for samples prepared at 300°C and this temperature was maintained for 
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various InlS ratios. The d values and the relative intensities are compared in Table 3.1 

for ~-In2S3 films deposited at 300°C. 

As the temperature was increased from 150°C to 200°C the intensity of the 

peak corresponding to (220) plane increased. At still higher temperatures the small 

peak corresponding to (l03) plane disappeared but the intensity of the peak 

corresponding to the (309) plane increased. It is worth mentioning here that for the 

sample prepared at 150°C, peaks of (I 03) plane, (109) plane and (220) plane were all 

having almost the same intensity. 

Table 3.1 X-ray data of J3-In2S3 film 

29 d [A] d [A] hId IIIo IIIo 

(degrees) (observed) (standard) (observed) (standard) 

14.30 6.19 6.21 103 29.85 30 

27.55 3.24 3.249 109 55.85 100 

33.45 2.68 2.694 220 100 50 

43.90 2.06 2.074 309 23.96 45 

47.97 1.89 1.905 400 19.60 65 

Grain size of the film was calculated from the peak at 2~ = 33.45° using the 

Debye-Scherrer formula D = 0.9N'J3 Cos9, where D is the diameter of the crystallites 

fonning the film, A. is the wavelength of CuKa line, Pis FWHM in radians and () is the 

Bragg angle. The grain sizes are compared in Table 3.2. The grain size was found to 

increase from 8.48 nm to 24.91 nm as the substrate temperature was increased from 

200°C to 380°C. 
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Table 3.2 Grain size of p-In2S3 film 

Temperature (0C) FWHM Grain Size (nm) 

(Degrees) 

200 0.979 8.48 

250 0.523 15.87 

300 0.462 17.96 

350 0.336 24.69 

380 0.333 24.91 

3.3.1.2 Scanning Electron Micrograph [SEMI 

SEM is a method for high resolution imaging of surfaces. It is the most widely 

used instrument for obtaining micro structural and surface features of thin films. The 

SEM uses electrons for imaging, much as a optical microscope uses visible light. The 

advantages of SEM over optical microscopy include much higher magnification 

(> IOO,OOOX) and depth of field upto 100 times that of light microscopy. A finely 

focused electron beam is scattered over the surface of the specimen and the secondary 

electrons emanating from the specimen are used for imaging the surface. Since 

secondary electrons come from the surface layer, the picture obtained is a faithful 

reproduction of the surface features. Secondary electron imaging can provide high

resolution imaging of fine surface morphology. Quantitative and qualitative chemical 

analysis information can also be obtained using Energy Dispersive X-ray spectrometer 

(EDAX) with the SEM [26]. 

SEM (Oxford Model 7060) was used to find out the uniformity of indiurn 

sulfide films prepared. Surface morphology of the InzS3 film prepared at 300°C is 

shown in Fig.3.4. The film was found to be dense with no pinholes or cracks. 
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Fig. 3.4 Surface Morphology of In2S) film 

prepared at 3000C 

3.3.1.3 Atomic Force Microscopy (AFM) 

AFM is a form of Scanning Probe Microscopy (SPM) where a small probe is 

scanned across the sample to obtain information about the sample's surface. The 

infonnation gathered from the probe's interaction with the surface can be as simple as 

physical topography or as diverse as measurements of the material's physical, 

magnetic or chemical properties. These data are collected as the probe is scanned in a 

raster pattern across the sample to form a map of the measured property relative to the 

X-V position. 

The AFM probe has a very sharp tip, often less than 100 A diameter, at the 

end of a small cantilever beam. The probe is attached to a piezoelectric scanner tube, 

Which scans the probe across a selected area of the sample surface. Interatomic forces 

between the probe tip and the sample surface cause the cantilever to deflect as the 

sample's surface topography (or other properties) changes. A laser light reflected from 

the back of the cantilever measures the deflection of the cantilever. This information 

is fed back to a computer, which generates a map of the topography and/or other 

IS. 
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properties of interest. Areas as large as 100 !-lm square to less than 100 nm square can 

be imaged. 

The 20 and 3D images (recorded using Molecular Imaging Picoscan) of 6 

micrometer square area ofInzS3 film prepared at 300°C is given in Fig. 3.5 (a) and (b). 

AFM scan showed a dense microstructure but the grains were not uniform in size. Fig. 

3.5b showed that InzS3 nucleated as individual, pyramidal islands. This kind of a 

surface structure has potential application in enhanced light trapping [27]. 

3.3.1.4 )(PS Analysis 

X-Ray Photoelectron Spectroscopy (XPS) [Electron Spectroscopy for 

Chemical Analysis (ESCA)] is one of the major techniques for studying thin films. It 

provides information on the elemental compo~ition of a sample as well as on the 

chemical state of the observed atoms. 

In this technique, the sample is irradiated using electromagnetic radiation of 

energy hv. Due to the photoelectric effect, electrons are emitted with kinetic energy 

Ekin = hv - EB - tP .................................. (3.5) 

where E8 is the binding energy (BE) of a particular electron shell and cP is the sample 

work function. Photoelectrons are energy-analyzed in the spectrometer and, since the 

photon energy is known, one can determine characteristic binding energies of valence 

electrons coming from different elements present in the sample. Depending on the 

energy of the incident radiation, this technique is called either "Ultra Violet 

Photoelectron Spectroscopy (UPS)" for lower photon energies (:s: 50 eV) or "X-ray 

Photoelectron Spectroscopy (XPS)" for higher photon energies (:::1 k eV) [28]. 

The chemical composition of the films was evaluated using XPS technique in 

the present work. XPS spectra of the samples were recorded using an UL VAC-PHI 

unit (model: ESCA 5600 CIM) employi'ng argon ion sputtering (Voltage = 3 kV, 
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Raster size = 3 x 3 mm2
, pressure 10.8 m bar). AI K.. X-ray (1486.6 eV) with a beam 

diameter of 0.8 mm and power of 400 W was used as the incident beam. 

(a) 

(b) 

Fig. 3.5 AFM image of indium sulfide film 

prepared at 300°C (a) 20 and (b) 3D image 
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In order to know the variation in stoichiometry as well as the chemical state of 

the elements along the thickness of the samples, we perfonned XPS depth profile of 

the samples. Here the presence of.the elements In, S, 0, and Si was checked along the 

sample thickness. In order to get this infonnation, first XPS analysis was done on 

surface of the sample. After this the sample was etched using Ar ion sputtering for 

0.88 min and the analysis was repeated. Each line in the spectra shown in Fig. 3.6 

represents the result of such analysis and one line is called 'one cycle'. The spectra 

were calibrated against shifts due to machine errors, using the C Is line of the 

hydrocarbon contamination on the films as the standard (Binding energy of C I s is 

284.5 eV). The bottom portion of the spectra represented the surface of the film and 

the top, the substrate. After 12 cycles, peaks corresponding to ° and Si could be seen 

indicating the beginning of the glass substrate (Si02). XPS analysis indicated that 

indium and sui fur are unifonnly distributed throughout the depth of the sample 

[Fig.3.6]. The binding energy values [Table 3.3] were in agreement with the reported 

values [29]. 

'"1 511 

8INDIRG EftRG't', 

Fig. 3.6 XPS depth profile of sample with InlS = 2/3 
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Table 3.3 Binding energies of indium and sulfur i~ I3-In2S3 film 

Element Binding Energy (eV) 

In 3d 512 444.99 

In 3d 312 453.06 

S 2p 162.23 

From the XPS pattern no obvious peaks for indium oxides (529.8 eV-530.5 

eV for 0 Is in In203) and In(OH)3 (531.8 eV for 01s in In(OH)3)or sulfur (164.5 eV) 

were observed [12, 29]. The binding energy of free oxygen is 531 eV. Binding energy 

peak corresponding to oxygen in the sample was at 532.49 eV. This could be 

attributed to the surface contamination of the sample in the form of sulfate [12]. The 

decrease in the peak height of sui fur at the surface of the film indicated that this 

oxygen substitutes sulfur in the top layer. The exact relative atomic proportion of each 

element in the films could not be determined accurately by XPS because of the 

different etching rates of indium, sulfur and oxygen. 

3.3.1.5 Optical Studies 

The most direct and the simplest method for probing the band structure of 

semiconductors are measuring the absorption spectrum. Absorption is expressed in 

terms of a coefficient a(hv) which is ·defined as the relative rate of decrease in light 

energy L(hv) along its propagation path: [30] 

1 d[L(hv)] 
a = ........................ (3.6) 

L(hv) dx 

the absorption coefficient a is related to the energy gap Eg according to the equation 

ahv = A(hv-Egt ......................... (3.7) 
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where A is a constant, h is the Plank's constant, v the frequency of the incident beam 

and n is equal to ~ for a direct gap and 2 for an indirect gap. 

Absorption spectra of the samples were recorded using UV -Vis-NIR 

spectrophotometer (Hitachi U-3410) model. From the plot of (uhvi vs hv [Fig.3.7], 

a direct band gap of2.67 eV was obtained for films prepared at 300°C while band gap 

dropped to 2.58 e V for samples prepared at high temperature (380°C). It was found 

that the band gap has a higher value than that reported earlier [12, 15, 19] and it varied 

with the composition of the film [15]. A band gap of 2.639 e V [31] for 13-In2S3 single 

crystals and 2.75 e V for indium sulfide prepared using CBO technique was reported 

[13]. The wider band gap obtained in the present study may be due to the presence of 

oxygen in the film as indicated by XPS analysis and also due to smaller grain size 

[32]. 
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Fig.3.7 Variation of band gap with substrate 

temperature 
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Fig.3.8 shows transmission spectra obtained for In2S3 thin films obtained for 

different substrate temperatures. The films showed 78-85% transmission in the 

wavelength range 350-2500 nm. Presence of interference fringes due to multiple 

reflections showed fairly homogeneous film [I 2, 17]. This happens when the film 

surface is reflecting and there is not much scattering/absorption in the bulk of the film 

[17]. 
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20 

O+-~~~~--~~~_r~~~ 
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Fig. 3.8 Variation of optical transmittance 

with substrate temperature 

The index of refraction n (AJ at different wavelengths was calculated using the 

envelope curve for Tmaz (Tw and Tm;n (T"J in the transmission spectra [33]. The 

expression for refractive index is given by 

[ 
1/2 J1

/
2 

n = N + ( N 2 
- i ) ....................... (3.8) 
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'" 

where N = 2s TM - Tm + S2 + 1 ........................ (3.9) 
TMTm 2 

and s is the refractive index of the substrate (in our case s = 1.5 (glass)). Fig. 3.9 

depicts refractive index as a function of wavelength for films prepared at various 

temperatures and Fig. 3.10 shows refractive index of the films at a wavelength of 750 

nm as a function of substrate temperature. 
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Fig. 3.9 Refractive index vs wavelength for films 

prepared at various substrate temperatures 

The value was found to be in the range 1.6-1.86 (with wavelength) for 

temperatures ranging from 200°C to 380°C. The values of refractive index for films 

deposited at lower temperature were found to be less than those deposited at higher 

substrate temperature. J. George et al [17] reported similar observation in indium 

sulfide thin films deposited by the reactive evaporation of in diu m in sulfur atmosphere 

at different substrate temperatures. They related this effect to the concept of critical 
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optimization of Vincett [34]. He has concluded from many experimental results. that 

when the substrate temperature approaches about 0.33 of the boiling point of the 

material, the film qualities (surface smoothness, optical transmission, carrier mobility 

etc) improve considerably. Hence for indium sulfide the critical temperature should be 

around 440 K. George et al found that the value of refractive index went through a 

maximum at about 410 K and then decreased. In our case, refractive index was found 

to increase with substrate temperature, but did not reach a maximum value, as we 

have not gone upto the critical value. For any particular wavelength the value of 

refractive index was found to increase with temperature. 
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Fig. 3.10 Refractive index at 750 nm vs 

substrate temperature 

The extinction coefficient could be calculated from the equation k == aA./41t 

once the values of absorption coefficient (a) was known. The value was found to be in 

the range 0.005 to 0.045 [Fig. 3.11] [35]. As the value of absorption coefficient 
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slightly increased for samples prepared at higher temperatures, the value of k also w . as 
found to increase accordingly. 
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Fig. 3.11 Extinction coefficient vs wavelength 

for sample prepared at 300°C 

3.3.1.6 Photosensitivity Measurements 

Photosensitivity measurements were done using the Keithley 236 Source 

Measure Unit. The sample was illuminated using a tungsten halogen lamp. The 

intensity of the source of light used was 60 mW/cm2 with an IR filter and a water 

column in between to avoid heating of the sample. Silver electrodes were painted on 

the surface of the film keeping a distance of 5 mm in between the electrodes for 

photosensitivity measurements. 

A graph plotted between photosensitivity (lL-IoIIo) and substrate temperature 

is depicted in Fig.3.12. h is the current when the sample is illuminated with light and 

ID is the dark current. 

167 



Chapter 3 Studies on indium sulfide thin films prepared using chloride ... 

The value of maximum photosensitivity was 191.08 and this was obtained for 

samples prepared at 300°C [36]. This means that the photocurrent was 191 times 

larger than the dark current for the sample prepared at 300°C.So the substrate 

temperature during growth was maintained at 300°C for different InlS ratios. But on 

further increasing the substrate temperature, photosensitivity decreased considerably. 

This might be linked with crystallinity of the samples [Fig.3.3]. Due to better 

crystallinity (for samples prepared at temperature >350°C) dark resistivity was found 

to be low and hence low photosensitivity. 
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Fig. 3.12 Variation of photosensitivity with 

substrate temperature 

3.3.2 Effect of Variation of Sulfur Concentration 

InlS ratio was varied by varying the molar concentrations of InCh and 

thiourea taken in the spray solution. The molarity of InCh was kept at 0.025 M and 

the concentration of thiourea was varied to get InlS ratio ranging from 211 to 2/8. 
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3.3.2.1 Structural Analysis 

The samples showed I3-In2S3 phase with good crystallinity and preferential 

orientation along the (220) plane except for those having very low sulfur 

concentration [Fig.3.13]. All figures have the same scale on Y-axis. 

(220) 

In/S -218 

InlS-215 

In/S-2/3 

(lOt) 

In/S-2/2 

30 40 50 eo 70 

29 (degrees) 

Fig. 3.13 Variation ofXRD with sulfur 

concentration (InlS=21l to 2/8) 

The characteristic peaks of I3-In2S3, were begin to grow for samples having 

InlS ratio 2/2. The sample with InlS = 2/3 ratio showed good crystallinity and 

orientation along (220) plane. As the sui fur concentration increased the intensity of 

the peak corresponding to the (220) plane increased up to indium to sui fur molar ratio 
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2/5 [37]. On further increasing the sulfur concentration, the intensity of this peak 

decreased. 

3.3.2.2 Energy Dispersive X-Ray Analysis (EDAX) 

Here the sample is irradiated by electron beam and the emitted x-rays are 

directly measured using energy dispersive X-ray spectrometer, producing a spectrum 

of counts versus energy. As each x-ray photon enters the detector, it produces 

photoelectrons, whose total number is linearly proportional to the energy of the 

entering X-rays. The charge collected from the detector is very small since only a few 

hundreds or thousands of electrons are produced by each X-ray photon. Hence it is 

amplified by a pre-amplifier whose output voltage is proportional to the X-ray energy 

[38]. 

The atomic concentration of the elements present in the In2S3 sample was 

determined using EDAX measurements (Oxford Model 7060). The percentage of 

atomic concentration of the elements In, S and Cl for samples having InlS ratio 2/3 

and 2/8 are shown in Table 3.4. 

Table 3.4 Atomic concentrations ofInzS3 samples having InlS ratio 

2/3 and 2/8 

Sample In (%) S (%) Cl (%) 

2/3 37.34 47.27 15.39 

2/8 35.65 55.71 8.65 

As the concentration of suI fur in the solution was increased, that in the film 

also increased even though the value was stiIlIess than the stoichiometric composition 

of 60%. It could also be observed that. as the concentration of indium increased the 

concentration of chlorine also increased, which might be coming from indium 

chloride (lnCI3) that was used as one of the precursor solutions. Because of the 
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presence of chlorine in In2S3 the atomic ratio in the film did not exactly follow that in 

the spray solution. 

3.3.2.3 XPS Analysis 

Depth profile of the sample having InlS ratio 2/2 showed the presence of 

oxygen throughout the depth of the sample [Fig.3.14]. Binding energies of oXygen 

(531.5 e V to 532.6 e V) and sulfur (166.9 e V, on the surface) indicated the formation 

of a mixed phase of sulfate and sulfite. Binding energies were so close for these two 

that it was difficult to distinguish between sulfate and sulfite. Shift in the binding 

energies of indium and sui fur might be due to the presence of oxygen in the sample. 

Chlorine was also present in the film (201 eV) in elemental form. 

In1 .. 01 ea on 

Fig.3.14 XPS depth profile of sample with InlS = 2/2 

On increasing the sulfur concentration to 2/4 and then to 2/8 [Fig.3.15 and 

3.16] indium and sulfur were uniformly distributed throughout the depth from the top 

surface itself. Oxygen was present as a surface contaminant (532.5 eV) only, which 

corresponds to sulfate. The binding energies of in diu m and sui fur clearly indicated the 

formation of in diu m sulfide (162.5 eV for S2p, 444.9 eV and 452.9 eV for In3ds12 and 
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In3d312 respectively). Peaks corresponding to indium and sulfur at the surface of the 

sample was more predominant when the InlS ratio became 2/8. There was a shift in 

the binding energy (199.1 e V) of chlorine. 
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Fig.3.1S XPS depth profile of sample with InlS = 2/4 
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Fig.3.16 XPS depth profile of sample with InlS = 2/8 
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3.3.2.4 Optical Studies 

Energy band gap was calculated from the plot (ahv) 2 vs hv. The band gap of 

the sample having InlS = 2/3 was found to be 2.67 eV. On decreasing the sulfur 

concentration (211) the band gap increased to 2.81 e V [Fig.3.17]. 
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Fig. 3.17 Band gap of In2S3 sample having In/S ratio 211 

The wider band gap might be due to low crystallinity and presence of oxygen 

[32]. In samples having very low sulfur concentration there was more oxygen and the 

crystallinity was also not good. Hence wider band gap was obtained in samples with 

low sui fur content. The presence of oxygen throughout the depth was observed from 

XPS analysis for samples with InlS ratio 2/2 [Fig.3.14J. 

On increasing the sulfur concentration (2/8) the band gap reduced to 2.64 eV 

[Fig.3.18]. The atomic concentration of oxygen was very low in the sample having 

high suI fur ratio 2/8; oxygen was present only on the surface for this film [Fig. 3.16]. 
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Fig.3.IS Band gap of In2S3 sample 

having InlS ratio 2/S 

The percentage of transmittance decreased from 85% to 55% when indium to 

sui fur ratio varied from 2/1 to 2/S [Fig.3.19] in the wavelength range 350-2500 nm. 

