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CPYeface ... 

The mass consumption of fossil fuels, which are getting depleted and also 

causing pollution, has lead to the development of new source of energy called 

'Photovoltaic'. Conversion of sunlight directly into electricity using photovoltaic 

technique of suitable materials is the most elegant energy conversion process. Solar 

cell technology had undergone enormous development during the last three decades, 

initially in providing electrical power for spacecraft, and more recently, for terrestrial 

applications. Cheap but low-grade solar energy may be converted to other forms of 

higher-grade energy through one of several methods, such as photothermal, 

photochemical, photoelectrochemical, photobiochemical and photovoltaic. Among 

these, the cleanest, most direct and efficient mode of conversion to electrical power is 

photovoltaic (PV) using solar cell devices. 

The most widely used solar cells are based on the Silicon technology. 

However, there are many draw backs for this, leading to considerable cost escalation. 

Hence with the idea of fabricating cheaper solar cells, thin tilm technology has 

emerged. Among the candidates tor thin film solar cells, CulnSe2 is known to be the 

ideal one as the absorber layer. CulnScl-based solar cells require less semiconductor 

material and are potentially lighter and thinner than Silicon Solar Cells. No evidence 

for long or short term device degradation was observed (as in a-Si solar cells) in the 

case of CulnSel based solar cells. Thin film solar cells, made trom Copper [ndium 

Gallium Diselenidc (CIGS) absorbers, exhibited great promise in achieving high 

conversion efticiencies (approaching 20%) and these devices were fabricated using 

co-evaporation techniques. CulnSe2 has now entered into the market and the 

efficiency ofCulnSe2 module has reached 13.4%. 

The key issues in the field of CuinSe2 solar cells are developing simpler 

techniques for CulnSe2 preparation, reduction of thickncss of absorber layer and 

replacement of CdS with non-toxic butfer layer. The present work was focLlsing on 

these issues. 

In this \\ork. Sub-l11icrollletre thick CulnSe, films were prepared llsing 1\\0 

dil'krent techniqut:~. In the first case. chelTlic~1 bath dCl1l)~itcd Seleniulll "as Llsed alld 



in the second case, vacuum evaporated Se was used for selenization. These methods 

are simpler than co-evaporation technique, which is known to be the most suitable 

one for CulnSe2 preparation. The films were optimized by varying the composition 

over a wide range to find optimum properties for device fabrication. Typical absorber 

layer thickness of today's solar cell ranges from 2-3~lm. Thinning of the absorber 

layer is one of the challenges to reduce the processing time and material usage, 

particularly of Indium. Here we made an attempt to fabricate solar cell with absorber 

layer of thickness <l~lIn. Here [n2S, was used as the buffer layer, replacing toxic CdS. 

CHAPTER 1 gives general introduction to photovoltaics with a sketch of three 

generations of developments in the field of solar cells. Working principle of a p-n 

junction and brief discussion on the materials for photovoltaics is included in this 

chapter. An exhaustive review on Cu[nScc thin films is also included here. 

CHAPTER 2 specifies the theory as well as experimental setup used for the sample 

preparation. Details of the characterization techniques used in the present work are 

also given in this chapter. 

CHAPTER 3 focusses on, preparation and characterization of CulnSe2 thin films 

from chemical bath deposited Selenium. CulnSe2 films were deposited using two 

techniques, viz. stacked elemental layer technique and thermal di ffusion of Cu into 

In2SeJ. Structural, eompositional, optical and electrical characterizations of the films 

were carried out with the help of X-Ray Diffi'uction (XRD), Raman spectroscopy. X­

ray Photoelectron Spectroscopy (X PS), Energy Dispersive X-ray Analysis (EDAX). 

resistivity, photosensitivity, optical absorption and transmission. Surface analysis was 

done using Atomic Force Microscopy (A FM). Comparison between the two methods 

was performed and best samples were selected for trial on device fabrication. Even 

though the films prepared using thc two techniqucs showed similar variation ill 

crystallinity, grain size and band gap with Cu to In ratio, the photosensitivity was 

found to be higher t()J' those samples prepared usi ng thermal Ji tTusion of Cu into 

IIl"Se;. Hence this was considered to be suitable for solar cell applications. The f11llls 

had good crystallinity with spi1aleritc structure as confirmed hum XRD and Raman 

studies. Information on ~toichiolTletr~ of the SJl1lpks v,as obtained from FI1/\X 



measurements. These CulnSez films were free from voids and pinholes. Defect 

analysis was also performed using photoluminescence and temperature dependant 

conductivity studies. 