The high value of transmittance for samples having low sui fur concentration might be 

due to the presence of oxygen in the sample. The amplitude of interference fringes is a 

measure of film quality, larger the amplitude better the film. It was clear from the 

transmission spectra that the interference pattern almost disappeared on increasing the 

sui fur concentration. This might be due to the increase in the surface roughness of the 

film. Refractive index was calculated using the envelope method and the value was 

found to vary in the range 1.6 to I.S with wavelength. The refractive index may 

depend on stoichiometry of the films [39], but here the value was found to follow t'he 

variation observed in XRD pattern [Fig.3; 13] and hence the effect due to variation in 

crystallinity might be prominent. The value was found to decrease with improvement 
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in crystallinity [22]. Upto InlS ratio 2/5 (maximum crystallinity), value of refract' 
IVe 

index decreased· and then it started increasing with further increase in sulfur 

concentration [Fig. 3.20]. 
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Fig. 3.19 Variation of optical transmittance 

with InlS ratio (InlS=2/1 to 2/8) 

Variation of extinction coefficient with wavelength for sample having InlS 

ratio 2/8 is given in Fig. 3.21. As the value of absorption coefficient was higher for 

greater sui fur concentrations [Fig. 3.18], value of k also was found to increase (in the 

range 0.02 to 0.12) [35]. See Fig. 3.17 for lower sulfur concentration. 
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3.3.2.5 Photosensitivity Measurements 

Fig.3.22 shows the variation of photoresponse with concentration of sui fur in 

the solution. The sample having InlS ratios 2/1 and 2/8 showed good response, the 

latter having maximum response. The response ofthe samples decreased with increase 

in sulfur concentration from 2/2 to 2/5 and it was minimum for InlS== 2/5. This could 

be attributed to the improvement in crystallinity with increase in sulfur concentration 

as indicated in the XRD analysis [Fig.3.13]. Photosensitivity increased on further 

increasing sulfur concentration. Moreover there is another point also worth 

mentioning here. As sulfur concentration increased, naturally indium concentration 

decreased, causing a drastic decrease in majority carrier concentration. This will lead 

to survival of minority carriers and hence there was considerable increase of 

photosensitivity for samples having higher sui fur concentration. 
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3.3.2.6 Electrical Conductivity 

Dark conductivity of the samples was measured at room temperature. Silver 

was painted on the top of the film, which served as the electrode. The value was found 

to increase with the increase of the sulfur concentration upto InlS ratio 2/5. On further 

increasing the sulfur concentration conductivity decreased [Fig.3.23]. We observed 

the same variation with XRD [Fig. 3.13] also. Samples showed better crystallinity on 

increasing the sulfur concentration till InlS ratio 2/5 and then it decreased. Hence we 

could observe an enhancement in conductivity with improvement in crystallinity. 
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Fig. 3.23 Variation of electrical conductivity 

with sui fur concentration at room temperature 

3.3.3 Effect of Variation ofIndium Concentration 

By fixing the sui fur concentration at 3, 6 and 8 the concentration of indium in 

the solution was varied from l.2 to 2.5. For this the molarity ofthiourea was fixed at 

0.0375 M (S = 3), 0.0758 M (S = 6) and 0.1 M (S = 8) respectively and that ofInCh 
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solution was varied. The aim was to see the variation in photosensitivity with 

variation in indium concentration. 

3.3.3.1 Structural Analysis 

Fig.3.24 shows the variation In XRD with the variation In indium 

concentration for sui fur concentration, S = 8. The sample showed characteristic peaks 

of [3-In2S3 even for low indium concentration (1.2/8). But the intensity of the peak. 

corresponding to (220) plane was very low. As the indium to sulfur ratio was 

increased, the sample showed better crystallinity. This could be compared with the 

samples in which sulfur concentration was varied [Fig.3.13]. There also, the intensity 

of the peak corresponding to the (220) plane decreased when the sui fur ratio was very 

high in the solution. Same was the case with the variation in indium concentration 

keeping the sulfur concentration at 3 & 6. 

3.3.3.2 XPS Analysis 

Binding energies of indium and sulfur indicated the formation of indium 

sulfide. Depth profile of the sample having InlS ratio 1.2/8 is shown in Fig.3.2S. 

Atomic concentration of chlorine in sample having InlS ratio 1.2/8 was less when 

compared to the sample having the ratio 2.5/8 [40]. This might be due to the low 

molarity ofInCb in the spray solution. This was clear from the EDAX measurements 

also, where the atomic percentage of chlorine was 10.78 for the InlS ratio 1.2/8 and 

1 1.52 for the ratio 2.5/8. Atomic concentration of the constituent elements, along the 

thickness of the samples with InlS ratio 1.2/8 and 2.5/8 are shown in figures 3.26 (a) 

and (b). Atomic concentration of sui fur was much less than that obtained from EDAX. 

For InlS ratio 1.2/8, the concentration of sui fur was 53.02% (measured using EDAX) 

while it was - 40% only in the case of XPS. This might be probably due to the 

preferred sputtering of group VI elements such as sui fur and selenium. 
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3.3.3.3 Optical Studies 

The band gap of the sample was found to decrease with increase in indium 

concentration, 1.2/8 to 2.5/8 [Fig.3.27]. This was because the sample showed better 

crystallinity on increasing indium concentration [Fig. 3.24]. Optical transmittance 

spectrum is given in Fig.3.28. Absence of interference fringes in the transmission 

spectra showed that surface roughness (not reflecting) of the film increased on 

increasing sui fur concentration. Hence we were unable to calculate the value of 

refractive index (n). Extinction coefficients calculated was found to vary in 

accordance with the values of absorption coefficient a. The variation with wavelength 

for InlS ratio 2.5/8 is shown in Fig. 3.29. The value was found to vary in the range 

0.02 to 0.19 [35]. 

20.--------------,.-----~ 

- In/5 s 1.2/8 

15 -ln/5=2/8 j 
-ln/5'"2.5/8 

U 
1D 1; 

Ui 
J :0-
,dJ 

5 

~ .. 

. 

~. ~/ 
.-It':i~. 

o+-~~~~~~~~~~ 
1.0 1.5 2.0 2.5 3.0 3.5 

hv (eV) 

Fig.3.27 Variation of band gap with InlS 

ratio (InlS= 1.2/8 to 2.5/8) 

182 



Chapter 3 Studies on indium sulfide thin films prepared using chloride ... 

90,---------------------________ _ 

80 

70 

60 -~ 
l> 50 o c 
~ 'e 40 

'" C g 30 

20 

10 

O~~~r_~~--~_r~--~~--r_-
o 500 1000 1500 2000 2500 

wavelength (nm) 

Fig.3.28 Variation of optical transmittance 

with InlS ratio (InlS= 1.2/8 to 2.518) 

0.20 

• 
0.18 

0.16 

~ 
- 0.14 
C 
CD 
'0 
le 
CD 
0 
0 
c 
0 

'U 
c: 
~ 
CD 

0.12 • \ • 
0.10 \ • 

\ 
0.08 • 

• • 
0.06 io 

• .. 
0.04 • 

'- .. ~ .. -.-. 
0~02 

400 500 600 700 800 900 

wavelength (nm) 

Fig. 3.29 k vs A. for InlS ratio 2.5/8 

183 



Chapter 3 Studies on indium sulfide thin films prepared using chloride ... 

3.3.3.4 Photosensitivity Measurements 

Fig.3.30 shows the variation of photosensitivity with indium concentration for 

sulfur ratios 3, 6 and 8. The figures clearly indicated that the response of the samples 

improved with decrease in the indium concentration in the solution. The sample 

having InlS ratio 1.2/8 showed maximum photosensitivity. The value of 

photosensitivity ilV10 (949.97) was found to be much higher than that for samples 

prepared at different substrate temperatures (191.08 at 300°C) and by varying sulfur 

ratio (335.84 for InlS ratio 2/8). Here also we can see that the increase in 

photosensitivity was due to the reduction in majority carrier density. When the InlS 

ratio of the sample was equal to 1.218, the concentration of indium was very Iow: and 

that of sulfur was very high. Both these conditions caused considerable reduction in 

majority carrier concentration (here electron) inside the material. Naturally 

recombination will be Iow and hence more minority carriers will survive giving higher 

photosensitivity. 
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3.3.4 Thermally Stimulated Current (TSC) Measurements 

Thennally Stimulated Current, TSC (also called thennaIIy stimulated 

conductivity) has been studied extensively as a defect characterization technique. This 

technique helps the identification and detennination of the traps or defects and trap 

parameters of a material. 

The details. of TSC measurements are given elsewhere [4 I]. The TSC spectra 

of the In2S3 films having different InlS ratios are shown in Fig.3.3 I a-f. 
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Fig. 3.31 TSC spectra ofl3-In2S3, (a) InlS=211 (b) InlS=2/3 
(c) InlS=2/6 (d) InlS=2/8 (e) InlS=1.2/8 (t) InlS=2.S18 

TSC curve for sample with InlS ratio 2/1 showed no peak. The sample was 

amorphous and highly resistive [Fig. 3.13]. TSC study on different samples ofl3-In2S3 
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could reveal the existence of four major traps in the material [42]. A defect level at 

160 K corresponding to 0.1 e V was detected whose prominence increased with the 

decrease in indium concentration. It was observed only for samples having lower 

indium concentration, for InlS ratios 218 and 1.2/8. It could be clearly seen that this 

peak intensity was greatest for the sample with InlS ratio 1.2/8 and it vanished for the 

ratio 2.5/8. This indicated that this level corresponds to indium vacancy or deficiency 

ofindium. This did not appear in other samples. 

Another trap level at 0.26 eV (around 230 K) existed in all samples except for 

the one having InlS ratio 1.2/8. As the concentration of indium was the least, a high 

percentage of indium vacancy existed in this sample. High percentage of chlorine was 

present in all the other samples, except this one as revealed through XPS studies 

[Fig.3.26a]. Hence a weak signal of this defect was seen in the TSC spectra for the 

sample with InlS ratio 1.218. This indicated that probably this defect at 0.26 eV arises 

due to chlorine impurity. 

Another trap level was identified just above room temperature, 320 K 

corresponding to 0.43 eV. This level was present in all the spectra with varying peak 

intensities depending on the InlS concentration ratio, revealing that this was a native 

defect. Its prominence decreased when the sulfur concentration was increased or 

indium concentration was decreased. The highest prominence was for the sample 

Whose concentration ratio was 2/3 while it decreased when the ratio was changed to 

2/8. Further decrease of indium concentration or increase of sulfur concentration led 

to negligible contribution of this defect indicating that this defect decreased with 

increase of sui fur, hence must be a sulfur vacancy . 

. A high temperature peak at 450 K could be detected with activation energy 

0.82 eV. Activation energy of 0.84 eV with a carrier density of 5.88 x 10-21 m·3 was 

reported using electrical resistivity measurements and space charge limited current by 

Seyama [21]. The effect of this level was observed to be most prominent for the 

Sample having InlS ratio 2/3. XPS studies showed the highest percentage of oxygen in 
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this sample. It was observed that the TSC peak corresponding to 0.82 eV decreased 

with increase in sui fur. Thus perhaps it might be the replacement of sui fur by oXygen 

that created such a deep impurity level in indium sulfide thin films. 

3.3.5 Variation of Thickness 

Thickness of the indium sulfide thin films was varied by varying the total 

volume of the solution sprayed. Volume of the solution was varied as 400 ml, 600 ml , 

800 ml and 1000 ml. For this the molarity ofInCh solution was kept at 0.025 M and 

that ofthiourea at 0.0375 M so that the InlS ratio became 2/3. 

3.3.5.1 Structural Analysis 

The XRD spectra of the samples are shown in Fig.3.32. It was observed that 

the crystallinity of the samples increased on increasing the thickness. The intensity of 

all the peaks corresponding to the planes Cl 09), (220) and (309) was found to increase 

with the increase in thickness. Due to the high intensity of the peak corresponding to 

the (220) plane the peak corresponding to the (l03) plane became invisible on 

increasing the thickness. The grain size, calculated using (220) plane is tabulated in 

Table 3.5. 

Table 3.5 Variation of grain size with volume of the solution 

Volume of the solution (ml) Grain Size (nm) 

400 17.96 

600 22.11 

800 23.14 

1000 25.53 
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Fig. 3.32 Variation in XRD with thickness ofIn2S3 films 

3.3.5.2 Measurement of Thickness 

Thicknesses of the samples were measured using Stylus method. The values 

are compared in Table 3.6. Samples were found to be unifonn without any pinholes. 

Table 3.6 Variation in thickness with volume of the solution sprayed 

Volume of the solution (m I) Thickness (JlIll) 

400 1.00 

600 2.05 

800 2.11 

1000 4.10 
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3.3.5.3 Optical Studies 

The variation in band gap of the samples was studied using optical absorption 

spectra. Absorbance vs wavelengtb graph is shown in Fig. 3.33. 
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Fig. 3.33 Variation in absorbance with wavelength 

for different volumes of the solution sprayed 

Absorbance was found to increase with the increase in the thickness of the 

samples. The band gap value decreased from 2.67 e V for 400 ml of the solution to 

2.49 eV for 1000 ml of the solution. Variation in band gap is given in Fig.3.34. The 

thickness dependence of band gap may arise due to one or combined effect of the 

foHowing cause [43] (i) large density of dislocation (ii) quantum size effect and (iii) 

change in the barrier height due to change in grain size in polycrystaIIine films. 

Quantum size effect and density of dislocation could be neglected due to large film 

thickness [43]. Hence the reduction in band gap may be due to the change in the 

barrier height due to increase in grain size and the crystallinity [Fig.3.32] of the 

samples. 
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Transmission spectra were taken in the wavelength range 450-2500 nm. The 

percentage of transmittance decreased from - 80% to - 40% on increasing the 

thickness of the films. The variation in transmittance for different volumes of the 

solution sprayed is shown in Fig.3.35. Decrease in the amplitude of interference 

fringes showed increase in the surface roughness of the film with increasing thickness. 

For 4 Ilm thick film there was no interference fringe at all, might be due to large film 

thickness. The value of refractive index was found to decrease with increase in film 

thickness. This might be due to the improvement in crystallinity of the film [22]. For 

lower thickness of the film the value was.found to increase with wavelength while for 

higher thicknesses it was almost constant. The reason for this variation is unknown. 

Fig. 3.36 shows the variation of refractive index with wavelength for different film 

thicknesses. 
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Absorption coefficient of the samples increased with increase in the thickness 

and hence the value of extinction coefficient also increased. The value varied in the 

range 0.03 to 0.13 with wavelength for the sample maximum thickness (1000 ml) 

[Fig. 3.37]. 
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Fig. 3.37 Extinction coefficient with wavelength 

for maximum thickness of the sample 

3.3.5.4 Electrical Resistivity 

Resistivity of the samples was found to decrease with the increase in 

thickness. The values are compared in Table 3.7. This might be due to the 

improvement in the crystalline quality of the film. 
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Table 3.7 Variation in resistivity with the volume of the solution 

Volume of the solution (ml) Resistivity (ohm-cm) -
400 33.30 X 10J -
600 59.70 X 10L 

800 13.03 X 10L 

1000 12.46 X 10L 

3.3.6 Effect of Annealing 

. Indium sulfide samples having InlS ratio 2/3 (400 ml) were annealed in 

vacuum at 300°C and 400°C to study the effect of annealing on the samples keeping 

the pressure at to-STorr. Structural analysis of the samples was done using XRD and 

optical studies were done using optical absorption and transmission. 

3.3.6.1 Structural Analysis 

Samples showed better crystallinity on annealing. The intensity of all the 

three peaks corresponding to (109), (220) and (309) planes increased as an effect of 

annealing. The peak corresponding to (103) plane almost disappeared when the 

annealing temperature was increased to 400°C. XRD spectra of the as prepared and 

annealed samples are compared in Fig.3.38. Grain sizes calculated from Debye

Scherrer formula are tabulated in Table 3.8. 

Table 3.8 Variation in grain size with temperature of annealing 

Annealing Temperature (0C) Grain Size (nm) 

As prepared 17.96 

300 18.10 

400 21.84 

193 



ChaPler J Studies on indium sulfide thinfilms prepared using chloride ... 

r .r:.cq ,., 

d 0' 

'" .'rr ...... ,., 
.. ~ • • 

28(0.-) 

Fig. 3.38 XRD spectrum of samples (a) as prepared 

(b) annealed at 300'C and (c) annealed at 400'C 

3.3.6.2 Surface Morphology 

Fig. 3.39 shows SEM micrograph ofIn1S) film annealed at 3000C. It was clear 

that the surface became dense and the grains were uniform in size compared to the as 

Fig. 3.39 Surface morphology of In2S) film annealed at 300°C 
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prepared sample [Fig. 3.4]. No voids or pinholes were also detected. XRD also 

indicated improvement in crystalline structure [Fig.3.38]. 

3.3.6.3 XPS Analysis 

XPS depth profile of the sample annealed at 300°C is shown in Fig.3.40. 

Oxygen was detected throughout the depth of the sample after annealing while there 

was no oxygen in the depth of the sample before annealing. But there was no shift in 

the binding energies of indium or sui fur. Oxygen at the surface could be attributed to 

surface contamination in the form of sulfate. Chlorine was also present throughout the 

depth of the sample. Sulfur and indium were diffused much into glass after annealing. 

The atomic concentration of the elements throughout the depth of the film after 

annealing (300°C) is shown in Fig.3.41. 

Silicon was also found to have diffused throughout the depth of the 

sample, but we were unable to identify the chemical state from the BE values. There 

was no considerable variation in the concentration of chlorine in the film. 
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Fig.3.40 XPS depth profile of In2S3 sample annealed at 300°C 
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Fig. 3.41 Atomic concentration along the depth 

of the sample annealed at 300°C 

3.3.6.4 Optical Studies 

On annealing, band gap was slightly reduced from 2.67 eV of as prepared 

samples to 2.62 eV for samples annealed at 400°C. From the structural analysis, one 

could expect a significant reduction in band gap due to improvement in crystallinity 

on increasing the annealing temperature to 400°C. But oxygen in the bulk of the 

sample [Fig. 3.40] might be contributing to the widening of band gap [32] and as a 

result the band gap did not show much variation. Wavelength dependence of optical 

absorbance for the as prepared and annealed samples is shown in Fig. 3.42 and 

Fig.3.43 depicts the variation in transmittance. 
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Fig. 3.42 Absorbance vs wavelength for the 

as prepared and annealed samples 

The excellent surface quality of the film was confirmed from the appearance 

of interference fringes in the transmission spectra. The value of refractive index was 

found to increase with wavelength for as prepared as well as annealed films. It was 

found to be in the range 1.6-1.84. Meanwhile the value decreased with increase in 

annealing temperature [Fig. 3.44]. 

Dietrich et al found that if lattice contraction is the main cause in the variation 

of refractive index, a continuous decrease in the refractive index must be observed 

with increasing annealing temperature, as lattice constant c decreases [44]. Same 

variation was observed in our case also, the lattice constant c decreased from 3.23 A 

to 3.20 A, and hence lattice contraction might be the reason for the reduction in the 

value of refractive index with annealing temperature. Variation of extinction 

coefficient with wavelength for sample annealed at 400°C is given in Fig. 3.45. 
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Fig. 3.45 Extinction coefficient vs wavelength 

for sample annealed at 400°C 

3.3.6.5 Variation of Sheet Resistan~e 

Electrical measurements showed that the sheet resistance of the films reduced 

considerably (from mega ohm range to few kilo ohms) due to annealing. It is well 

known that the electrical properties of polycrystalline thin films are limited by the 

potential barriers created by grain boundaries. Presence of oxygen in the thin films 

could strongly modify the properties of the grain boundaries, and this probably caused 

an increase of the electrical conductivity of the films. The high increase of the 

electrical conductivity of the films studied could be attributed to the modification of 

the properties of the grains or their boundaries when oxygen was introduced in the 

films [45]. All the films exhibited n-type conductivity, which meant that introduction 

of oxygen did not change the type of the majority carriers. Improvement in 

crystallinity due to annealing may also contribute to enhancement in conductivity. 
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3.4 Conclusion 

Indium sulfide thin films were prepared using CSP technique by varying 

substrate temperature, InlS ratio and thickness. The samples were characterized using 

XRD, SEM, AFM, EDAX, XPS, optical absorption and transmission, 

photosensitivity, electrical resistivity and TSC measurements. The samples showed p
In2S3 phase. The band gap was found to be 2.67 eV for the InlS ratio 2/3. We could 

get good control over the photosensitivity of the material by varying the substrate 

temperature or InlS ratio and the sample having InlS ratio 1.2/8 gave the maximum 

response (b.I1ID = 949.97). But the sheet resistance of the sample was found to be 

>2000 MQ/O. On increasing the indium concentration (2.5/8) the sheet resistance as 

well as the photosensitivity of the sample decreased, and hence we have to have a 

compromise between the photosensitivity and resistance of the sample. Here it was 

observed that in terms of crystallinity, band gap and photoresponse, the sample with 

InlS ratio 1.2/8 is quite suitable for any photovoltaic applications. But the high 

resistivity of the samples with InlS. ratio 1.2/8 may increase the series resistance and 

reduce the Fill Factor (FF) on coming to solar cell applications. Hence there should be 

doping (In, Sn) at top layer of In2S3 to have a moderate resistance and 

photosensitivity. Presence of chlorine also resulted in the increase of resistivity of the 

samples and hence it was planned to try nitrate based precursor solutions instead of 

chloride based ones for preparing the samples. Thermally stimulated conductivity 

studies revealed four trap levels with activation energies 0.1 eV, 0.26 eV, 0.43 eV and 

0.82 eV in the band gap of this material. Thickness of the film could be varied by 

varying the volume of the spray solution and we obtained a maximum of 4 ~ by 

spraying 1000 ml of the solution. 
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Chapter 4 

PROPERTIES OF INDIUM SULFIDE THIN FILMS PREPARED 
USING NITRATE BASED PRECURSOR SOLUTION 

4.1 Introduction 

In recent years, there has been a significant increase in the research works on 

JII-VI materials because they find great use in the electronic industry in optoelectronic 

or photovoltaic applications [1, 2]. Indium sulfide is a Ill-VI compound, which can be 

prepared using different chemical methods like organometallic chemical vapour 

deposition [3], chemical bath deposition, atomic layer epitaxy and chemical spray 

pyrolysis. Indium sui fate In2(SO~)3, 80% hydrazine hydrate, tnioacetamide, 

triethanolamine and ammonium chloride were used for the deposition of indium 

sulfide using chemical bath [4]. In atomic layer epitaxy In2S3 films were deposited 

using InCl3 and H2S as precursors [5]. In all the reports using spray pyrolysis, dealing 

with deposition of indium sulfide, indium chloride and thiourea were used as the 

precursor solutions and their structural, optical, photoelectrical and acoustic properties 

had been studied [6, 7, 8,9]. 

In the previous chapter we described preparation of indium sulfide films using 

indium chloride as one of the precursor solutions. The properties of the films depend 

Upon the precursor solution used for deposition. This chapter describes the effect of 

indium nitrate as one of the precursor solutions, on the properties of indium sulfide 

thin films. One of the advantages of indium nitrate is that it can be pyrolysed at 

relatively low temperature. Moreover there is no chance of inclusion of any impurities 

like chlorine in the film unlike the films prepared using ~ndium chloride. 

Our motivation behind the replacement of the precursor was to remove 

chlorine, which caused high enhancement of electrical resistivity ofIn2S3 films. At the 

same time we were interested in seeing whether we could get high photosensitivity 

and good crystallinity in these films prepared using nitrate precursor solution. Then it 
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will be a great achievement as one can control both electrical resistivity and 

photosensitivity as these are very important factors for solar cell fabrication. If this 

was found to be possible, we also aimed at optimizing the preparation condition so as 

to get the required values of these parameters for solar cell fabrication. 

4.2 Experimental Details 

13-In2S3 thin films were prepared using CSP technique with indium nitrate 

(In(N03)3) and thiourea (CS(NH2h) as precursor solutions. Indium nitrate was 

prepared by dissolving high purity (99.99%) indium in concentrated HN03. Micro 

glass slides, having dimensions of 37x 12x 1.4 mm3 were used as substrates. Indium to 

sulfur ratio was varied by varying molar concentrations of the precursor solutions. For 

this, the molarity of indium nitrate was kept at 0.025 M and that of thiourea was 

varied to have InlS ratios ranging from 211 to 2/8. The( total volume of the solution 

sprayed was 400 ml and the rate of spray was 20 mllmin in all cases keeping the 

substrate at 300°C. Air was used as the carrier gas. These films were yellowish in 

colour. Samples having InlS ratio frpm 211 to 2/8 were named SI, S2, S3, S4, S5, S6 

and S8 respectively. Samples were also prepared by varying indium concentration 

keeping suI fur concentration at 8 to get InlS ratio 1.2/8 and 2.5/8, These samples were 

named S12 and S25. 

4.3 Results and Discussion 

4.3.1 Effect of Variation of Sulfur Concentration 

4.3.1.1 Structural Analysis 

Structural analysis was done using X-Ray Diffraction (XRO) (Phi lips X'Pert

Pro. X-Ray Diffractometer having CuKa; ),,=1.5405 A radiation). In2S3 thin films 

prepared from indium nitrate showed an interesting property'in the XRD analysis. 

Only the sample prepared using solution having InlS ratio 2/3 (S3) exhibited good 

crystalline property. This sample had five peaks corresponding to (103), (109), (220), 

(309) and (400) orientations [Fig.4.1]. 
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On decreasing the sui fur concentration, the sample became amorphous (S I). 

But on increasing the sui fur concentration the sample showed a very small peak along 

the (103) plane. Further increase resulted in change of preferential orientation to (109) 

plane for the samples S6 and S8. Other than this, two peaks corresponding to (103) 

and (400) also appeared on increasing the sui fur concentration. The grain size of the 

film was calculated using the Debye-Scherrer formula 0 = 0.9AJ13Cos9, where D is 

the diameter of the crystallites forming the film, A is the wavelength of CuKa line, Pis 

FWHM in radians and () is the Bragg angle. It was found to be 28 nm for the sample 

S3 that reduced to 20.8 run for S8. 

Lattice constants a and c for the samples were calculated from the results of 

x-ray diffraction patterns using the (103) and (109) planes. For the sample S3, the 

values were found to be a = b = 7.58 A, c = 32.08 A. As the InlS ratio decreased, the 

lattice constants increased slightly (for the ratio 2/8 a = b = 7.6 A, c = 32.4 A) [7]. 

These values are comparable with those for 13-In2S3 shown in JCPDS card (25-390). 

Samples prepared using indium chloride also showed 13-In2S3 phase with 

preferential orientation along the (220) plane. On increasing the sulfur concentration 

from 2/3 to 2/5, the intensity of the peak corresponding to this plane increased, but a 

further increase of sulfur concentration (2/8) resulted in the decrease of the peak 

intensity [10, 11]. There was no change in preferential orientation. 
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Fig. 4.1 XRD pattern of In2S3 samples, S 1 to S8 

4.3.1.2 Surface Morphology 

Surface morphology was examined using Scanning Electron Microscopy 

(SEM). It revealed a dense structure and no cracks or voids were observed on the 

sample S3 [FigA.2a]. FigA.2 (b) show that granularity was lost on decreasing (S 1) or 

on increasing (S4) [Fig. 4.3a] the sulfur concentration. The sample regained its 

granular structure [FigA.3b] when the ratio became 2/8 (S8). However the grain size 

was small even in this case. This was clearly observed in structural analysis (XRD) 

also [FigA.1]. 
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(b) 

Fig. 4.2 SEM micrographs of (a) S3 and (b) SI 
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4.3.1.3AFM 
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(a) 

(b) 

Fig. 4.3 Surface morphology of samples (a) S4 and 

(b) S8 

Fig. 4.4 (a) and (b) depicts the AFM image (20 and 3D) of 6 micrometer 

square area of the sample 83. The sample was dense and grains were found to be 

unifonn in size. 
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(b) 

Fig. 4.4 AFM image of sample 53 (a) 20 and 

(b) 3D 

4.3.1.4 EDAX Measurements 

Concentration of sui fur was found to be low for samples 51 and 52 (- 38%), 

but it exceeded 60% on increasing the sulfur concentration in solution. Atomic 
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concentrations of indium and sulfur were found to be almost equal for S3. This sample 

was found to be better in electrical conductivity (232 Q·cm) compared to S2, S4 and 

SS. Hence ex.cess of indium in~ica ted by EDAX analysis, might be OCCupying 

interstitial position. It had been reported that in relatively low resistive In2S}, donor 

concentrations are high (In interstitiais) [12]. Variation of atomic concentration with 

inlS ratios is given in FigA.5. Thus it was clear that the lnIS ratio in the initial 

precursor solution detennined the composition of the samples. 

Concentrat ion of sulfur in the sample never reached 60% when indium 

chloride was used to prepare the samples. Nevertheless an increase in the 

concentration of indium resulted in a corresponding increase in the concentration of 

chlorine in the sample. Stoichiometric fil ms were obt~ ined only when indium chloride 

was replaced by indiurn nitrate. 

.. .. -- I. 
0 - . g · ~ 0 

0 ~ • 0 .. so S 0 
0 , 
0 0 , • , 
3 , 
• 
E • , .. -----. .. 

'" ". ". '" .. " . 
In lS '81i0 

FigA.5 Variation of atomic concentration 

with InlS ratio 
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4.3.1.5 XPS Analysis 

Depth profile of the sample S3 [FigA.6] showed that indium and sulfur were 

uniformly distributed throughout the depth of the sample. Binding energies of in diu m 

and sui fur clearly indicated the formation of indium sulfide. The values are compared 

in Table 4. I. 

Table 4. I Binding energies of indium and sulfur in indium sulfide 

Element Binding Energy (eV) 

In3ds12 444.7 

In3d312 452.7 

S2p 162 

1nl n 01 1&1 1i1 

-----1 CYtU. 

410 440178 l05n14 " 
BII'DUI'O IDRat ~ .v 

Fig. 4.6 XPS profile montage of sample S3 
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Oxygen was present only as a surface contaminant having binding energy 532 

eV that corresponds to oxygen in the form of sulfate [13]. But sodium was present 

throughout the depth of the sample, which might be diffusing from the glass substrate , 
as the substrate was kept at high temperature (300° C). Moreover there was no sodium 

in any of the chemicals used for the preparation of the sample. 

On decreasing the sui fur concentration (S 1) [FigA.7] there was a shift in the 

binding energy of sui fur (170 e V), which corresponds, to that of sui fate. There was 

also oxygen present in the bulk of this sample with binding energy 530 eV. This 

corresponds to 01 s in In203. The sample SI is suspected to be In203 eventhough we 

could not identify any In203 phase from XRD. 

1nl 51 01 Hat Si1 

2.0 
460 440178 5261086 1061114 " 

BIHDIRa IlCIltG't, .v 

(a) 
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1nl 01 lal '11 

25 

c:rcLI. 

aIHDIWca In.or, .v 

(b) 

Fig. 4.7 XPS depth profile of samples (a) SI and (b) S4 

On increasing sulfur concentration (S4) the binding energies of indium and 

sui fur indicated the formation of indium sulfide, but the presence of In203 also was 

observed from the shift in the binding energy of oxygen in the bulk of the sample 

[Fig.4. 7b]. BE of oxygen on the surface of the sample corresponds to that of surface 

contamination in the form of sui fate (532 eV). The sulfur atoms in sample S4 situated 

near film substrate interface or diffused into the substrate exhibited BE of 164 eV. 

This corresponds to that of elemental sui fur. These samples were amorphous, and 

there are earlier reports on amorphous nature of samples having excess sulfur [14]. 

On further increasing the sulfur concentration (SS), oxygen was found to be 

present only on the surface of the sample [Fig.4.S]. There was no 1n203 phase in 

samples S6 and SS. Presence of sodium in the bulk was observed for all the samples. 
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1nl 11 Ol Kal 8n 

460 440178 158544 5251086 106n14 t6 

8lKDIRO &lIIaQ(, .v 

Fig. 4.8 Profile montage of sample S8 

4.3.1.6 Optical Studies 

From the plot of (ahv)2 vs hv [FigA.9], a direct band gap of 2.66 eV was 

obtained for the sample S3. On decreasing sui fur concentration (S I) the band gap 

increased to 2.95 eV [FigA.IO]. Increase in the band gap for smaller sulfur 

concentration could be ascribed both to the presence of secondary phases and to a 

more disordered structure. Incorporation of oxygen might be another reason for the 

widening of the band gap [14]. Band gap decreased to 2.73 eV on increasing the sulfur 

concentration (S8). Thus the band gap was found to vary with crystalline structure 

[FigA.l] of the sample. 

Transmittance measurements were performed in the spectral range 400 nm to 

1200 nm [FigA.I I]. Sample ~I showed better transparency (might be due to the 

formation of In203 as observed from XPS). The band gap of this sample was also 

close to that of In203 [15]. 
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Refractive index was calculated using the envelope method from transmission 

spectra for samples S3 and S8. The value was found to vary in the range 1.57 to 1.77 

with wavelength [Fig. 4.12]. Increase in the value of refractive index with the 

concentration of sui fur in the film might be due to diminishing crystallinity [16]. For 

sample S3, variation of extinction coefficient with wavelength is shown in Fig. 4.13. 

~ 
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~ 
c: 
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= ·E 
CII 
c: 
~ 

100 
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10 

0 
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Fig. 4.11 Variation of transmittance with 

InlS ratio 

When indium chloride was used as the precursor solution, band gap was 

found to be almost the same (2.67 eV) for the sample S3. It increased to 2.81 eVon 

decreasing the sulfur concentration (SI) and reduced to 2.64 eV on increasing the 

same in that case [10]. Here also widening of the band gap on reducing the sulfur 

concentration might be due to presence of oxygen in the sample. But In203 phase was 

not detected either from XRD or from XPS. 
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Fig. 4.12 Variation in refractive index with 

wavelength for samples S3 and S8 
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Fig. 4.13 Extinction coefficient with wavelength for sample S3 
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4.3.1.7 Resistivity and Photosensitivity 

Resistivity of the sample SI was found to be 9.6 Q-cm, which was very low 

when compared with that of samples having higher sui fur concentration, indicating 

the presence of mainly In203. But it was observed that small quantity of In203 phase 

in In2S3 films decreased the conductivity very much. This was true for samples S2 and 

S4 (p = 1.8 x 104 n-cm) in which In203 phase was found to exist along with In2S3 

from XPS profile montage [17]. On increasing the sulfur concentration (S8) the 

sample showed maximum conductivity (p = 59.4 n-cm). This was actually against the 

expectation as we feel that increase in sui fur concentration might decrease electrical 

conductivity as observed in the case of chloride samples. This might be because of the 

slightly better stoichiometry and the change of preferential orientation to the (109) 

plane [as per JCPDS data (25-390) this is the maximum intensity peak for I3-In2S3]' 

Fig. 4.14 depicts the variation of resistivity with sulfur concentration. 

2 3 4 5 6 8 

sulfur concentration 

Fig. 4.14 Variation of resistivity with sulfur concentration 
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FigA.15 shows the variation of the photosensitivity with InlS ratio. Sample S4 

showed maximum photosensitivity. High resistivity of samples S2 and S4 indicated a 

reduction in the number of majority carriers. So, probably the minority carriers, 

surviving to contribute to photoconductivity for these two samples might be more, 

indicating high photosensitivity. 

However photosensitivity was low for samples prepared using nitrate based 

precursor solution when compared to that prepared using chloride based precursor 

solution. We suspect that the chlorine present in the sample, prepared using indium 

.chloride, might be the reason for the decrease in dark conductivity (and hence increase 

in photosensitivity) of those samples [10]. 
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Fig. 4.15 Variation in photosensitivity with InlS ratio 
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4.3.2 Effect of Variation ofIndium Concentration 

The concentration of indium in the solution was varied by keeping the sui fur 

concentration at 8. For this the molarity of thiourea was kept at 0.1 M and that of 

indium nitrate was varied. 

4.3.2.1 Structural Analysis 

Four peaks were observed in the XRD spectra corresponding to the planes 

(103), (l09), (220) and (400) with preferential orientation along the (l09) plane for 

sample S25 [Fig. 4.16cJ. 

(109) 

(b) 

(109) 

10 20 30 40 50 60 70 

29 (degrees) 

Fig.4.16 XRD spectra of (a) S12 (b) S8 and (c) S25 samples 
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The intensity of prefer~ntially oriented (109) plane increased on increasing 

the indium concentration (S 12 to S25). The small peak corresponding to the (309) 

plane disappeared in the case of sample S25, while that corresponding to (400) plane 

gained intensity. In the case of samples prepared using indium chloride as one of the 

precursor solutions, all these samples showed preferential orientation along (220) 

plane. 