The main advantage of this technique was that, highly toxic Se vapor or H2Se 

gas could be completely avoided. An attempt to device fabrication was also made 

using vacuum evaporated CdS as buffer layer. But photovoltaic effect could not be 

observed at the junction. Even though this preparation technique was eco-friendly, it 

had the disadvantage that, thickness of Se layer was only O.25J.!m. The problems with 

this lower thickness are reduced absorption of incoming photons and also increased 

back surface recombination. As techniques like light trapping and back reflectors 

were not employed in this configuration. slightly increased thickness (O.5-1~lIn) 

should be used. In this technique, the overall absorber layer thickness was lower for 

getting considerable absorption of the photons. Unfortunately the thickness of the 

absorber layer could not be increased further so as to increase the absorption. 

A modified technique of vacuum evaporation was introduced 111 

CHAPTER 4, in which CuInSe2 thin films were prepared using sequential elemental 

evaporation. In this technique Cu, In and Se wcre evaporated at moderately low 

substrate temperatures as an alternative to higher temperature deposition and co­

evaporation. This method is simpler and more economically viable than co­

evaporation. Moreover control of stoichiometry could easily be achieved. 

Composition was widely varied to tind the suitability in device fabrication. For this, 

Cu and Se were varied, one at a time, keeping the others constant. Both p- and n-type 

films could be prepared using this technique. From the structural characterization 

using XRD and Raman scattering, structure of CuJnSc2 prepared using this method, 

was identified as "chalcopyrite" which is the most suitable and favourable structure 

for solar cells. In the carlier method of preparing CuJnSe2 (using chemical bath 

deposited Se), we could obtain only "sphalerite" structure. The grain size varied from 

35 nm to 63 11111 in these samples. However this grain size was sti II lower than the 

reported values. obtained through other techniques. This lead to increase in the 

number of grain boulldarie" which. in some cases. ha~ beneficial effccb OJl CulnSe, 

devices. Interestingly. the crystallinity or these samples was better than that of earlier 



samples prepared using chemical bath deposited Se. Again grain size was three times 

larger than that of the samples prepared using CBD Se. 

Band gap varied from 0.93 to 0.99 eV in the samples with variation In 

elemental concentrations. AFM analysis of the sample showed that geometry of the 

sample changed from spherical to pyramidal on going trom In-rich to Cu-rich. 

Resistivity varied in the range of 0.002 Qcm to 7916 Qcm and hence highly 

conductive or highly resistive samples could be selected for device fabrication. 

Sample with resistivity of 0.08 Qcm can be used as conductive bottom layer and 

sample with resistivity of 7916 Qcm can be used as the resistive top layer of device. 

Photosensitivity of the highly resistive sample was 7.7. Highly stoichiometric tilm 

could also be prepnred without using ultra high vacuum which is still a major 

challenge for many researchers working in ternary chalcopyrites. Typical 

concentration of the stoichiometric sample was Cu: 24.92%, In: 24.98% and Se 

50.10%. 

CHAPTER 5 describes the attempt for device fabrication using optimized samples. 

For this In2S:; prepared by Chemical Spray Pyrolysis was used as the buffer layer. 

This is a new buffer layer for CulnSe2' CulnSe2 layer (absorber) had a double layer 

structure with a highly conductive (p+) bottom layer and a resistive (p) top layer. 