4.3.2.2 Optical Studies 

Band gap varied from 2.77 e V for sample S 12 to 2.67 e V for sample S25. The 

wavelength dependence of absorbance on these samples is shown in Fig. 4.17. The 

decrease in band gap might be due to the improvement in crystalline structure of the 

samples on increasing indium concentration. Transmittance spectrum of the samples 

in the wavelength range 350-1400 nm is shown in Fig. 4.1S. 
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Fig. 4.17 Wavelength dependence of absorbance for samples S 12, SS and S25 
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Fig. 4.18 Transmittance spectra of samples SI 2, S8 and S25 

4.3.2.3 Photosensitivity Measurements 

Photosensitivity of the samples decreased on increasing the indium 

concentration. Among the three samples S 12, S8 and S25, the sample S 12 showed 

maximum sensitivity. But the value was found to be much less than those samples 

prepared using chloride based precursor solution. Variation of photosensitivity is 

given in Fig. 4.19. 
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Fig. 4.19 Variation in photosensitivity: SI 2, S8 and S25 

4.4 Conclusion 

Indium nitrate, instead of indium chloride, could be used as the precursor 

solution for preparing p-In2S3 thin films using CSP technique. Interestingly only the 

sample having InlS ratio 2/3 in the solution showed good crystallinity with band gap 

2.66 eV, while chloride samples showed better crystallinity on increasing the sulfur 

concentration. We could get better control over stoichiometry of the films by varying 

InlS ratio taken in the solution, using nitrate-based precursor. Concentration of sui fur 

exceeded 60% on increasing suI fur concentration in the solution. Moreover presence 

of chlorine in the sample could be avoided using indium nitrate as precursor. When 

indium chloride was used,· increasing concentration of indium resulted in a 

corresponding increase in chlorine also. Because of this the InlS ratio in the film was 

found not to follow the variation of InlS ratio in the solution. Another important point 

worth mentioning here is the variation of electrical conductivity with increase of 
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sulfur concentration in the sample. Unlike in the case of samples prepared from 

chloride precursor, here conductivity increased considerably for samples having InlS 

ratio 2/6 and 2/8. This might be due to the structural changes for these samples as 

revealed by XRD or due to carriers released from defects. Thus indium nitrate proved 

to be a good precursor for preparing IniS3 films. However, there was considerable 

decrease in photosensitivity for In2S3 prepared using indium nitrate. Maximum 

photosensitivity was obtained for the sample having InlS ratio 2/4 (34.23) among 

nitrate based samples, while it was for 1.2/8 (949.97) in chloride-based samples. But 

this sample had very high sheet resistance (>2000 MQ/J) when compared with nitrate 

sample having InlS ratio 2/4 (99 MQ/O). Nitrate based samples were found to be more 

conducting compared to chloride samples. Presence of chlorine might be the reason 

for the high resistivity of chloride-based sampres. But because of the low 

photosensitivity of nitrate samples, it may not be as good as chloride samples for 

fabricating solar cells. 
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Chapter 5 

STUDIES ON CuInSz THIN FILMS PREPARED USING CHLORIDE 

AND NITRATE BASED PRECURSOR SOLUTIONS 

5.1 Introduction 

High conversion efficiency and low fabrication costs are the two principal 

requirements of thin film solar cells for terrestrial applications. Several promising 

materials are currently being investigated in an effort tg improve properties and 
.' 

reduce process costs; CuInS2 is particularly a promising candidate because of its 

optimum direct band gap (Eg = 1.5 eV) [1] and its controllable conversion type [2]. 

This is one of the I-Ill-Viz type semiconductors that crystallize in chaIcopyrite 

structure. Thin film solar cells based on CuInS2 have reached efficiency above 10% 

that make them a promising candidate for future energy requirements [3]. Wider band 

gap of CuInS2 compared to other widely used chalcopyrites such as CuInSe2 and 

Cu(In,Ga)Se2 has an advantage of potentially higher open circuit voltages. It is also 

important that sui fur is less toxic than selenium. It has been predicted theoretically 

that homojunction fabricated using this material can yield an efficiency of 27 to 32% 

[4]. 

A variety of techniques have been applied to deposit CuInS2 thin films [5-9] 

including molecular beam epitaxy, flash evaporation, r f sputtering, chemical vapor 

deposition and chemical spray pyrolysis (CSP). One of the major problems of this 

class of materials is the control of stoichiometry ie, control of the excess copper 

content and of the copper to indium and metal to chaIcogen ratios. Because of the 

large difference in the vapor pressures of copper, indium and chalcogen, the 

stoichiometry is controlled by means of sophisticated vapor monitoring techniques. 

Unlike the case of physical vapor deposition techniques, in CSP technique, ratios of 

the constituents in the sample are directly linked to their concentrations in the spray 

solution. Hence this technique is ideally suited for deposition of large area films with 
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controlled stoichiometry and dopant profiles [10]. One can even think of varying 

stoichiometry along film thickness by making appropriate changes in molarity ratio of 

the solution. 

Also, for economic reasons, it should be very interesting to deposit these films 

using a cheap deposition technique. In that case, spray pyrolysis appears very 

promising since CuInS2 films with good crystalline properties were grown. In most of 

the cases CuInS2 thin films were deposited from aqueous solution containing CuCI2• 

InCl3 and thiourea [11-14]. Pamplin et al prepared CuInS2 thin films using cuprous 

chloride, cupric acetate and cupric chloride as sources of copper. It was also found 

that N, N-dimethyl thiourea gave better quality layers than those obtained from 

thiourea [15]. 

In this chapter, properties of CuInS2 thin films erepared using chloride and 

nitrate based precursor solutions are described. Nitrate based precursor solutions were 

used to avoid formation of chlorine impurity phase in the films. There were no earlier 

reports on sample preparation using nitrate-based precursors. The structural and 

optical properties of sprayed films were determined mainly by growth temperature 

and CU/In ratio in the spraying solution. We have obtained information about the 

dependence of the composition of the elements in the films as a function of the 

composition in the spray solution. Nitrate based CuInS2 films showed better 

stoichiometry. It could be seen that chemical composition in the solution controlled 

film resistivity in a wide range, a fact that might be useful when designing solar cells 

made from this material. Crystallinity, photosensitivity and band gap of the samples 

are also important as far as solar cells are concerned. The surface morphology, 

structural and optical properties, depth analysis (XPS) and temperature dependent 

conductivity of both the set of samples are also discussed. 

229 



Chapter 5 Studies on CU/nSl thin films ... 

5.2 Experimental Details 

Cu1nS2 thin films were prepared using chloride and nitrate based precursor 

solutions using CSP. In the first case aqueous solutions of CuCIz, InCh and thiourea 

(CS(NH2)2) were used as the precursors, while in the second case Cu(N03h, In (N03)3 

and thiourea were used as precursors. Illdium chloride was prepared by dissolving 

high purity indium (99.99%) in concentrated HCI and indium nitrate was prepared by 

dissolving the same in concentrated HN03. All the solutions were prepared in distilled 

water. 375 ml of the solution was sprayed onto glass substrates kept at 300°C. The 

maximum volume of the solution that could be sprayed in a single stretch for getting 

uniform good films without any pinholes was 375 m!. On further in~reasing the 

volume, it resulted in the development of pinholes in the sample. Thus in a single 

spray we could not increase the film thickness beyond a limit. Equal volumes of the 

solutions were mixed in appropriate molar concentrations to get different Cu/ln ratios. 

CU/In ratio was varied from 0.5 to 1.5 keeping S/Cu ratio at 5.For this, the molarity 

ratio of CuCl2 (or CU(N03)2) and thiourea was kept at 0.0125 M and 0.0625 M 

respectively while molarity of InCh (or In(N03)3) was varied. Air was used as the 

carrier gas and the spray rate was kept at 20 mllmin in all cases. Samples prepared 

using chloride based precursor solution were named Cl, C2, C3, C4 and CS having 

Cu/In ratio 0.5. 0.7, I, 1.2 and 1.5 respectively, keeping S/Cu ratio at 5. For nitrate 

based precursor solutions samples were represented as NI, N2, N3, N4 and N5 having 

CU/In ratio 0.5, 0.7, I, 1.2 and 1.5 respectively with S/Cu ratio 5. 

5.3 CuInS2 from Chloride Based Precursor Solution 

5.3.1 Structural Analysis 

XRD spectrum of the samples is depicted in Fig 5.1. Crystallinity of the 

samples was found to increase with increase in CulIn ratio. Four characteristic peaks 

corresponding to planes (112), (220), (312) and (224) appeared for sample CS 

(JCPDS-270159) with preferential orientation along (I 12) plane. The improvement in 
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cryst~lIinity when CutIn ratio was increased was an effect, which had been attributed 

to copper mobility [16]. The d values and peak intensities are compared in Table 5.1. 

Peak corresponding to (220) plane of CuInS2 indicated formation of CulnS2 phase in 

both Cu-poor Cl and C2 samples. A broad peak with a shoulder was obtained for Cu

poor Cl sample at around 26.5° and another one at 64°. This might be due to some 

impurity phase formation in the sample. The diffraction peak at 29 = 26.5° could be 

related to the formation of 1n2S3 phase (JCPDS-330623), due to presence of excess 

indium as observed from EDAX analysis. Films with excess indium did not show 

good crystallinity due to the presence of secondary chemical phases of 1n2S3 and InS, 

and very likely due to the lattice deformation by copper vacancies being occupied by 

indium atoms. The peak at 64° corresponds to the formation of InS phase (JCPDS-

190588). 

Table 5.1 XRD data of CulnS2 film 

29 d [A] d [A] hk1 IlIo IIIo 

(degrees) (observed) (standard) (observed) (standard) 

27.91 3.1932 3.198 112 100 100 

46.27 1.9603 1.952 220 10.54 10 
[ 

54.88 1.6716 1.666 312 2.80 12 

57.70 1.5962 1.601 224 16.51 4 

Grain size was calculated from the Debye-Scherrer formula for samples C3, 

C4 and C5 since they only showed maximum intensity peak along the same plane. 

The value was found to increase from 5.8 nm to 21.23 nm with increase in the CulIn 

ratio. Lattice parameters were calculated to be a = b = 5.54 A and c = 1 1.0 I A which 

was in good agreement with the standard values ofa = b = 5.523 A and c = I 1.141 A. 
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C2 

In,5,(100) 

20 30 40 50 60 70 

29 (degrees) 

Fig. 5.1 XRD pattern of samples Cl, C2, C3, C4 and CS 

5.3.2 Surface Morphology 

Surface morphology was examined using SEM. In-rich solutions produced 

films (C I) with smooth surface and small grains. SEM micrographs showed 

agglomerated areas in Cu-rich films. The number as well as size of the agglomerated 

area increased with increasing copper concentration in the solution. Chemical 

composition of the agglomerated area was different from composition of the flat 

region. The copper content in this area was higher than that in the flat region and 

indium content was essentially decreased [17]. SEM micrographs are compared in 

Fig.5.2 (a), (b) and (c). 
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(a) 

(b) 
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(c) 

Fig. 5.2 Surface morphology (a) Cl (b) C4 (c) C5 

5.3.3 EDAX Measurements 

Compos ition of CulnS2 films was studied using EDAX measurements. 

Atomic concentration of Cu, In and S in the film is compared in Table S.2.Culln and 

S/Cu ratios were found to be always less than that taken in the solution. The EDAX 

spectrum of sample C I is shown in Fig.S.3. 

Table 5.2 Atomic concentrations ofCu, In and S 

Sample Cu (%) in (%) S (%) Culln rati o 

in film 

Cl (Culln - 0.5) 11.27 25.65 54.52 0.44 

C3 (Culln 1.0) 16.36 23.75 56.33 0.69 

C4 (Culln 1.2) 15.47 16.68 59.12 0.93 

C5 (Culln - 1.5) 15.72 12.58 59.08 1.25 -
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Fig. 5.3 EDAX spectrum of sample Cl 

5.3.4 XPS Analysis 

In order to know the chemical state of the elements along the thickness of the 

samples, we performed XPS depth profile of the samples. Here the presence of the 

elements Cu, In, S, 0 and Si was checked along the thickness of the samples. It could 

be seen that all the elements diffused slightly into the glass substrate, probably due to 

the high temperature at which spraying was done. Oxygen was present only at the 

surface of these samples. This was very much evident in Fig.5.4 (a) and (b). The BE 

value of surface oxygen was found to be 532 eV, which was due to surface 

contamination [18]. BE values of Cu, In and S indicated formation of CulnS2 and 

these are compared in Table 5.3. Interestingly chlorine was absent in these samples. 

Table 5.3 BE value ofCu, In and S as observed from XPS Analysis 

Element Binding Energy (eV) 

CU2p312 932.5 

CU2Pl12 952.5 

In3ds12 444.7 

In3d3/2 452.7 

S2p 162.0 
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Fig. 5.4 Depth profile of sample (a) Cl (b) C5 
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5.3.5 Optical Studies 

We obtained band gap from the plot of (uhv)2 vs hv [Fig.S.S] and was found 

to decrease from 1.51 e V to 1.32 e V for sample Cl to CS [Fig.S.6]. This variation Was 

in accordance with the variation in crystallinity of the samples as observed from XRD 

[Fig. 5.1]. Another possible cause for this effect might be carrier degeneracy in 

CulnS2 due to defects in the crystal lattice [12] and/or due to the increase in CulIn 

ratio. This was evident from the high conductivity of sample CS. 

Transmittance spectra of the samples in the wavelength range 400 - 1200 nm 

are shown in Fig.S.7. Percentage of transmittance was found to decrease with increase 

in CU/ln ratio. 

---C1 
0.8 -+-C2 

-4.-C3 
--+:-C4 
~C5 

0.2 

0.0 -+--,-~-.--__ --.-~-; 
1.2 1.4 1.6 1.8 

hv (eV) 

Fig.S.S (uhv)2 vs hv for samples Cl to CS 
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5.3.6 Photosensitivity Measurements 

Figure 5.8 shows variation in photosensitivity with CU/ln ratio. The value 

decreased drastically with increase in the CU/In ratio. Thus the sample Cl was found 

to have maximum photoresponse; High resistivity of sample Cl indicated a reduction 

in the number of majority carriers. So, probably the minority carriers, surviving to 

contribute to photoconductivity for this sample might be more, indicating high 

photosensitivity. 
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Fig.S.8 Variation in photosensitivity with CU/In ratio 

5.4 CuInS2 from Nitrate Based Precursor Solution 

5.4.1 Structural Analysis 

It was obvious from the XRD spectra that the crystallinity of the samples 

increased with increase in CulIn ratio [Fig.S.9]. All the samples showed preferential 

orientation along (112) plane. Cu-poor nitrate based CuinS2 films seem to be more 

crystalline when compared to that of samples prepared from chloride based solutions. 

Grain sizes are compared in Fig.S.lO. Grain size increased from 6.64 nm for NI 
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(Cu/In==O.S) to 20.6 nm for NS (CU/ln==l.S). Thus the grain size was found to depend 

on the content of copper and indium in the films. 

(112) 

(220) (312) N5 

~ 
N4 

c: 
::l .e 
~ 

~ N3 
U) 
c: 
~ 
£: 

N2 

N1 

20 30 40 50 60 70 

29 (degrees) 

Fig. S.9 XRD pattern of samples NI to NS 

5.4.2 Surface Morphology 

CuInS2 layer was characterized by means of scanning electron microscopy 

(JEOL Scanning Microscope Model JSM-8404) for surface observation. No surface 

feature was observed in the film and the film appeared to be uniform. This improved 

on increasing CU/ln ratio. SEM micrographs of samples NI and N4 are shown in Fig. 

S.11 (a) and (b). Both Cu-rich and In-rich films had fairly smooth structure, consisting 

of non-featured grains. 
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Fig. 5.10 Grain sizes of nitrate based CuinS2 films 

<a) 
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(b) 

Fig. 5.11 SEM micrographs of samples (a) N I and (b) N4 

5. 4.3 EDAX Measurements 

Chemical composition of the samples was detennined with EDAX 

measurements [Oxford systems, Model 6211 attached to JEOL Scanning Microscope 

(JSM-840A)J. Culln ratio followed the variation that had been made in the solution 

[Table 5.3]. Samples were found to be more stoichiometric when compared to that of 

chloride based films. Moreover Culln ratio in the sample was almost equal to that of 

the solution. This did not happen in the case of samples Cl-CS. 

Table 5.3 Variation in atomic concentration as observed from EDAX 

measurements 

Sample Cu(%) In (0/0) S (0/0) Culln ratio 

in film 

NI (Culln 0.5) 15.49 32.09 52.42 0.48 

N3 (Culln 1.0) 22.75 25.16 52.09 0.9 1 

N4 (Culln 1.2) 26.26 .2 1.43 52.31 1.23 
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EDAX spectrum for samples NI and N4 are given in Fig.5.I2 (a) and (b). 

From the spectrum it was observed that the concentration of indium was high in 

sample NI compared to sample N4. 

-n-------------------------------~ 

o 5 10 

(a) 

o 5 10 

(b) 

15 

15 

20 
Energy (keV) 

20 
Energy (keV) 

Fig. 5.12 EDAX spectrum of sample (a) NI (b) N4 
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5.4.4 XPS Analysis 

BE values 'of 932.5 eV, 952.5 eV, 444.74 eV, 452.7 eV and 162 eV for 

CU2P312, Cu2p1l2, In3ds12, In3d312 and S2p indicated fonnation of CulnS2' Depth 

analysis of samples NI and N3 are given in Fig. 5.13 (a) and (b) respectively. 

Cul 1nl 11 01 U1 

8101ao I.aor, .v 

(a) 

1nl 11 U1 

• 

_____ .... ___ .-......; CYCU. 

no •• 0178 15M14 lM544 52Q14 

(b) 

Fig. 5.13 Depth analysis of samples (a) NI (Culln=O.5) (b) N3 (CulIn=l) 
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Cu, In and S were uniformly distributed along the depth of the samples. BE 

peak at 532 e V of oxygen at the surface corresponds to surface contamination of the 

samples. Unlike in the case of sample Cl here in NI oxygen was present throughout 

the depth of the sample, indicating that oxygen was not only chemisorbed on the 

surface, but oxygen-containing phase was formed during film growth. The binding 

energy of oxygen in the bulk (S30 eV) corresponds to that of indium oxides (S29.8 

eV-S30.5 eV for 0 Is in lri20 3). But as the film become stoichiometric, we could not 

observe any oxygen in the bulk of the sample (N3). Moreover nitrogen or its oxides 

were also not present in any ofthese samples. 

5.4.5 Optical Studies 

Band gap was found to be decreasing with increase in Culln ratio. The value 

decreased from 1.44 eV for sample NI to 1.3 eV for sample NS. (ahvi vs hv plot for 

the samples are shown in Fig. S.14. The percentage of transmittance decreased with 

increase in CuJln ratio in the wavelength range 400 nm-1200 nm [Fig.5.IS]. 
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Fig. S.14 Variation of band gap with CulIn ratio 
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Fig. 5.15 Transmittance spectra of 

samples NI, N3 and NS 

5.4.6 Photosensitivity Measurements 

Photosensitivity of nitrate-based samples was found to be less than that of 

chloride-based samples except for sample N5. Sample N5 was found to be less 

conducting compared to sample CS. Here the number of majority carriers was less, 

and hence more minority carriers might be surviving to contribute to sensitivity. High 

sensitivity of sample Cl in comparison"with NI might be due to the presence of 

photosensitive In2S3 phase [19] as observed from XRD [Fig.5.1]. 

Here the maximum value of photosensitivity was found to be 18.9. But in the 

case of chloride sample this was 47.7. Similar observation was made in In2S3 prepared 

from chloride and nitrate precursor solutions. Fig. 5.16 depicts variation in 

photosensitivity with Culln ratio. When copper concentration was increased, naturally 

majority carrier concentration in the sample increased and hence minority carrier 

concentration will be decreased leading to decrease in photosensitivity. 
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5.5 Temperature Dependent Conductivity of Chloride and Nitrate Based CuIn~ 

Films 

Temperature dependent conductivity measurements in the temperature range 

100 K- 300 K for both chloride and nitrate based samples (Cl, C3, C5 and NI, };3, 

N5) were done using liquid helium cryostat having autotuning temperature controller 

(Lakeshore 321 model). Current and voltage were measured using a source measure 

unit (SMU) (Model: Keithley 236) interfaced by GPIB card and rcs software. 

Electrical contacts were given using silver paste painted on the surface of the sample 

at a separation of 0.5 cm. 

Conductivity of the samples was found to increase with increase in CU/ln 

ratio. Of all the samples, NI was highly resistive (more than Cl), and this might be 

due to the high indium content in the sample as observed from EDAX [Table 5.3]. In 

fact indium rich samples (Cl and NI) were found to be n-type from Hot Probe 
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measurements. The high resistivity of indium rich films (C 1 and NI) could also be 

due to poor crystallinity of these samples [Fig.5.1 and Fig. 5.9]. But on increasing 

CulIn ratio, sample N3 was found to be more conducting compared to C3 and the 

samples were p-type. Sample N3 maintained better stoichiometry (in the film, EDAX) 

than sample C3. Conductivity values at room temperature are compared in Table 5.4. 

Table 5.4 Comparison of conductivity at room temperature 

Chloride cr (Q-cmr l Nitrate cr (Q-cmr l 

Cl 3.78 x 10~ NI 6.40 x 10.7 

C3 3.88 x 10·) N3 1.98 x 10-4 

CS 15.86 N5 5.65 

Log p versus CulIn ratio for films grown from chloride and nitrate based 

precursor solutions are shown in Fig.5.17. From the graph it was clear that the film 

resistivity showed a big decrease of around seven orders of magnitude when the CulIn 

ratio was increased from 0.5 to 1.5.These results indicated that excess copper caused 

hole degeneracy in the deposited films. Moreover the ratio CulIn was found to have an 

important role in controlling the electrical properties of the CurnSz films. Interestingly 

this ratio could be easily controlled in samples prepared using CSP technique by 

adjusting molarity ratio in the spray solution. 

From the Arrhenius plot of conductivity, samples C3 and N3 were having 

comparable activation energies and CS and N5 exhibited low activation energies. 

Combining the results of electrical and stoichiometric analysis, the energy levels of 

the defects could be identified. The Incr vs 1000/T graph for sample Cl is shown in 

Fig.5.18. 
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For sample Cl we could identify three defect levels corresponding to 

activation energies 183.5 meV, 66.4 meV and 48.2 meV. From the EDAX 

measurements, indium was found to be in excess for sample CL Thus the donor level 

at 183.5 me V could be ascribed to In at the interstitial position (Ini' 180 me V) [20]. 

Moreover the sample showed n-type conductivity, which also supported the existence 

of this level. Other two activation energies (66.4 meV and 48.2 meV- donor levels) 

were so close to each other, and might be due to indium occupying copper vacancy 

Incu (75 meV and 35 me V) [20,21]. This level also might be contributing to the n

type conductivity of the sample. Indiumsulfide (n-type) phase was also observed in 

the sample [Fig. 5.1]. Atomic concentration of indium was very high for sample NI 

compared to Cl and thus it showed high resistivity. In fact we were unable to take 

conductivity measurements at low temperature because of high resistivity. 

For samples C3 and N3 also, we could identify three defect levels 

corresponding to 189 me V, 125.6 meV and 6 meV and 183 meV, 123 meV and 6.7 

meV respectively. Arrhenius plot for samples C3 and N3 are shown in Fig. 5.19 (a) 

and (b). 
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Here the samples showed p-type conductivity and were found to have excess 

sulfur (>50%) and thus the level at -:180 meV (above the valence band) could be 

arising due to sulfur at the interstitial position (Si) [22]. The level at -120 meV could 

be linked to vacancy of Cu (V cu) which is the most probable defect in a sample having 

excess indium [23]. This is an acceptor level. The level corresponding to activation 

energy of - 6 meV might be contributing to conductivity, as samples C3 and N3 were 

found to have better conductivity compared to Cl and NI. The observed slopes (C3 

and N3) were always increasing with temperature, which was compatible with grain 

boundary scattering mechanisms [24]. The classical grain boundary trapping theory 

assumes the presence of trapping states at the grain boundaries, which capture free 

carriers. These charged states at the grain boundaries create depleted regions and 

potential barriers, which provide a resistance to the passage of carriers from a grain to 

a neigh boring one. 
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Temperature dependent conductivity measurements for samples CS and NS 

are given in Fig. S.20 (a) and (b). It was very clear from the graph that the 

conductivity of the samples increased linearly with temperature even from low 

temperature itself. 

We could identify only shallow levels 2.3 me V, 0.81 meV and 0.17 meV for 

sample CS and 8.7 meV, 3.4 meV and 1.4 meV for sample NS. Samples CS and NS 

were highly conducting in comparison to the other samples (Cl, NI and C3, N3). 

Thus these shallow levels might be contributing to the conductivity of the samples. 
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CuInS2 thin films were prepared using chloride and nitrate based precursor 

solutions. In single spray we could not increase volume of the solution beyond 375 ml 

as the film got damaged. Nitrate based CuInS2 samples showed better crystalline 

structure and better stoichiometry in comparison. The band gap of the samples 

decreased with increase in Cu/ln ratio in both cases. BE values from XPS studies 

indicated formation of CuInS2.Conductivity of both set of samples increased with 

increase in Cu/ln ratio. Chloride based samples showed better photosensitivity for eu 
poor samples (but n-type), but for samples having higher Cu/ln ratio photosensitivity 

decreased drastically. Nitrate based samples show better crystallinity, stoichiometry, 

conductivity (N3) and a slightly low photosensitivity. These samples may show better 
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characteristics if they are used for fabricating solar cells. Defect levels were identified 

using the temperature dependent conductivity measurements and composition 

analysis. It is worth mentioning here that there are no publication giving results of 

similar studies in this material, to the best of our knowledge. Through this study we 

could establish that in CSP technique one can control electrical properties by adjusting 

molarity ratio of spray solution. Another important point was that CulIn ratio was the 

controlling parameter as far as the electrical properties of the film was concerned. 

Major difficulty we observed was the preparation of thick films. We could not spray 

large volume of solution (> 375 ml) at a single stretch. This has to be solved. 
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Chapter 6 

PROPERTIES OF CuInS2 FILMS PREPARED USING REPEATED 

SPRAY PYROLYSIS TECHNIQUE 

6.1 Introduction 

Techniques for making both n- and p-type CuInS2 were discovered several 

years ago [1]. Since then, a number of papers were published concerning CuInS2 and 

its potential device applications, particularly as a photovoltaic detector or solar cell [2-

4]. Efficiencies of more than 12% have been reached with a Mo/CuInS2/CdS/ZnO cell 

structure [5]. Deposition of CuInS2 is based on a sequential process using d.c 

magnetron sputtering of the metals and sulfu~ization in elemental sulfur vapor, and 

CuInS2 layer thickness was 3 J.Ul1. Scheer et al reported 10.2% efficiency solar cell 

which also was having 3 Jlm thick CuInS2 layer [6]. For CuInS2 based solar cell using 

a Cd-free buffer layer (11.4% efficiency) also the thickness was maintained in the 

same order [7]. Chemically etched CuInS2 absorber layer with 4 J.Ul1 thickness yielded 

an efficiency of 12% as reported by Onuma et al [8]. A four layer structure of solar 

cell of low p- CuInSzlhigh p- CuInSzlhigh p- CdSllow p- CdS has been fabricated by 

Park et al in order to form back surface field and internal electric field by graded band 

gap [9]. The thickness of the low resistive CuInS2 film was about 1.5 Jlm and that of 

high resistivity layer was 0.2 J.Ul1 so that the total layer thickness is 1.7 Jlm. They 

obtained an efficiency of 8.25%. Thick absorber layer naturally improves light 

absorption and hence photogenerated carriers in the layer. 

One of the difficulties in using CSP technique is in the preparation of thick 

(> 1 Jlm) films by spraying ~arge volumes of solution in a single stretch. It was 

observed that when large volumes of the solution (say 600 ml) was sprayed in a single 

stretch, it always resulted in the formation of CulnS2 film with a lot of pinholes 

resulting in the wastage of large number of samples. But in spite of this difficulty 

there are certain advantages in using this technique for film preparation. As stated 
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earlier it is rather easy to vary stoichiometry of samples ~hen prepared using CSP. 

This is very useful in the case of CulnS2' For example by varying Cu/ln and/or S/Cu 

ratio we could adjust carrier concentration, photosensitivity and also crystallinity. This 

is important for solar cell fabrication. Moreover this same technique could be used for 

the deposition of lower electrode (transparent conducting oxide), absorber layer and 

buffer layer without any break. This is quite useful for large-scale production of solar 

cells. We tried to modify the technique for the preparation of thick CulnS2' Hence a 

trial was made to prepare the film by 'repeated spraying' of small quantities of 

solution and this resulted in improving the thickness of the film without pinholes. 

Nobody earlier tried this 'multiple spray technique' to increase CIS thickness. 

Structural, compositional, optical and electrical characterizations were done for films 

prepared in this way (with different Cu/ln molar ratio in spray solution) and the results 

are presented in this chapter. This was purposefully done to see the variation in 

photosensitivity with the change in Cu/ln ratio. This is important for cell fabrication, 

as we are varying mainly the majori!y carrier concentration by changing Cu/ln ratio. 

6.2 Experimental Details 

CulnS2 thin films were deposited onto glass substrates from aqueous solutions 

of CuCh, InCl3 and thiourea (CS(NH2)2) by means of CSP technique using 

compressed air as carrier gas. Equal volumes of the solutions were mixed in 

appropriate molar concentrations to get different Cu/ln ratios. Cu/ln ratio was varied 

from 0.5 to 1.5 keeping S/Cu ratio at 5. Here the molarity of CuCl2 was fixed at 0.025 

M, that of thiourea at 0.125 M and the molarity of InCh was varied to get different 

Culln ratios. 225 ml of the solution was sprayed onto the glass substrates kept at 

300°C. The samples were kept at the same temperature for half an hour after each 

spray, and then the temperature was reduced to room temperature. The process was 

repeated four times and thus the total volume of the solution sprayed was 900 ml. 

Spray rate was kept at 20 mllmin for all cases. Samples were found to be uniform 
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without any pinholes and were named CIS 1, CIS2 and CIS3 having CulIn ratio 0.5, 1 

and 1.5 respectively with S/Cu ratio fixed at 5. 

6. 3 Results and Discussion 

6.3.1 Structural Analysis 

XRD pattern of the films deposited with different CulIn ratio are given in 

Fig.6.1. The d values coincided with that ofCuInS2 (JCPDS-270159) with preferential 

orientation along (112) plane at 29 = 27.75°. For Cu deficient CISl sample, peak at 

33.4° corresponds to (220) plane of 13-In2S3 [10]. There was no such impurity phase 

for CIS2 and CIS3 samples. Crystallinity of the film improved on increasing the CuIln 

ratio. The grain size of the film was calculated from Debye - Scherrer formula. 

Variation of grain size with CulIn ratio is given in Table 6.1. Grain size of the films 

increased with increase in CulIn ratio. Lattice parameters were calculated to be a = b = 
5.55 A and c = 11.55 A which was in good agreement with the standard values of a = 
b = 5.523 A and c = 11.141 A. The thickness of the films was found to be 1.17 ~ 

using Stylus method [Fig.6.2]. 

Table 6.1 Variation of grain size with CulIn ratio 

Sample I Grain Size (nm) 

CISl I 7.85 

CIS2 I 11.69 

CIS3 I 24.36 

Lattice strain was calculated from the plot of 13 cose versus 4 Sine graph, 

where 13 represents FWHM. The value was found to decrease from 1.32 to 0.168 for 

sample CIS 1 to sample CIS3. Thus it was clear that as the sample became more 

stoichiometric, lattice strain decreased considerably. 
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Fig. 6.1XRD pattern: (a) CISl (b) CIS2 (c) CIS3 

6.3.2 Surface Morphology 

Analysis of surface topography using SEM was done on the samples. Surface 

was not dense and grains were not unifonn for Cu- poor films. SEM micrographs 

showed some agglomerated areas on increasing Cu concentration and surface was 

denser compared to Cu-poor films. In all cases the surface was found to be rough. 

SEM micrographs of samples CISl, CIS2 and CIS3 are given in Fig. 6.3 (a), (b) and 

(c). 
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(c) 

Fig. 6.3 Scanning Electron Micrograph of 

(a) CISI (b) CIS2 (c) CIS3 samples 

6.3.3 EDAX Measurements 

Atomic concentration of Cu, In and S in samples CISl, CIS2 and ClS3 

obtained from EDAX measurements are given in Table 6.2. It had been seen that the 

Culln ratio in the film was always less than that taken in the solution. 

Table 6.2 Atomic concentrations from EDAX measurements 

Samples Cu (%) In (%) S (%) Culln 

ratio in film 

CISI 11.56 34.45 53.99 0.34 

(Culln=0.5) 
. 

CIS2 17.95 26.69 55.36 0.67 

(Culln=! ) 

CIS3 23.21 20.63 56.16 1.!2 

(Culln=1.5) 
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6.3.4 XPS Analysis 

XPS depth profi le of the sample CIS2 is given in Fig. 6.4. Binding Energies 

(BE) of copper, indium and sulfur indicated the fonnation of CuinS2 [11]. BE values 

are given in Table 6.3. 

.,., " •• -

.' ... ' ... _ . oN 

Fig. 6.4 XPS depth profile ofCIS2 

Table 6.3 BE values ofCu, In and S as observed from XPS analysis 

Element Binding Energy (eV) 

Cu2plll 932.7 

CU2PI12 952.7 

In3d'l2 445.1 

In3d312 452.5 

S2p 162.5 -
It had been found that there was a small quantity of oxygen in the sample 

near the substrate·fi1m interface, which caused BE shift for copper, indium and sui fur 
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in that area (after 160 cycles of etching). MUltiple heating might have caused O2 

diffusing out of glass. However there was no shift in the BE value in the bulk of the 

sample where there was no oxygen. BE of oxygen (532.5 eV) at the surface indicated 

surface contamination in the form of sulfate and this was only for -750 A (ten cycles) 

thickness of the film (Binding energy of free oxygen is 531 e V). Decrease in the peak 

height of sui fur at the surface of the film indicated that this oxygen substituted sulfur 

in the top layer. But it should be noted that oxygen was not present in the bulk of the 

sample even after successive heating. But sodium was present throughout the depth of 

the sample, which might have diffused from the glass substrate, associated with 

sodium silicate, as there was no sodium content in any of the chemicals used for 

sample preparation. Decrease in the peak height of Na in glass near film interface 

proved this. Enhancement in conductivity, crystalline quality and device performance 

due to incorporation ofNa in CuInS2 had been reported [12]. 

6.3.5 Optical Studies 

To determine energy band gap, (ahvl vs hv graph was drawn for all the 

samples and is represented in Fig.6.5 (a) and (b). It was found that Eg value decreased 

with increase in CuJIn ratio, from 1.49 e V of sample CIS 1 to 1.31 e V of sample CIS3 

[l3]. This was in accordance with the improvement in crystallinity of the samples 

with increase in CulIn ratio [Fig. 6.1]. 

265 



Chapter 6 Properties ojCu/nSlfilms prepared using repeated ... 

6,---------------------.~:---. 

CIS1 : 

N 4 

~ 
~~ 
"0 .... 
N' 

>,2 
.c 
~ 

N 

~ 
'E 
~ 

1.3 

2.0 

1.5 

'"0 1.0 

0.5 

: 

/ 

1.4 1.5 1.6 1.7 1.8 

hv (eV) 

(a) 

0.0 +---.----r--.,......----.---r---r-~---! 
1.3 . 1.4 1.5 

hv (eV) 

(b) 

1.6 1.7 

Fig.6.S Energy band gap of samples (a) CIS 1 (b) CIS3 

266 



Chapter 6 Properties ofCulnSJ!ilms prepared using repeated ... 

6.3.6 Resistivity and Photosensitivity 

Photosensitivity (IL-IdID, where It is the current when the sample is 

illuminated with light and ID is the dark current) of the samples was also found to 

decrease with increase in CulIn ratio. Variation in photosensitivity is shown in 

Fig.6.6. As CulIn ratio increased crystallinity of the sample was improved [Fig. 6.1] 

leading to increase in dark conductivity. Correspondingly number of majority carriers 

increased and hence the minority carriers surviving to contribute to photosensitivity 

decreased resulting in reduced photoresponse. 

0.5 • 
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~ 
:~ 0.3 
~ 
c: • G) 
Cl> 
0 
<5 0.2 J:; 
c-

0.1 

• 0.0 
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Fig.6.6 Variation in photosensitivity with CulIn ratio 

Resistivity of the samples decreased with increase in Culln value. Very high 

resistivity of samples with excess of in diu m (Culln<I) could be explained by the poor 

crystallinity (XRD) and due to the reduction in majority carriers caused by the low 

value of Culln ratio. Films with excess copper (CulIn> 1), showed good crystallinity. 

Here majority carrier concentration also increased with increase in the concentration 
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of copper and hence increase in conductivity. Resistivity values are compared in 

Table 6.4. 

Table 6.4 Variation of resistivity (p) with Culln ratio 

Sample p (ohm-cm) 

CISI 7.56 x 10'; 

CIS2 6.36 x 103 

CIS3 1.13 x 10-1 

6.3.7 Temperature Dependent Conductivity Measurements 

Temperature dependence of conductivity (from 100 K) of t.he samples was 

measured using computerized setup (IMS 2000, Lab Equip). Measurements at still 

lower temperatures (from 10 K) were done using liquid helium cryostat having 

autotuning temperature controller (Lakeshore 321 model). Current and voltage were 

measured using source measure unit (SMU) (Model: Keithley 236) interfaced by 

GPIB card and ICS software. Electrical contacts were given using silver paste, painted 

on surface of the sample at a separation of 0.5 cm. 