Total layer thickness was O.85pm. Here the bottom layer acted as an "electron 

reflector"', thereby reducing back surface recombination. The junction characteristics 

were studied by varying thickness, InlS ratio and post deposition treatments of 1112S}, 

We could observe only a feeble photovoltaic effect which may be improved by 

varying further parameters. As a trial of reduction of the absorber layer thickness and 

replacement of CdS, which remain as a challenge in the development of CulnSe2 

solar cells, in the present study. these two factors were taken into account. In2S} 

seems to be a good buffer layer instead of CdS for CuInSe2 solar cells. 

CHAPTER 6 is the summary of the entire work. Important points are also included 

and the futlll'e scope of the work is added. 
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1.1 Introduction 

Chapter 1 

Photovoltaics: Energy for the Next Generation 

Development of clean energy sourccs has becomc the most important task assigned to the 

science and technology in the 21 st century and photovoltaics has emerged as the most 

promising candidate of the future energy technology. The importance of alternative 

energy sources has increased in significance both for energy supply and ecological 

conservation reasons. In spite of limitations due to sh0l1-term cconomic considerations, 

research and development of photovoltaic solar cell has increased and is playing an 

increasingly practical role all over the world. The industrial revolution stal1ed with coal 

as the main energy source, and later, it was shifted to oil and gas (LPG, LNG), owing to 

the l11ilss-productioll technology, case of transp0l1 ilS well as stomge and also the [less] 

environmental issues in comparison with the coal. TodilY, electrical energy is identified 

as the most convenient form of energy and it is non-pollutant also. Everyday the Sun 

supplies energy to the Em1h, which is several thousand times our requirement. The 

quantity of energy supplied by the Sun is morc than five orders of magnitude larger than 

the present requirement of electric power for the whole world, to keep modern 

civilization going. Above all, solar photovoltaic power generation is almost maintenance 

free as \"ell as clean technology. 

The data given below (table 1.1) demonstrates the contributions to thc global 

environmental issllcs by photovoltaics. 
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Tablel.1: Contributions to the global environmental issues by Photovoltaics 

Local 

I 
EnVironment 

1 
Global 

(1) Solar PV power generation 

(2) Cleaning of polluted air 

(3) Cleaning of water 

(4) Generation of Hydrogen 

(5) Stopping desertification 

and 

(6) Greening of desel1s 

Clean sustainable energy sources 

Ashing of pollutant gases by glow 

discharge 

Electrochemical processing by PV 

Electrolysis of water by PV 

PV water pumping at plantations 

Table 1.2: Pollutant emission factors for different energy sources 

Energy Source CO2 N02 S02 

Coal 322.8 1.8 3.400 

Oil 258.5 0.88 1.7 

Natural gas 178 0.9 0.001 

Nuclear 7.8 0.003 0.030 

Photovoltaic 5.3 0.007 0.020 

Biomass 0.0 0.6 0.140 

Geothennal 51.5 Trace Trace 

Wind 6.7 Trace Trace 

Solar thermal 3.3 Trace Trace 

Hydropower 5.9 Trace Trace 

CoaL oil and natural gas ""ere/arc still continuing to be the main sources of energy. from 

table 1.2, it is clear that Photovoltaics is a clcan energy source. I Hmvever. a largc barrier 

impeding the expansion of the photovoltaic systcms as a large scale power source has 

been the high cost of the modules. One of the solutions for the cost reduction is the 
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development of thin film solar cell, saving both material and energy in the production of 

cells and modules. 

1.2 Discovery of photovoltaic effect 

A physical phenomenon allowing light-electricity conversion - photovoltaic effect, was 

discovered in 1839 by the French physicist Afexandre Edmond Becquerel. Experimenting 

with metal electrodes and electrolyte he discovered that conductance rises with 

illumination. 

1.3 First solar cells 

Willoughby Smith discovered photovoltaic effect in Selenium in 1873 (fig 1.1). Later in 

1876, with his student R. E. Day, William G. Adams discovered that illuminating a 

junction between Selenium and Platinum also has a photovoltaic effect. These two 

discoveries became the foundation for the first Seleniulll solar cell construction in 1877. 