Figure 6.7 (a), (b) and (c) represent temperature dependent conductivity of 

samples CISl, CIS2 and CIS3. It could be seen that the conductivity of CIS3 was 

much higher than that of CIS I and CIS2. Conductivity of CIS3 increased steadily 

from low temperature (100 K) itself unlike the other two samples. 

Using Hot Probe, we found that sample CIS 1 showed fluctuating nature 

between nand p while CIS2 and CIS3 showed clearly p-type conductivity. Arrhenius 

plot of conductivity of the samples are given in Fig.6.8. Enhanced conduction of CIS2 

and CIS3 is apparent from the upward shift of the Arrhenius plots. 
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Fig. 6.7 Temperature dependent conductivity 

of samples (a) CISl (b) CIS2 (c) CIS3 

Sample CISl indicated two distinct slopes from which activation energies 

(Ea) were calculated as 390 meV and 196 meV. The plots ofCIS2 and CIS3 indicated 

only one slope whose Ea values were 90 meV and 3 meV respectively. Cu deficient 

CulnS2 (CISl) had a deep level at 390 meV, which may be another reason for the 

decrease in conductivity of the sample. This may be acting as majority carrier trap for 

the sample as described by Kneisel et al [14]. The activation energy of 196 meV 

correspond to interstitial In (Inj) or Incu [15, 16]. Presence of indium at the interstitial 

site (Inj) or at the Cu vacancy (Incu) might be the reason for the fluctuating nature of 

conductivity exhibited by the sample. Vacancy of copper created the 90 me V level for 

CIS2 sample [17]. 
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Fig. 6.8 Arrhenius plot of samples CISl, CIS2 and CIS3 

We could find a very shallow level at 3 me V for CIS3 samples, which might 

be the reason for the high conductivity of the sample. In the first experiment, 

temperature was varied from lOO K to 200 K using liquid nitrogen cryostat (IMS 

2000, Lab Equip). Activation energy was calculated and was found to be 3 meV. 

Using liquid helium cryostat the temperature was brought down to 10 K and the same 

experiment was repeated. Even at Iow temperature the conductivity increased steadily 

with temperature for CIS3 sample. The result agreed with that of the previous 

experiment and the activation energy was calculated to be the same. But we could not 

identify the defect/impurity causing this shallow level in CIS3. 

6.4 Conclusion 

CulnS2 films having thickness of > 1 JlIl1 could be prepared using multiple 

spray pyrolysis technique. Greater CulIn ratio in the solution resulted in larger 

crystallites and the band gap decreased from 1.49 eV to 1.3 eV. BE values clearly 
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indicated the fonnation of CuInS2' Depth profiling of the sample revealed presence of 

oxygen (only at the film substrate interface) and Na in the sample. The CuJIn ratio in 

the film was slightly less than that in the solution as observed from EDAX 

measurements. Temperature dependence of dark conductivity of the samples was also 

investigated. Two distinct slopes corresponding to activation energies 390 meV 

(contributing to enhancement of resistivity) and 196 meV (In; or Incu) were obtained 

for sample CISl. Activation energy corresponding to a level of 90 meV (Vcu) for 

CIS2 and 3 me V (contributing to the high conductivity) for CIS3 was also identified. 

However the reason for the shallow level in CIS3 could not be found out. 
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Chapter 7 

FABRICATION AND CHARACTERIZATION OF ALL-SPRAYED 
CuInS2/1n2S3 SOLAR CELL 

7.1 Introduction 

Photovoltaic device is probably the most suitable for the production of 

convenient and pollution free energy. But the major problem here is the development 

of easily available and eco friendly absorber that can give reasonably high efficiency 

cells which can produce electricity at the present cost. Recently, chalcopyrite 

semiconductors have been identified as absorber layers for polycrystalline thin film 

solar cells [1-3]. Among them, the ternary compound CulnS2 (CIS) is a potential 

candidate due to its large absorption coefficient and optimum direct band gap of 1.5 

eV, which matches well with the solar spectrum. Conversion efficiencies greater than 

19% could be achieved for Cu(In,Ga)Se2 (CIGS) based solar cells, using CdS as 

buffer layer [4]. Most of the reported stUdies are on development of heterojunction 

between p-type Cu1nS2 and n-CdS. However, it is equally important to explore the 

possibility of developing a heterojunction between CulnS2 and another suitable n-type 

wide band gap compound semiconductor, without cadmium (Cd). Now serious efforts 

are going on for replacing this layer by other wide band gap materials such as ZnS, 

ZnSe, In"Sey, In,,(OH,S)y, In2S3 etc [5-9]. The motivation behind this is not only to 

eliminate toxic cadmium but also to improve light transmission in the blue wavelength 

region by using a material having band gap, wider than that of CdS. 

Kazmerski et al first reported fabrication of photovoltaic device using CIS 

[10]. They fabricated CIS based homojunction solar cell with 3.62% efficiency. 

Recently CIS based solar cell, with an active area efficiency of 12.5%, was fabricated 

by Klaer et al [11]. The technology was based on sequential process using d.c. 

magnetron sputtering of the metals and sulfurization in elemental sui fur vapor. K. 

Siemer et al obtained efficiency of 11.4% by using rapid thermal process for the 



Chapter 7 Fabrication and characterization of" 

preparation of CIS absorbers [12]. Cells having copper rich CIS phase, prepared using 

thennal evaporation method, could achieve efficiency of 10.2% [13]. All these cells 

were found to have CdS as buffer layer, deposited using Chemical Bath Oeposition 

(CBO) technique. 

Indium sulfide had already been studied as buffer layer for CIGS or CIS based 

solar cells [14-17]. Hariskos et al [8] achieved conversion efficiency of 15.7% using 

cadmium free Inx (OH, S) y buffer layer for CIGS based solar cells. Here also the 

buffer layer was deposited using CBO technique. Fabrication of 11.4% efficient thin 

film solar cell based on CulnS2, with the same buffer layer, was reported by Braunger 

et al [18]. Efficiencies upto 14.9% for CIGS based laboratory cells, with indium 

sulfide buffer layer deposited using ALCVO, was reported by Spiering et al [9]. Rapid 

Thennal Process (RTP) for CuInS2 absorber layer was found to be suitable to enhance 

efficiency of the cell [19]. Solar cells having superstrate configuration ZnO/CdSI 

CuInS2 were prepared using Chemical Spray Pyrolysis (CSP) technique by Mere et al 

[20]. 

This chapter describes fabrication and characterization CuInS2 based solar cell 

with Cd-free I3-In2S3 buffer layer using CSP technique. This technique is quite 

suitable for solar cell production because of the possibility of large area deposition of 

thin films at low cost with controlled dopant profiles. It is easy to vary the 

stoichiometric composition as well as doping profile along the thickness ofthe sample 

and multi layer films with large area could be deposited. Moreover many of the thin 

film solar cells have one of the electrodes to be transparent conducting oxide. This 

layer could be conveniently deposited using CSP technique. Hence if we adopt CSP 

technique for cell fabrication, almost all the layers (except top metal electrode) could 

be deposited using this simple technique without a break. This is very convenient for 

large-scale production. Preliminary results of the CulnS2/In2S3 solar cell fabrication 

and characterization are given here. 
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7.2 Device Fabrication 

7.2.1 Back Contact (ITO) 

Fabrication and characterization of .. 

Several types of transparent conducting oxides (TCOs) are commercially 

produced to be used as frontfback contact of solar cells. The most common TCOs are 

tin oxide (Sn02), doped tin oxide such as Sn02: F, indium tin oxide (ITO) and 

sometimes a combination of a tin oxide layer and indium tin oxide (ITO/Sn02) layer. 

Typically, these films should have low resistance, high optical transmission and 

should be thermally stable during the subsequent processing steps of cell fabrication. 

In the present work, we used commercially available ITO films as the bottom 

electrode for fabricating the cell. We also used spray pyrolysed Sn02: F, but the 

performance of the cells fabricated using this film as electrode was rather poor and 

hence the use of Sn02: F was discarded for the present work. 

Fig. 7.1 shows transmission spectrum of ITO films we used. The ITO layer 

was 1500 A thick, having optical transmission around 82% and electrical resistivity 

2.25x I 0-4 Q-cm. Structural analysis of the film was done using XRD and is given in 

Fig.7.2. The corresponding dvalues are listed in Table 7.1. 

Table 7.1 XRD analysis ofITO film 

29 (degrees) d [AJ (observed) d [AJ (standard) hk1 

21.45 4.1400 4.1770 211 

30.20 2.9570 2.9470 222 

35.30 2.5406 2.5371 400 

50.75 1.7975 1.7880 440 

60.42 1.5310 1.5250 622 
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7.2.2 CulnSz Absorber Layer 

We deposited CIS layer first on the ITO surface using CSP technique. We had 

done extensive studies for the optimization of deposition condition of CIS using this 

technique and also for the characterization of the film using different techniques. 

Details of these studies are given in chapters 5 and 6. Hence the details of film 

deposition and characterization are not repeated here. We include, only a brief 

description of preparation conditions of junction alone. CuInS2 thin films were 

deposited using aqueous solution containing copper chloride (CuCI2.2H20), indium 

chloride (InCb), and thiourea (CS(NH2)2)' Total volume of the solution sprayed was 

375 ml with the following composition CuCh.2H20 - 0.0125 M (125 ml), InCb -

0.0125 M (125 ml) and CS(NH2)2 - 0.0625 M (125 ml) for CulIn ratio 1 and S/Cu 

ratio 5. The substrate was kept at 300 ± 5°C and the spray rate at 20 ml/min. CulIn, 

S/Cu and InlS ratios of the films were controlled by varying molar concentrations of 

the respective compounds in the solutions. Absorber layer was found to have a 

tetragonal structure with preferential orientation along (112) plane. XRD spectrum of 

the absorber layer is given in Fig. 5.1. The band gap was found to be 1.4 eV [Fig.5.6]. 

7.2.3 InzSJ Buffer Layer 

A detailed description on preparation and characterization of In2S3 films is 

given in an elaborate manner in chapter 3. Here we included only the essential aspects 

of preparation condition of the film deposited for junction fabrication only. In2S3 film 

was deposited over CuInS2 film as buffer layer. Aqueous solution of indium chloride 

(InCI3) and thiourea was used to deposit- In2S3 films. For the fabrication of the solar 

cells we used InlS ratio 1.2/8 as it was giving maximum pfiotosensitivity [Fig. 3.30]. 

For this the molarity of InCb was kept at 0.015 M and that ofthiourea at 0.1 M. XRD 

pattern of ~-In2S3 buffer layer is given in Fig. 3.24. Band gap was found to be 2.65 

eV, wider than that of CdS (2.4 eV) [Fig. 3.27]. Fig. 3.28 depicts the trasmission 

spectrum ofIn2S3 film. 
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7.1.4 Elec"ode Deposition 

We deposited Aluminium as !.he top electrode using Physical Vapour 

Deposition (PVD). The grain size of the samples being small (grain size of CulnS2 is 

- 10 nm [Fig. 5.1] and grain size of In2S3 is - 14 nm [Fig.3.24], the grid or comb 

structure of the electrodes will result in the loss of photogene rated carriers collected at 

the electrode. Hence we have given the electrode as a square block having area 0.04 

cm2 and thickness 50 nm. Thus this structure of the electrode had to be selected due to 

the low grain size of the absorber and buffer layers and this was a limitation of CSP 

technique. But considering other advantages of this deposition technique, we accepted 

it for cell deposition, we decided to have the present electrode structure for the cells. 

Indium was also given as the top electrode, but it always resulted in the shorting of the 

bilayer structure. The structure of the cell fabricated is shown schematically in 

Fig.7.3. 

Light 

Top Electrode (AI) 

n-In,S, (-0.5 Ilffi) 

p-CuInS, (0.6 ~m) 

Bottom Electrode 
(ITO) 

Glass Substrate 

Fig. 7.3 Schematic diagram of the structure of the solar cell 
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7.3 J-V Characteristics of the Cell 

Dark and illuminated J-V characteristics of the cell were measured using 

Keithley Source Measure Unit (SMU, K 236) and Metric's Interactive 

Characterization Software (ICS). The cell was illuminated using a tungsten halogen 

lamp having intensity 100 mW/cm2 on the substrate surface. An infrared filter along 

with water jacket was used to remove heat content from the incident light to ensure 

that there was no heating of the cell during measurement. Input power was measured 

using a "suryamapi" (A-136 model ofCEL). Distance between the cell and the source 

was 8 cm. 

In the present work, we illuminated the junction through the substrate side. 

This was because of the structure of electrode. As stated earlier, electrode was 

deposited as a patch over In2S3 and hence illumination could not be given through the 

window layer. As the illumination was through absorber side, we wanted to make sure 

that enough intensity was reaching the junction region; we measured transmitted 

intensity on the In2S3 side. We found th~t transmitted intensity was - 20 mW/cm2 

even when the thickness of absorber layer was increased to 0.6 J.UIl. This proved that 

enough intensity was reaching the junction region and hence there was no problem 

due to the illumination from absorber side. But transmission of about one fifth of the 

incident power unabsorbed was really undesirable and this could be a reason for low 

short circuit current. 

Series resistance (Rs) of the cell could be calculated from the dark J-V 

characteristics of the cell. Inverse of the slope of far forward characteristics (in the 

first quadrant), where J-V becomes linear gives R. [21]. Cell parameters V GC, Jsc could 

be noted from the J-V curve and Fill Factor (FF) and efficiency (11) could be 

calculated using the corresponding equations. The slope of the In J versus V graph 

gave diode quality factor (A) [22]. 
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7.4 Results and Discussion 

Effects of variation of atomic concentration as well as thickness of both 

absorber and buffer layers, on the electrical properties of the cell were studied. In all 

cases cells gave fairly good open circuit voltage, but low short circuit current and fill 

factor. Low value of fill factor might be due to the high series resistance of the 

sample. The presence of interface states causing trapping of photogenerated carriers 

might be the reason for lower value of short circuit current density. In the following 

sections we discuss effect of variation of important parameters like buffer/absorber 

layer thickness, atomic concentration etc on cell performance. 

7.4.1 Effect of Having 'Superstrate'Structure 

In the 'superstrate' structure the cell should have ITOlIn2Sy'CuInS2/metal 

electrode and illumination should be given through ITO. Due to the limitation in the 

structure of the top electrode, we fabricated superstrate structure first. Here thickness 

and stoichiometry of both the layers were varied. Usually thickness of the buffer layer 

should be very low (- 50 nm) in both substrate and superstrate configurations, in order 

to transmit maximum light to the absorber layer. We varied the thickness of In2S3 

layer from 1 to 4 J.lffi. At still lower thickness «1 J.lffi) spraying of CIS resulted in 

porous In2S3. But thicker In2S3 layer resulted in inactive junction even on illumination. 

From the XPS analysis we found that the diffusion of Cu was much prominent in the 

superstrate structure [Fig. 7.4]. Also, much light will get absorbed in the thick In2S3 

layer itself, without reaching the junction region. In another set of experiments we 

varied the CulIn ratio of CIS keeping S/Cu ratio at 5. This also produced no effect on 

illuminating the cell. But on the other hand ITO/CulnS2IIn2Sy'metal electrode clearly 

exhibited photovoltaic action on illumination. Moreover the dark J-V characteristic 

was also proving the action of pn junction. Hence here we had 

ITO/CuInSiln2S3/metal electrode structure and illumination was through CulnS2 

layer. This will be clear through the studies in the following sections. 

282 



Chapter 7 Fabrication and characterization of .. 

1nl 0.1 01 01 IU 

alaDlWC ara.c:r. aV 

Fig. 7.4 Depth profile of the superstrate structure 

7.4.2 Effect of Layer Thickness Variation 

375 ml of the solution was sprayed to get - 0.6 J.Ull thickness of the CIS 

absorber layer. In the case of In2S3 layer, we could get thickness of - 0.5 J.Ull by 

spraying 200 ml of the solution. Buffer layer thickness was varied between 0.5 ~ 

and 0.25 J.Ull by varying the volume of the solution sprayed. For CuInS2 layer, CulIn 

ratio was kept at 1 and S/Cu ratio at 5 and InlS ratio at 1.2/8 for In2S3 layer. 

On decreasing buffer layer thickness, open circuit voltage was decreased 

while short circuit current density increased. Variation of the cell parameters with 

variation in the buffer layer thickness is listed in Table 7.1. This indicated that the 

buffer layer had strong influence on cell parameters even when illumination was from 

absorber side. As thickness decreased better carrier collection might be taking place at 

electrode. The dark and illuminated J-V characteristics of the cell with efficiency 

0.104% is shown in Fig. 7.5 (a) and (b). 
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Table 7.1 Variation of cell parameters with thickness of the buffer layer 

Thickness of CuInS2 absorber layer - 0.6 jlm (375 ml of solution) 

Volume of the Thickness Vac Jsc FF (%) 

solution (ml) (approx) (jlm) (mV) (mNcm2
) 

200 0.50 529.9 0.163 23.18 

150 0.37 520.08 0.416 24.15 

100 0.25 440.04 0.896 26.44 

TJ (%) 

0.02 

0.052 

0.104 

Keeping the thickness of the buffer layer at - 0.5 jlffi, absorber layer thickness 

was varied between 0.6 jlm and 0.4 jlm. Voltage and current density of the cell 

increased on decreasing the thickness of the absorber layer upto a particular value. 

Probably lower absorber layer thickness allowed good carrier collection at the 

electrode. Since light came from the absorber side in this case, lower thickness might 

have helped higher intensity of light to reach the junction region. But on further 

decreasing the absorber layer thickness both the values got reduced and this might 

probably be due to the reduction in absorption of light in the absorber layer. Variation 

of cell parameters with the variation in absorber layer thickness is given in Table 7.2. 

The dark and illuminated characteristics of the cell with absorber layer thickness 0.5 

jlm is shown in Fig.7.6. 