1.4 Theory of solar cell 

The p-n junction is the classical model of a solar cell. This junction is created by doping 

different regions of the same semiconductor differently, so that there forms an interface 

between p type and n type layers of the same material. Since the work function of the p­

type material is larger than the n type, the electrostatic potential must be smaller on the n 

side than p, and an electric field is established at the junction. Light absorption generates 

equal numbers of non-equilibrium electron-hole pairs, in concentrations much higher 

than equilibriulll minority-carrier levels, but typically less than the equilibrium majority 

carrier concentrations. It is thesc non-equilibrium minority carriers and their potential 

energy changes that transform the absorbed photon energy into a DC voltage to drive DC 

current through the metal contacts for power delivery to an external electrical load. It is 

the majority carriers that finally flow through the two metal contacts to an external 

circuit. The junction region is always depleted of both electrons and holes and presents a 

barrier to majority carriers, and a low resistance path to minority carriers. It drives the 

collection of minority carriers which are photogenerated throughout the p and l1 layers. 

and reach the junction by diffusion. 
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In a semiconductor, the effective field, existing between the two semiconductors [for 

separation of carriers] can be generated under the conditions of 

(i) gradient in the vacuum level or work function 

(ii) gradient in the electron amnity 

(iii) gradient in the band gap 

(iv) gradient in the band densities of states 

The first three of these are exploited in photovoltaic devices and changes in these three 

can be achieved at the interface between two different materials (heterojunction) or 

through gradual changes in the composition of an alloy.2.3 

1.5 Connection to an external load 

Ohmic metal-semiconductor contacts are made to both the n-type and p-type sides of the 

solar cell, and the electrodes are connected to an external load. Electrons that are created 

in the n-type side, or have been collected by the junction and swept onto the Il-type side, 

may travel through the wire, power the load, and continue through the wire until they 

reach the p-type semiconductor-metal contact. Here, they recombine with a hole that was 

either created as an electron-hole pair on the p-type side of the solar cell, or swept across 

the junction from the IHype side after being created there. 

1.6 Equivalent circuit of a solar cell 

Fig 1.2: Equivalent circuit of a solar cell 



Chapter 1 6 

Fig 1.3: Schematic symbol of a solar cell 

An ideal solar cell may be modelled as a current source in parallel with a diode. In 

practice, no solar cell is ideal, and hence, shunt resistance and series resistance 

components are added to the model. The result is the "equivalent circuit of a solar cell" 

shown in fig 1.2. Also shown (fig 1.3) is the schematic representation of a solar cell for use 

in circuit diagrams. 

1.7 Solar cell efficiency factors 

1.7.1 Maximum-power point 

A solar cell may operate over a wide range of voltage (V) and current (I). By increasing 

the resistive load on an irradiated cell continuously from zero (short circuit condition) to 

a very high value (open circuit condition) one can determine the maximum-power point, 

i.e., the load for which the cell can deliver maximum electrical power at that level of 

irradiation, Vm x Itn = Pm in watts. 

The quickest way to detenn ine the optimal load for a given constant light condition (i.e. a 

stable quiescent point) is to measure the "Thevenin Equivalent Voltage" (i.e. open 

circuit), then using a potentiometer as a load, monitor the voltage across it. When the load 

voltage is exactly half of the Thevenin equivalent Voltage, disconnect the potentiometer 

and measure its resistance. By the maximum power theorem, the potentiometer resistance 

\vill be the optimal value of the load for maximulll power transfer (due to the equal 

voltage division between internal Thevenin equivalent Resistance and the load). 

The maximum power point of a solar cell varies with incident illumination. For systems 

large enough to justify tht; extra c:\pcnsc (say.-I kiloWatt). a 'power point tracker' 
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tracks the instantaneous power by continually measuring the voltage and current (and 

hence, power transfer), and uses this information to dynamically adjust the load so that 

the maximum power is always tranfered, regardless of the variation in irradiation. A 

photovolatic device optimally runs at 50% electrical efficiency (the point of maximum 

power transfer), as it is a now-or-never energy source. 

1.7.2 Energy conversion efficiency 

The energy conversion efficiency (11) of a solar cell is the percentage of power converted 

(from absorbed light to electrical energy) and collected, when a solar cell is connected to 

an electrical circuit. This tenn is calculated using the ratio of P"" divided by the input 

light irradiance under "standard" test conditions (E, in W/m2) and the surface area of the 

solar cell (Ac in m2
). 

At solar noon, on a clear March or September equinox day, the solar radiation at the 

equator is about 1000 W/m2
• Hence, the "standard" solar radiation [known as the "air 

mass 1.5 spectrum(AM 1.5)"] has a power density of 1000 watts per square metre. Thus, 

a 12% efficiency solar cell having I m2 of surface area in full sunlight at solar noon [It the 

equator during either the March or September equinox will produce approximately 120 

watts of peak power. 

1. 7.3 Fill factor (F F) 

Another defining term in the overall behaviour of a solar cell is the 'Fill Factor (FF)'. 

This is obtained by dividing the maximum power point by the product of open circuit 

voltage (Voc) and the shOlt circuit current ([50): 

'I '< ,1,. ,:<. i: 

V)r X T"I: 
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1.7.4 Quantum efficiency (QE) 

'Quantum efficiency [QEr refers to the percentage of absorbed photons that produce 

electron-hole pairs (or charge carriers). External QE includes the effect of optical losses 

such as reflection and transmission. Internal QE deals with photons. that are not reflected 

or transmitted out of the cell. 

1.7.5 Compariwn of energy conversion efficiencies 

Solar cell efficiency varies from 6% for amorphous Silicon-based solar cells to 40.7% 

(which is the efficiency of multiple-junction cells. produced in research labs] . Solar cell 

energy conversion efficiencies for commercially available micro crystalline Silicon [mc­

Si] solar cells are around 14-16%. The highest efficiency cells have not always been the 

most economical - for example a 30% efficient multijunction cell, based on exotic 

materials such as Gallium Arsenide or (ndium Selenide, and produced in low volume. 

will have a cost of about one hundred times that of an 8% efficient amorphous Silicon 

cell [which is having mass production]. while only delivering about four times the 

electrical power. 

• 

Best Research-Cell Efficiencies -­·_""'*"'o-.~ 
.".,.-~~ _.-._­,-
.~. 

-

- --...... ---- -- -
---

Fig.t.4: .Reported time line of solar cell energy conversion efficiencies 

(from National Renewable Ener~ Laboratory, USA) 
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To make practical use of the solar-generated energy, the electricity is most often fed into 

the electricity grid using inverters (grid-connected PV systems). In stand alone systems, 

batteries are used to store the energy that is not needed immediately. Fig 1.4 illustrates 

the best laboratory efficiencies obtained for various materials and technologies. 

1.7.6 Peak watt (or watt peak) 

Since solar cell output power depends on mUltiple factors, such as the sun's incidence 

angle, for comparison purposes between different cells and panels, the "peak watt (Wp)" 

is used. It is the output power under the following conditions: 

Solar irradiance = 1 000 W 1m2 

Solar reference spectrum = AM 1.5 

Cell temperature = 25°C 

1.8 Solar cells and energy payback 

It is a fact that we have to spend energy for the production as well as transportation of 

solar cells. There is a controversy whether a solar cell can produce energy more than this. 

The energy payback time of a solar panel, [assuming the working lifetime to be around 

40 years], is anywhere from I to 20 years (usually less than five) depending on the type 

and usage. This means that solar cells can be net energy producers only if they generate 

more energy during their lifetime, than the energy expended in producing them. 

According to some eXperts, studying this question, solar cells do generate positive net 

energy, when the energy consumption for manufacturing and distribution is taken into 

account. 

1.9 Three generations of development 

Photovoltaic devices have undergone three generations of devclopment. 

1.9.1 The Firs' 

The first generation of photovoltaic devices consists of a large-area. singlc layer P-Il 

junction diode, which is capable of gcnerating lIsable electrical cncrg) from light sourcc 
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having the wavelengths of sunlight. These cells are typically made of Silicon wafer. First 

generation photovoltaic cells (also known as Silicon wafer-based solar cells) are still the 

dominant technology in the commercial production, accounting for more than 86% of the 

solar cell market. 