Table 7.2 Variation of cell parameters with absorber layer thickness 

Thickness of 1n2S3 layer - 0.5 Jlffi (200 ml of solution) 

Volume of the Thickness Yac Jsc FF(%) 

solution (ml) (approx) (Jlffi) (mV) (mNcm2
) 

375 0.6 529.9 0.163 23.18 

300 0.5 586.5 0.836 27.8 

270 0.4 472.3 0.17 25.4 
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Fig.7.6 Dark and illuminated characteristics of the 

cell with absorber layer thickness 0.5 JlITI 

If the value of V cc is reduced. by thinning the cell, then poor interface 

passivation is suspected [23]. The effect was clear from the XPS measurements of the 

cell [Fig.7.7]. There was no sharp interface between the CulnS2 and In2S3 layer, as 

copper diffused into In2S3 layer. Copper, detected at the In2S3 surface was due to 

diffusion. This might have happened due to the high temperature (300°C) in which 

CulnS2 film was kept, during spraying of In2S3layer. Copper diffusion resulted in the 

formation of intermediate phases between CulnS2 and In2S3 as well as solid mixtures 

of these phases. Probably this might be one of the reasons for low value of short 

circuit current density. Copper diffusion is an easy process, as diffusion coefficient of 

Cu is rather high. Studies of copper diffusion in semiconductors, particularly in 

CulnSe2, indicated its high diffusivity [24]. Diffusion of other elements (eg. In) can 

also occur but the diffusion coefficient is low. Grain boundary diffusion coefficients 

are generally much higher that of lattice diffusion, and hence copper may be diffusing 

mainly through grain boundaries [25]. In fact grain boundaries are very efficient 

diffusion paths. Depth profile and atomic concentration of the cell CISIIS (CulIn = 1, 

S/Cu = 5, - 0.6 JlITI and InlS = 1.2/8, - 0.5 !lm) are depicted in Fig.7.7 and 7.8. It was 
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evident from the XPS analysis that oxygen was present in CIS and In2S3 layers, 

probably a higher percentage of oxygen in In2S3 layer. 

1nl CuI 51 Al.l 511 

BllfDIlIG aoar, .v 

Fig.7.7 Depth analysis ofthe CIS/In2S3 cell 
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Fig. 7.8 Atomic concentration along the depth of the cell 

287 



Chapter 7 Fabrication and characterization 0/. .. 

Oxygen was present throughout the depth of the In2S3 layer when sprayed 

over CuInS2 layer. Interestingly there was no oxygen in the bulk of the In2S3 sample 

when it was sprayed alone [Fig.3.25]. Since oxygen is more electronegative (3.5) than 

sui fur (2.4), presence of oxygen may be the reason for high resistance of In2S). This 

might have affected electrical resistivity of the two layers and hence the short circuit 

current. 

For 0.5 /lm thickness of the absorber layer (300 ml solution) and 0.37 /lm 

thickness of the buffer layer (150 ml solution) (ie, decreasing the thickness of both 

layers), efficiency of the cell was found to be decreasing. Cell parameters obtained 

were Voc = 494.8 mY, Jsc = 0.063 mAlcm2
, FF = 22.34% and 11 = 0.007%. 

7.4.3 Effect of Variation of Atomic Concentration 

First we studied the effect of variation of atomic ratio of absorber layer. 

Keeping S/Cu ratio at 5, CU/In ratio was varied as 0.8, 0.9,'1 and 1.2.InlS ratio was 

kept at 1.218 for In2S3 layer. Eventhough CuInS2 film with CU/In ratio 0.5 yielded 

maximum photosensitivity [Fig.5.8] it was showing n-type conductivity and thus 

could not be used while fabricating the cel1.375 ml of the solution was sprayed to get 

0.6 /lm thick absorber layer and 200 ml solution was sprayed for 0.5 /lm thick In2S3 

layer. The cell having CU/In ratio 1.2 produced maximum current density (2.5 

mAlcm2
) but the voltage (405 mY) was slightly low. As the CU/In ratio increased the 

dark resistivity decreased and thus more photogenerated carriers might be reaching the 

electrode contributing to increase in short circuit current. But increase in CU/ln ratio 

led to higher diffusion of Cu making junction more imperfect. This might be the 

reason for decrease in open circuit voltage. Efficiency decreased with decrease in 

CU/In ratio. Indium rich CuInS2 films had much lower hole concentration or the p

type nature of the film decreased. Enhancement of hole concentration is essential for 

higher efficiency of CulnS2 based solar cells [26]. On increasing the sui fur 

concentration (S/Cu = 7) keeping the CU/In ratio at 1, Voc reduce.d while Jsc enhanced. 
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Increasing the sui fur concentration might be resulted in the reduction of sui fur 

vacancies and thus decrease recombination within the absorber layer [I I]. Table 7.3 

and 7.4 show variation of cell parameters with the Culln and S/Cu ratio of CulnS2 

layer. Among these, Culln ratio at 1.2 and S/Cu ratio at 5 gave the best result. The 

series resistance calculated from the dark forward characteristics, was found to be 

30.08 Q. 

Table 7.3 Variation of cell parameters with CulIn ratio (S/Cu = 5) 

Culln ratio Voc (m V) Jsc (mA/cml) FF(%) " (%) 

0.8 516.1 0.022 22.40 0.003 

0.9 495.0 0.153 23.83 0.018 

1.0 529.9 0.163 23.18 0.02 

1.2 405.3 2.5 25.90 0.26 

The photosensitivity of CulnS2 samples decreased drastically on increasing 

the CulIn ratio [Fig.5.8]. As we increased the CulIn ratio to 1.5, we did not get any 

voltage or current on illumination. 

Table 7.4 Variation of cell parameters with S/Cu ratio (CulIn = 1) 

S/Cu ratio Voc (mV) Jsc (mA/cml) FF (%) " (%) 

3 559.40 0.052 17.80 0.005 

5 529.90 0.163 23.83 0.02 

6 444.08 1.070 25.40 0.12 

7 472.30 1.920 24.20 0.22 

On further increasing the sui fur concentration, there was no appreciable shift 

during illumination. This might be because of the reduction in photosensitivity of the 
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sample [27]. On increasing the CulIn ratio to 1.2 keeping S/Cu ratio at 7, the short 

circuit current density dropped to 0.41 mNcm2 though the open circuit voltage 

remained almost the same (Voc = 476.9 m V). 

For CulIn ratio 1 and S/Cu ratio 7, which gave maximum efficiency among 

the samples for which sulfur concentration was varied, we tried variation of 

thicknesses of absorber. and buffer layers. On reducing the buffer layer thickness to 

0.37 Ilm, efficiency reduced drastically to 0.09%. Keeping the buffer layer thickness 

at 0.5 Jlffi, when absorber layer thickness was reduced to 0.5 Jlffi, the efficiency got 

still reduced. The J-V characteristics of the cell having CulIn ratio 1 and S/Cu ratio 7 

is given in Fig.7.9. 
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Fig. 7.9 The dark and illuminated J-V characteristics 

of the cell with CulIn = 1 and S/Cu = 7 

Photosensitivity of the buffer layer was found to be an important factor 

affecting the performance of the cell. InlS ratio was kept at 1.2/8 for the fabrication of 

the cells as it gave maximum photosensitivity eventhough bulk resistance of the 

sample was high [15]. On changing the ratio to 1.5/8 keeping the CulIn and S/Cu 

ratios at I and 5 respectively, the current density increased while voltage decreased. 

This might be resulting from the reduction in resistivity of buffer layer due to increase 
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in indium concentration. But increasing the InlS ratio to 2/8 with the aim of reducing 

the series resistance of the cell produced no effect. As InlS ratio approached 2/8 

resistivity might be very low affecting the survival of minority carriers. Values Voe, 

Jse, FF and efficiency are compared in Table 7.5. 

Table 7.5 Variation of cell parameters with InlS ratio (CulIn=1 and S/Cu=5) 

InlS ratio Voc(mV) Jse (mA/cmz) FF (%) 11 (%) 

1.2/8 529.90 0.163 23.18 0.02 

1.5/8 444.08 0.71 24 0.075 

2/8 - - - -

7.4.4 Effect of Post Deposition Annealing 

The performance of the CISIIS ~ell improved on annealing in air. Ftg.7.1O 

shows J-V characteristics of the cell after annealing in air at 200°C for 30 minutes. 

Value of FF improved on annealing in air (31.1 %). The cell parameters obtained were 

Voe = 528.5 mV, Jse = 0.196 mAlcm2 and Tt = 0.032%. Series resistance (from the dark 

characteristics of the cell) was found to be 19.45 Q. 
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Fig. 7.10 J-V characteristics of the cell after 

annealing in air at 200°C for 30 minutes 
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This was not the case with all the samples as the effect depends on the atomic 

concentration and the thickness of the absorber and buffer layers. 

The best results were obtained when the cell was kept at the preparation 

temperature (300°C) itself for 1 hour, after deposition [Fig.7.11]. Cell parameters of 

this cell were Vac::: 529.7 mV, Jsc ::: 3.62 mNcm2
, FF ::: 29.88% and Tl ::: 0.57%. 

Variation in the cell parameters after keeping the cell at the preparation temperature 

itself for 30 minutes, 45 minutes and 1 hour are listed in Table 7.6. 

Also CulnS2 layer was annealed for 1 hour after deposition before spraying 

In2S3layer. Then the cell parameters obtained were Vac::: 477 mV, Jsc ::: 0.94 mNcm2, 

FF::: 26.6% and Tl ::: 0.12%. On increasing the CulIn ratio to 1.2 with S/Cu ratio 5 and 

7 and keeping the cell for 1 hour after deposition at the same temperature, efficiency 

was found to decrease. Larger CulIn ratio might be resulting in greater diffusion of 

copper from CulnS2 layer to In2S3 layer. When the CISIIS cell was deposited at a 

higher temperature (350°C), the efficiency was found to be Iow. This may be due to 

increased diffusion of Cu from CIS to In2S3' 

Table 7.6 Variation of cell parameters with variation in the time of annealing just 

after depositing the cell 

CulIn ::: 1 S/Cu::: 5, InlS ::: 1.2/8 

Time (min) Vac (m V) Jsc (mNcm") FF (%) Tl (%) 

30 529.9 0.163 23.18 0.02 

45 559.4 2.20 23.40 0.30 

60 529.7 3.62 29.88 0.57 
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Fig. 7.11 J-V characteristics after keeping the cell at the preparation 

temperature (300°C) itself for i hour, after deposition 

Absorption spectrum of the cell, which was kept at the preparation 

temperature itselffor 1 hour, is given in Fig.7.12. It showed clear absorption edges for 

CuInS2 layer (-1.5 e V) and indium sulfide layer (-2.67 e V). 
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Fig. 7.12 Absorption spectrum of the best cell annealed for 1 hour 
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Series resistance (R.) calculated from the inverse slope of the dark forward 

characteristics of the cell was 14.2 Q. The value could also be calculated from the 

equation 

where, A. = q/ AkT; A is diode quality factor, kT/q is thermal voltage, Iph is the light 

generated current density, V,,v2,I, & 12 are the voltage and current density values at 

any two points on the J-V characteristic curve [28]. . 

Here VI = 161.2 mY, II = 2.75 mAlcm2 

V2 = 331.3 mY, h= 1.63 mAlcm2 

Iph = 3.62 mAlcm2
, A = 3.3, T = 300 K and kT/q ~ 0.025 

Series resistance was found to be 15.18 Q. This was in good agreement with 

the value obtained from the dark forward characteristics of the cell. Dark 

characteristics of the cell is given in Fig.7.13. Diode quality factor was calculated to 

be 3.3 from the slope of the dark characteristics of the cell, by plotting In J vs V graph 

[Fig.7.14]. Diode quality factor >2 indicated domination of interface recombination 

[29], leading to reduced short circuit current density, Jsc• For the cells prepared using 

CSP technique, interface was not sharp as observed from XPS [Fig. 7.7] and this 

might be the reason for the low value of short circuit current density in the present 

work. 
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7.5 Conclusion 

It had been shown that In2S3 could be used as an alternative buffer layer 

material for CuInS2 based solar cells. It was also proved that CSP technique could be 
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used for deposition of both absorber and buffer layers. Again the structure of the cell 

was ITO/CuInS2lIn2Sirnetal electrode. This structure was adopted, as we couid not 

prepare junction in the real superstrate structure. But we found that the superstrate 

structure was not having junction effect at all. From XPS analysis it was clear that Cu 

diffused into the In2S3 layer, which might be the reason for low value of short circuit 

current density. The best cell parameters obtained were Voc = 529.7 mY, Jsc = 3.62 

mAlcm2, FF = 29.88% and 11 = 0.57%. The most important step required for the 

improvement in the performance of the cell is the passivation of defects at the 

interface. However the possibility of establishment of this heterojunction using CSP 

t hn
·· raging result. ec lque IS an encou 
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Chapter 8 

CuInS2/In2S3 SOLAR CELL PREPARED USING CSP TECHNIQUE: 

DESIGN MODIFICATIONS FOR IMPROVED PERFORMANCE 

8.1 Introduction 

In the earlier chapter we described the details of preparation and 

characterization of CulnSi1n2S3 solar cell. The speciality of our work was that we 

used CSP technique for the deposition of both absorber and buffer layers, as it is very 

convenient to dope or vary the stoichiometry of the semiconductor layer through this 

technique. Moreover, here the buffer layer was In2S3 which is a wide band gap 

material having no toxic element like cadmium. 

The first difficulty, which we had to overcome in this work, was the sequence 

of deposition. We could not deposit CulnS2 over In2S3 layer. Hence we could not 

prepare 'real' superstrate structure. Instead, we prepared the cell with structure 

ITO/CuInS2/1n2Sielectrode and illumination was given through CulnS2 side. However 

measurements showed that there was enough intensity reaching the junction region for 

carrier generation. But much more difficulty was created by the diffusion of copper 

from CulnS2 layer into In2S3 layer. This made the junction very much imperfect. 

Diffusion of copper from CuInS2 led to the formation of Cu vacancies, making the 

layer highly resistive. It was quite clear that these changes affected junction barrier 

leading to considerable reduction in short circuit current and fill factor. Moreover the 

diode quality factor was rather high indicating high recombination loss. 

In this chapter we describe in detail the modifications made in the design 

aspects of the cell, so as to minimize (if not avoid) the difficulties we have 

experienced in the functioning of the cell- in the preliminary stages. Variations in the 

thickness and stoichiometry of absorber and buffer layers, and trying different 

materials for top electrode were the major changes and these m~~M~~~ 
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large improvement of cell parameters. These modificatio~s were selected based on OUr 

earlier studies done on these materials. 

It is worth mentioning here that we did not try etching using KCN [1-3] to 

remove unwanted phases of copper or doping using Na [4]. We also did not give any 

antireflection coating to prevent loss due to reflection of light from cell surface. 

8.2 Device Fabrication 

As stated earlier, we tried variations in thickness of absorber and buffer layers 

of the cell. This was mainly to accommodate copper diffusion. When we increased 

thickness of In2S3 layer, we could get a layer of pure In2S3 layer over the Cu diffused 

region. Similarly when CIS layer thickness was increased we could get, in the lower 

region, a layer of CIS, having high Cu concentration. Usually the volume of solution 

sprayed for depositing CuInS2 was 375 1nl while for depositing In2S3 layer 200 ml 

solution was sprayed. Corresponding thickness of the absorber layer was 0.6 J..lm while 

that of buffer layer was 0.5 J..lm. In order to increase buffer layer thickness, 

considering the copper diffusion from the copper indium sulfide layer to indium 

sulfide layer, two layers of In2S3 were sprayed in two steps (by spraying first 200 ml 

and 150 ml later) so as to make the total buffer layer thickness - 0.85 J..lffi. After 

spraying 200 ml, the cell was allowed to cool to room temperature. Then it was 

reheated to 300°C to spray the remaining 150 mI. This procedure was accepted to 

avoid formation of pinholes. After spraying 150 ml the cell was kept at the preparation 

temperature itself for half an hour. Similarly for increasing absorber layer thickness, 

two layers of CuInS2 were deposited by spraying 375 ml first and 300 ml later, 

making absorber layer, 1.1 J..lm thick. Here, the cell was kept at the preparation 

temperature for 1 hour after deposition. If the whole solution were sprayed in a single 

stretch, it would have led to the formation of pinholes in the film. In the present work 

we prepared three sets of samples. The first one was having single layer absorber and 

buffer (named as Cell-A). The second one was having two layers of absorber (named 
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as Cell-B) and the third one was having two layers of buffer (named as Cell-C). 

These three cases will be discussed in the following sections. 

CulIn, S/Cu and InlS ratios of the films were controlled by varying the molar 

concentrations of respective solutions. In the case of CulnS2 films, CuIln ratio was 

kept at 1.2 and I while S/Cu ratio was kept at 5 in solution. While preparing In2S3 

layer, InlS ratio was kept at 1.2/8 in the solution as it was showing maximum 

photosensitivity [5]. Top electrode was thin film of Al or Ag (- 45 nm), which was 

deposited over the In2S3 layer using physical vapor deposition. In all the cases 

illumination was given through absorber side due to the nature of the electrode. 

Always incident intensity was 100 mW/cm2 avoiding heating of the sample as 

described in section 7.3. We also measured transmitted intensity through In2S3 side for 

Cell A, B, and C and found that values are - 20 mW/cm2 (Cell-A), -10 mW/cm2 

(Cell- Band C) respectively. This proved that enough intensity was available at 

junction region for carrier generation. 

8. 3 Results and Discussion 

8.3.1 Cell-A 

At first we deposited a single layer of CuInS2 (by spraying 375 ml solution) 

and In2S3 (by spraying 200 ml solution). Here Culln ratio for CulnS2 was kept at 1 in 

the solution. The films were slightly copper deficient (CuIln=0.7) as observed from 

EDAX measurements. This avoided formation of CuxS, CulnsSg or introduction of 

CUln anti site defects [1]. Moreover, no such phases were identified from the structural 

(XRD) and stoichiometric (XPS) analysis. Again Cu rich films may give rise to 

leakage current through electron tunneling at the junction. Thus we could avoid the 

toxic KCN etching before fabricating the cell. We also observed that photosensitivity 

of CulnS2 film increased on decreasing the Culln ratio. 

A thin layer of in diu m (50 A) was evaporated onto the top of the cell followed 

by annealing at 100°C for 30 minutes. Aluminium (AI) was deposited over this, using 
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physical vapor deposition, as the top electrode. Diffusio~ of in diu m might be reducing 

the sheet resistance of the cell near the top electrode, helping better collection of 

photogenerated carriers at the electrode. Also, even when there was diffusion of Cu , 

thennal diffusion of excess indium at the top may help in the fonnation of a layer of 

In2S3 free of Cu at the top. Cell parameters obtained were V DC = 533 m V, Js<: = 17.4 

mAlcm2, FF = 28.6% and T] = 2.65% [Fig. 8.1]. 
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Fig. 8.1 J-V characteristics of Cell-A 

XPS analysis of the cell [Fig.7.7] (before diffusing Indium) revealed diffusion 

of Cu from CulnS2 layer to In2S3 layer. Copper diffusion is an easy process as the 

diffusion coefficient of Cu is high [6]. Moreover oxygen was present throughout the 

depth of the In2S3 layer when sprayed over CulnS2, while there was no oxygen when 

In2S3 was sprayed alone [5]. This might have resulted in an increase of the resistance 

of the cell reducing FF. 