1.9.2 The Second 

The second generation of devices is based on the thin-films of semiconductors. These 

devices were initially designed to be highly efficient multiple junction photovoltaic cells. 

Later, as the major advantage of using a thin-film of materials was noted to be reducing 

the mass of material required for cell design. leading to reduction of cost as well as 

weight of the cells, there developed different technologies/semiconductor materials 

suitable for mass production, such as amorphous Silicon, poly-crystalline Silicon, micro­

clystalline Silicon, Cadmium Telluride and Copper Indium Selenide/Sulfide. Even 

though the efticiencies of thin-film solar cells are lower than that of clystalline Silicon 

(wafer-based) solar cells, the manufacturing costs are much lower and hence lower cost 

per watt can be achieved. Another advantage of the reduced mass is that less suppol1 is 

needed for placing panels on rooftops and this allows fitting the panels on even flexible 

materials. 

1. 9.3 The Third 

Third generation photovoltaic devices are very different from the other two, and are 

broadly defined as semiconductor devices which do not rely on a traditional P-Il junction 

to separate photogenerated charge carriers. These new devices mainly include 

photoelectrochemical cells, polymer solar cells and nanoclystall defect material solar 

cells. 

1.10 Current stage of development 

24.7% efficient crystalline Silicon solar cell was developed at University of New South 

Wales. Australia.~ NREL has developcd a record-efficiency ClI(ln,Ga)Se~/CdS cell. 

\\hich possess the maximum among singic junction, thin film solar cell of 19.9%.' 
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Spectrolab fabricated 40.7% tandem cell with GaInP/GalnAs/Ge triple-junction. The 

efficiency was measured under the standard spectrum for terrestrial concentrator solar 

cell at 240 suns (24W/cm2
). 6 Organic solar cells have now reached an efficiency of 6% 7 

and Dye sensitized cell an efficiency of 11.1 %.8 

Most widely used cells are made of crystalline Silicon, which require larger thickness 

because of the indirect band gap. Moreover, Silicon extraction process requires 

sophisticated technologies which increase the cost of Silicon solar cells. As an alternative 

to this, the Second Generation Technology, li.e.Thin Film Technology1 gained 

prominence. Thin film solar cells use layers of semiconductor materials having only a 

few micrometres thick. 

Thin film technology has many advantages like, 

I. A variety of techniques are available for depositing thin films of same 

material 

2. Reduction in material costs 

3. Fewer processing steps 

4. Simpler device processing and manufacturing technology for large area 

modules and arrays 

5. Higher power to mass ratio 

6. A wide variety of shapes, sizes, areas and substrates are possible 

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

feasible 

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

obtained to meet requirements for a designer solar cell 

9. Surf~lce and grain boundaries can be passivated with suitable materials 

10. Weight orthe Illodules becollles less 

Thin film technology has made it possible to have solar cells functioning as roof top 

shingk~. roof tiles anu huilding facades. The solar cell version of items sllch as shingles 

offer the same protcctiun and durability as ordinary asphalt shingles. 
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1.11 Important material properties for high efficiency cell 

l. The band gap of the absorbing material must be small enough to allow absorption of 

an appreciable portion of a solar spectmm and at the same time large enough to 

minimize the reverse saturation current density Jo 

2. The diffusion length of minority carriers Illllst be as large as possible so that carriers 

excited by light, even at some distance from the actual semiconductor junction, will 

be able to diffuse to the junction and be collected before they recombine with the 

carriers of opposite sign. The diffusion length of minority carriers LllIill is given by 

where DlIlill is the diffusion constant, '""n is the life time, Jlmm is the mobility for 

minority carriers, q is the electronic charge and k is the Boltzmann constant. Hence it 

is desired to have a material in which the minority carriers have large mobility and 

life time. 

3. The actual junction structure and composition determines the magnitude of the 

junction transport current density, Jo and the ideality factor, A. Formation of 

semiconductor junction must be carefully controlled to produce junctions with a 

junction current as low as possible 

4. In an ideal solar cell, series resistance R, should be equal to zero and shunt resistance 

Rsh equal to infinity. But in real solar cells, finite values of these resistances will be 

present and can be a major factor, particularly, in determining the effective values of 

the fill factor [FFJ. Contributions to the series resistance can arise from the resistance 

of the semiconductor bulk and from contact resistance to the semiconductor to 

complete thc circuit. The parallel resistance can be reduced by grain boundaries or 

other defects that enhance forward junction currcnt and contributes to an increase in 

./0 and a decrease ill the voltage <1),,". In polycrystallinc thin film solar cells. grain 

boundaries at the junction interface can critically affectjul1ction transpoli propelties. 



5. Solar cells are used in exposed areas for long periods of time without failure which 

means that a variety of phenomena that might lead to the decrease in cell efficiency 

with time of exposure must be carefully considered. 

All these factors must be carefully considered while making a thin film solar cell so as to 
) 

maximize the efficiency.9 

1.12 Materials for photovoltaic devices 

1.12.1 Crystalline Silicon (c-Si) 

Crystalline Si has almost an ideal band gap for solar energy conversion. It is one of the 

abundant materials on the earth's crust and hence it has a dominant role in the 

development of solar cells over the last 50 years. In 1981, the Si p-n homojunction ccll 

was the only widely available solar cell. Monocrystalline Si with a grain size greater than 

10cm and polycrystalline Si with grain size in the range of 1 ~lIn to I mm are available. 

The cost of single crystal Si solar cells is greater than thin tilm multicrystalline Si solar 

cells. Single crystal Si solar cells require very high material quality, surfaces must be 

effectively passivated to reduce recombination there and the bulk propeliies must also be 

of high quality because of the long optical penetration distances associated with the 

indirect band gap of Si. Most of the solar cells exhibited in various simple demonstrations 

or applications are actually l11ulticrystalline Si cells. Multicrystalline Si solar cells have 

been produced with efficiencies of ~ 17% and may be expensively produced from 

somewhat less pure starting materials using less expensive manufacturing methods. lo 

1.12.2 Amorphous SilicOJl (a-Si) 

Amorpholls Silicon (a-Si) PV modules were the first thin-film PV modules to be 

commercially produced. a-Si has a high density of co-ordination dcfects(dangling bonds) 

corresponding to dep3liures from the local tetrahedral coordination between fOllr Si 

atoms. They act as recombination centres to greatly reduce the carrier lifetime, carrier 

ditTusion and drift lengths. This also helps to pin the Fermi energy in sllch a way that the 

material can not be effectively doped as p or n type. Hut now it has been observed that 



incorporation of 10% of Hydrogen reduces the density of defects from 1019 cm-3 to 

1016cm-J. Hydrogenated amorphous Si alloy [a-Si: H] has a higher energy absorption 

edge and larger optical absorption constant for solar radiation than crystalline Silicon. 

Only I - 2f1m thickness of a-Si:H is required to absorb vil1ually all of the light above the 

absorption edge_ However, the efficiencies of these modules have not yet reached levels 

that were predicted in the 1980's. To a significant degree this is due to the intrinsic 

degradation of a-Si under illumination. The use of multi-band gap multijul1ction devices 

(allowing the use of thinner absorber layers in the component cells) and the use of light­

trapping appear to be the most powerful device design techniques to improve stabilized 

device performance. Presently, champion cells have stabilized efficiencies of 12% and 

champion modules (1 square foot) have stabilized efficiellcies of over 10%. The use of 

multi-band gap multijunctiol1 devices (allowing the use of thinner absorber layers in the 

component cells) and the use of light-trapping appear to be the most powerful device 

design techniques to improve stabilized device perfonnance_ 

1.12.3 Gallium Arsenide (GaAs) 

The direct band gap of GaAs (1.43eV) is near the optimum for solar energy conversion 

and it leads to 97% absorption of AM1.5 radiation in a thickness of about 2~Lm. The 

carrier mobility of th is material is higher than that of Si and it forms a varicty of lattice­

matched temary compounds allowing for controlled variations of properties. Common 

dopants include S, Se, Te, Sn, Si, C and Ge as shallow donors and Zn, Be, Mg, Cd, Si, Gc 

and C as shallow acceptors. The dopants from column TV-C, Si, Ge and Sn are 

amphoteric in GaAs, behaving as donors or acceptors depending on whether they go onto 