8.3.2 Cell-B 

The perfonnance of the cell was improved by depositing two layers ofCulnS2 

(as described earlier) and a single layer of In2S3. This time silver was deposited as the 

top electrode using vacuum evaporation. The area of electrode was 0.014 cm2 and 

thickness - 45 nm. Fig. 8.2 shows the depth profile of the cell. 
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Fig. 8.2 XPS depth profile ofCell-B 

Interestingly here it was clear from the XPS depth profile that there was no 

oxygen in the bulk of the sample when fabricated in three layers. This was not the 

case for the Cell-A having single layer of CulnS2. This might be reducing resistance 

of the. sample allowing better carrier collection at the electrode. However there was a 

peak at the surface of the cell, corresponding to binding energy 532.5 eV, representing 

presence of oxygen as surface contaminant. ..ihis was not doing any damage to the 

cell. Interestingly no peak corresponding to chlorine was present in the XPS results 

eventhough we used precursor solution containing chloride, for sample preparation. 

But when In2S3 layer was prepared, chlorine was present in it. Increase in the 

thickness of the absorber layer should increase the light absorption and hence the 

generation of photocarriers. Moreover concentration of Cu decreased towards the 

CIS/ln2S3 interface as evident from peak height of binding energy of Cu in Fig.8.2. 

This probably made CIS layer near interface, more photosensitive. But still there was 

Cu diffusion as it was evident from the thin layer of In2S3 present over CuInS2. Cell 
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parameters obtained in this case were Voc = 450 m V, J.c = 44.03 mA/cm2, FF = 29.5 

% and T) = 5.87 %. The dark and illuminated J-V characteristics of the cell are given 

in Fig 8.3 and 8.4. 
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Fig. 8.3 Dark characteristics ofCell-B 

Series resistance CRs) caJcuiated from the inverse slope of the dark forward 

characteristics of the cell was 1.23 Q. The value can also be calculated from the 

equation 

where, A = q/ AkT; A is diode quality factor, kT/q is thermal voltage, Iph is the light 

generated current density, VJ,V2' 1/ & 12 are the voltage and current density values at 

any two points on the J-V characteristic curve [7]. Series resistance was found to be 

1.16 Q. This was in good agreement with the value obtained from the dark forward 

characteristics of the cell. 
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Fig_8A Illuminated J-V characteristics Cell-B 

Diode quality factor calculated from the slope of the dark characteristics of 

the cell, by plotting In (J) vs V graph was 2.5 [Fig. 8.5]. Therefore. forward dark J-V 

characteristics are dominated by the recombination-generation mechanism [8]. 
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Fig_ 8.5 In J vs V graph (Cell-B) 
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Figure 8.6 shows results of XRD analysis of absorber and buffer layers of 

Cell-B. Both CulnS2 and In2S3 phases are observed in the XRD results of the cell. In 

the absorption spectrum of the cell, the band edges corresponding to both the CuInS2 
and In2S31ayers were clearly observed [Fig.8.7]. 
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Fig. 8.8 shows the spectral photo response of Cell-B. Cutoff at the short 

wavelength side was due to absorption in the In2S3 layer, while the long-wavelength 

cutoff corresponds to absorption edge of CulnS2 film. Due to the higher band gap of 

Cd-free buffer layer, an enhanced response in the short wavelength region of the 

spectrum can be observed resulting in higher short circuit current. Collection property 

of this junction was sufficient as evident from the flatness of the spectral response. 
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Fig. 8.8 Spectral response ofCell-B 
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8.3.3 Cell-C 

Here we prepared the cell having a single layer absorber and a double layer of 

buffer layer. Details of preparation technique have been given in section 8.2. The top 

electrode was silver in this case with electrode area 0.009 cm2 and thickness - 45 nm. 

In this case CulnS2 thin films maintained Culln ratio at 0.93 (observed from EDAX 

analysis), as the ratio was kept at 1.2 in solution. XPS depth profile of the cell is given 

in Fig.8.9. 
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Fig. 8.9 Depth analysis of the best cell fabricated (Cell-C) 

There was no shift in the BE of Cu in CulnS2 and in junction indicating absence 

of any binary phase formation in the sample. One could observe that at the interface of 

CulnSiln2S3, there was diffusion of Cu into In2S3 layer as In2S3 is thin. Thus there 

was a gradient of Cu from the CIS layer towards the surface of the In2S3 film. This 

diffusion of copper created a Cu-deficiency at the surface of CIS layer probably 

making CIS layer, near interface, more photosensitive. From our own experience we 

had seen that when Culln ratio decreased the CUlnS2 films become more 

photosensitive [9]. However in the case of Cell-C one could see that there was a layer 

of In2S3 at the surface [Fig. 8.9] without any Cu. This layer of In2S3 was thicker than 
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such layers indicated in Fig. 7.7 & 8.2. But surface contamination due to oxygen was 

there in Cell-C also. Comparison of characteristics of this junction with earlier ones 

proved that the rectifying contact was much improved when the thickness of the In2S3 

layer was increased. 

Here also there was no oxygen in the bulk of the sample. This might be reducing 

the resistance of the In2S3 buffer layer. Another interesting point to be noted here was 

that deposition of silver on the top of the cell was found to improve the crystallinity of 

the In2S3 layer as observed from XRD analysis [Fig.8.l0]. This was done 

independently by depositing Ag layer over the In2S3 film. 200 ml of solution was 

sprayed to get In2S3 film and 5 mg (10 mg) Ag was evaporated to deposit Ag film 

over In2S3 film. The results ofXRD analyses are depicted in Fig. 8.10 (a) and (b). It 

was very clear that without any annealing there was good improvement in crystallinity 

of In2S3 sample (scale on Y-axis is the same for Fig. 8.10 (a), (b) and (c». This might 

have resulted in considerable decrease indark resistivity of In2S3. Hence the absence 

of oxygen in the bulk and the improvement of crystallinity of In2S3 might be helping 

to have a better collection of photogenerated carriers at the electrode. 
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Fig. 8.10 XRD spectrum ofIn2S3 buffer layer (a) as prepared (b) coated with 5 mg Ag 

(c) coated with 10 mg Ag (without any annealing) 

Dark and illuminated J-V characteristics of the cell fabricated in three layers is 

given in Fig.8.11. The cell parameters obtained were Voc = 588 mV, Jsc = 48.2 

mAJcm2. FF = 33.5% and 11 = 9.5%. To the best of our knowledge this is the 

maximum efficiency obtained so far for a CulnS2/In2S3 cell fabricated using CSP 

technique. On increasing CulIn ratio conductivity of the CulnS2 .film increased, 

compared to the previous cases. This enhancement of conductivity of CulnS2 films 

might be another reason for the increase in the value of V oc, Jsc and FF [10]. 
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Fig. 8.11 Dark and illuminated J-V characteristics of the 

best cell fabricated (Cell-C) 

We could find a violation of the superposition of light and dark characteristics, 

which is known as cross over; a phenomenon commonly encountered in CIS devices. 

Several publications [11-13] related this shift to the deep level acceptor states, which 

were present in the buffer layer or at the interface. In the present case also there could 

be deep level acceptors (like vacancy of In) in buffer layer as we kept InlS ratio equal 

to 1.218 to make indium low and sui fur excess as this resulted in high photosensitivity. 

Series resistance (Rs) calculated from the inverse slope of the dark forward 

characteristics of the cell was 0.83 Q. The value was found to be much less than that 

of Cell-A (14.2 Q) and Cell-B (1.23 Q). The J-V characteristics follow the general 

relationship J - exp (qV/nKT). Thus diode quality factor was calculated from the 

slope of the dark characteristics of the cell, by plotting In (J) vs V graph. The value 

was found to be 2.2. Diode quality factor, greater than two, indicated the domination 

of generation - recombination process [14]. The interface recombination might be 

responsible for a moderate open circuit voltage and fill factor [15]. Absorption 
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spectrum of the cell was recorded in the wavelength range 350-950 nm. It showed 

clear absorption edges for both the absorber and buffer layers [Fig.8.12]. 
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Fig. 8.12 Absorption edges for CulnS2 and In2S3 (Cell-C) 

Fig. 8.13 shows the nonnalized spectral response of the cell. The cutoff at short 

wavelength side was due to absorption in the In2S3 layer, while the long-wavelength 

cutoff corresponds to the absorption edge of CulnS2 film. Due to the higher band gap 

of Cd-free buffer layer, an enhanced response in the short wavelength region of the 

spectrum can be observed resulting in a higher short circuit current. The overall 

response was flat indicating a sufficiently large collection width, ie, space charge 

region plus diffusion length [15]. 
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Fig. 8.13 Nonnalised spectral response ofCeII-C 

Cell fabricated with single layer of CulnS2 and double layer of In2S3 (CeII-C) 

using CSP technique with Ag electrode (area 0.009 cm2) exhibited 9.5% efficiency. 

This is the highest efficiency ever reported for CulnS2/In2S3 cell fabricated using CSP 

technique. We found that there was diffusion of copper from the CulnS2 layer to the 

In2S3 layer from XPS analysis. Absence of oxygen in the bulk of the sample and the 

presence of a layer of In2S3 free of Cu at the top of the cell might be contributing to 

the improvement in the perfonnance of the cell when fabricated in three layers. A 

layer of silver coated on the surface of the In2S3 buffer layer helped in improving the 

crystallinity ofthe In2S3 layer as observed from XRD analysis. This might be resulting 

in better collection of photogenerated carriers at the electrode. All these might have 

contributed to the high efficiency of the cell. 
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Chapter 9 

SUMMARY AND CONCLUSIONS 

Semiconducting thin films of chalcopyrite group are currently under intensive 

investigation for highly efficient solar energy conversion. The chalcopyrite 

semiconductor CuInS2, is one of the most promising optical absorbers for efficient 

solar cells due to its optimum band gap (1.5 eV), which is matching well with solar 

spectrum. Moreover, constituents of this compound are abundant and have low 

toxicity. Lot of work is also going on for the effective replacement ofCdS, using other 

buffer layers having wider band gap than that of CdS. This not only avoids toxic 

cadmium but also improves light transmission in the blue region. In2S3 is one such 

material. 

We characterized both these materials (CulnS2 and In2S3) prepared using CSP 

technique under different sample preparation temperatures and molar concentration 

ratios. CSP is a simple and low cost technique, which is well suited for deposition of 

large area films. Moreover, composition and doping profile of the thin film can be 

easily varied by varying molar concentration of the respective salt in the spray 

solutions used in this technique. This prompted us to select this technique for the 

deposition of these two films in the present work. 

First, indium sulfide thin films were prepared using chloride based precursor 

solutions. The films showed 13-In2S3 phase with preferential orientation along (220) 

plane. Band gap was found to be 2.67 eV for InlS ratio 2/3. XPS analysis of the 

samples revealed presence of oxygen as s.urface contamination on the surface, for all 

the samples. We could get good control over the stoichiometry of the films by 

varying the substrate temperature or InlS ratio in the film. The sample having InlS 

ratio 1.2/8 showed maximum photosensitivity (~IIID = 949.97), but it was highly 

resistive. On increasing the indium concentration resistivity as well as photosensitivity 

of the samples decreased. These two parameters of a semiconductor are important 

316 



Chapter 9 Summary and conclusions 

factors for the fabrication of efficient solar cells. High resistance of the films will 

increase the series resistance and reduce the fill factor of the cell. Thus we must have 

a compromise between these two parameters for solar cell applications. In the present 

work thick indium sulfide films (4 J..Ul1) were prepared by spraying 1000 ml of the 

solution. Presence of chlorine also resulted in the increase of resistivity of the 

samples. In order to avoid this, we prepared indium sulfide films using nitrate based 

precursor solutions. 

Interestingly for indium sulfide thin films, prepared using nitrate precursor 

solution, only the InlS ratio 213 showed good crystallinity with band gap 2.66 eV. But 

chloride samples showed better crystallinity on increasing sulfur concentration. We 

could get better control over stoichiometry while using nitrate solution. Moreover 

concentration of sulfur in the sample could be made even greater than 60% by 

increasing sulfur concentration in spray solution. Depth analysis of the sample using 

XPS indicated formation of In203 phase for sample having InlS ratio 2/4 which had 

maximum electrical resistivity and photosensitivity. But there was considerable 

decrease in the photosensitivity «102
) when compared to chloride-based samples. 

Another important point is that, unlike chloride-based samples, nitrate based one 
., 

showed considerable increase in conductivity on increasing the sui fur concentration 

(216 to 2/8). In general, nitrate based samples were found to be more conducting, 

compared to chloride samples. As photosensitivity and crystallinity of the samples 

were not as good as chloride samples, chloride samples might be better as buffer layer 

for fabricating solar cells. But thickness of both samples could be increased upto - 4 

IlID in CSP technique. 

We prepared and characterized CulnS2 films also using two types of precursor 

solutions- nitrate and chloride. But in this case the major difficulty was that in a single 

spray, we could not increase the total volume of the solution sprayed beyond 375 ml 

as the samples got damaged. This corresponds to 0.6 Ilm thickness of the sample. 
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Samples showed better crystallinity on increasing Cu/In ratio while band gap reduced. 

Electrical conductivity enhanced with CulIn ratio in both cases. Cu-poor (In-rich) 

samples were found to be n-type. For nitrate-based samples Culln ratio followed 

faithfully the variation of molarity ratio of the solution better than that of chloride 

based ones. The atomic ratio was almost equal to that in the solution. Photosensitivity 

was slightly better for chloride samples. But the difference was small for Cu rich 

samples. Defect levels were identified using temperature dependent conductivity 

measurements and composition analysis:" The shallow levels that were found in Cu 

rich samples, might be contributing to the high conductivity of these samples. Better 

crystallinity, stoichiometry, conductivity and photosensitivity of nitrate-based samples 

gave a feeling that these samples might be better for solar cells in the case of CulnS2 

samples. 

We adopted 'multiple spray technique' to increase the thickness of CulnS2 

films because spraying large volume of the solution in a single stretch resulted in 

development of pin holes in the sample. Using this technique we prepared samples 

having thickness> 1 J.1Il1. Greater CuIIn ratio resulted in better crystallite size and the 

band gap reduced from 1.49 eV to 1.3 eV. Depth analysis of the sample indicated 

absence of oxygen in the bulk of the sample even after mUltiple sprays. But Na was 

present throughout the depth of the sample, which might have diffused from the glass 

substrate. CulIn ratio in the film was slightly less than that taken in the solution. 

Activation energies of defects of the sample were obtained using temperature 

dependent electrical conductivity measurements. Two distinct slopes corresponding to 

activation energies 390 meV (increases resistivity) and 196 meV (Ini or Incu) were 

obtained for sample having CulIn ratio 0.5. Vacancy of copper, generated a level 

having activation energy 90 me V with the sample having Cu/In ratio 1. Here also we 

could find a shallow level for CulIri ratio 1.5 contributing to its high conductivity. 
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In this work we fabricated solar cell having structure ITO/CulnS21In2Sy'metal 

electrode and illumination was given from the substrate side. This structure was 

adopted, as we could not prepare junction in the real superstrate structure. Thin In2S3 

layer was damaged while spraying CulnS2 over it. But even when we prepared it in 

superstrate structure by using thick In2S3 layer, we found that the superstrate structure 

was not having any junction effect. Effect of atomic concentration as well as 

thicknesses of both absorber and buffer layers on the characteristics of the cell was 

studied. It was found that these two are very important factors affecting performance 

of the cell. Performance of the cell was improved when it was kept at the preparation 

temperature itself for 1 hour after deposition. The best cell parameters obtained were 

V QC = 529 m V, Jsc = 3.62 mA/cm2, FF = 29.88% and " = 0.57%. XPS results indicated 

diffusion of copper from the CulnS2 layer to the In2S3 layer, which might be one of 

the reasons for the low value of short circuit current. Also oxygen was detected 

throughout the depth of the cell leading to the increase of the series resistance. 

Efficiency of the cell increased to 2.65% when a thin layer (50 A) of indium was 

deposited on the top of In2S3 layer followed by annealing at 100°C for 30 minutes. 

Thermal diffusion of indium at the top might have helped in the formation of a layer 

of In2S3 free of Cu at the top of the cell. Also it might be reducing the sheet resistance 

near the electrode. Aluminium deposited using vacuum evaporation was used as 

electrode in all these cases. 

After the completion of works on single layer, CulnS2 was sprayed in two 

steps (multiple spray) to increase thickness of the absorber layer without increasing 

thickness of In2S3 layer. The cell fabricated in this way had better efficiency of5.87%. 

Concentration of Cu decreased towards CISIIn2S3 interface as evident from XPS 

analysis. Also there was no oxygen in the bulk of the cell, reducing the series 

resistance of the cell. Thick absorber layer should increase light absorption in the 

layer and hence the number of photogenerated carriers. 
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Maximum efficiency of 9.5% was obtained when the In2S3 layer was 

fabricated in two layers. This layer was thicker than the other cases. One could 

observe a layer of In2S3 free of Cu at the top of the cell. Diffusion of copper might 

have created Cu deficiency at the surface of the CIS layer probably making the CIS 

layer more photosensitive. Here also there was no oxygen in the bulk of the sample. 

Another interesting point was that deposition of silver at the top of In2S3 as top 

electrode could improve the crystallinity of In2S3 layer. Series resistance of the cell 

was reduced to 0.83 n and this value waS" found to be much less than that of the other 

cases. Cell parameters obtained were Voc= 588 mY, Jsc = 48.2 mNcm2
, FF = 33.5% 

and 11 = 9.5%. To the best of our knowledge this is the maximum efficiency obtained 

for a CISIIn2S3 cell fabricated using CSP technique to deposit both the absorber and 

buffer layers. Moreover, we could effectively replace CdS using In2S3 as buffer layer. 

Future Scopes 

We could not prevent diffusion of copper from CIS layer to In2S3 layer 

because of the high temperature at which spraying has to be done. Hence we must 

adjust the thickness of CIS and 1n2S3 layers so as to compensate for diffusion. Fine 

adjustments in the atomic concentrations of both layers may also result in better 

efficiency of the cell. Reduction in the fill factor of the cell is another serious problem 

to be investigated. This could be achieved by reducing the series resistance of the cell. 

Doping the buffer layer (ie, In2S3) using Ag, In or Sn may reduce series resistance of 

the cell, increasing fill factor and thus efficiency. We characterized CulnS2 and In2S3 

films prepared using nitrate based precursor solutions, and effect of using these films 

for fabrication of the cell could also be investigated. Thickness and atomic 

concentrations of these layers also should be optimized by varying these two 

parameters in very fine steps for further improvement of cell properties. But this sort 

of fine-tuning of atomic concentration may not be p~ssible through the adjustment of 

ratio of molar concentration of spray solution. Instead, we may have to use thermal 
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diffusion of very thin layer of the required material (eu or In) deposited using vacuum 

evaporation. But after knowing the correct required concentration, this can be 

probably achieved through repeated adjustment of molar concentration in spray 

solution. 
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