Ga or As sub lattice and their electrical behaviour depends on the condition of the 

growth. Efficiencies of GaAs based solar cells are among the highest of any solar cells, 

lying between 20-30%. One of the major advantages of GaAs solar cell is its insensitivity 

to increase in temperature. Measurements indicate that there is only 0.033% decrease in 

efficiency per degree Ccntegrade. GaAs has better radiation hardness than Si. These 

t~lCtorS mean that Ga;\s cells have been developed p!'imari Iy for Llse ill space. The 1110st 

I ikely terre~tria I appl ication is for power generation under concentrated I ight. The 



muitijunction solar cell with GalnP/GalnAs/Ge structure has achieved a record efficiency 

of 40.7% at 240suns, under the standard spectrum for terrestrial concentrator solar cells 

(fabricated at Spectrolab, USA). 

1.12.4 Indium Phosphide (InP) 

Similar to GaAs, Indium Phosphide is a direct band gap material with an Eg of 1.34eV. 

Also like GaAs, homojunction cells are limited by surface recombination at the incident 

surface, but heterojunctions with good lattice matching. But 'heteroface junctions' arc 

much more efficient. InP based cells are more radiation resistant than GaAs cells. 

Hydrogenation of n""-p TnP solar cells has been shown to be increasing the efficiency to 

17.5% at AMO because of reduction in carrier concentration in the near -surface layer 

due to the formation of an acceptor-hydrogen complex. Due to the high cost of InP, only 

thin films with thickness < 2~m were made. CdS/(nP junction prepared on polycrystalline 

InP have shown an et1iciency of 5.7%. 

1.12.5 Cadmium Telluride (CdTe) 

CdTe is again a direct band gap material, having an Eg of 1.44eV, strongly absorbing the 

solar spectrum within a few micrometres thickness. CdTe has a strong tendency to grow 

as highly stoichiometric, but p-type semiconductor film and can form a p-n 

heterojul1ction with CdS. CdTe have now reached up to an efficiency of 16.5%. 

Efficiencies up to 18% can be expected for the CdTe cell made under a mature 

technology. The maximum theoretical efficiency ofCdTe solar cells is 27.5%. 

1.12.6 Copper Imlium Sulfide (CuIIlSJJ 

CuInS2 is particularly a promising candidate because of its optimum direct band gap of 

1.5eV for solar energy conversion. The conductivity type can be changed. This is one of 

the I-III-VI2 type semiconductors that crystallize in cha\copyrite structure. Wider band 

gap of CulnS2 compared to other widely used chalcopyrites, such as CulnSe2, has an 

advantage of potentially higher open circuit voltagcs. Theoretically predicted efficiency 

of the hOlllojullction of this material ranges between 27 and 32%. Recently CUlllS2 hased 

cells has reached an cflicicncy of 11.4%. 
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1.12.7 Copper Indium Selenide (CulnSerCIS) 

With an efficiency of 19.9% on the laboratory scale and 13.4% for the power modules. 

CulnSe2 has become the most efficient thin film technology today. The favourable 

properties of this material are listed below 

1.13 Properties ofCulnSe, 

1.13.1 Tetragonal chalcopyrite structure 

.Se 

• In 

. Cu 

Fig.l.S: Structure ofCulnSe2 

Stable crystal structure of CIS is a subset of adamantine class and is named after the 

mineral chalcopyrite. CuFeS2. Characteristic feature of the adamantine structure is the 

tetragonal arrangement of atoms in which each atom has four nearest neighbours. CIS 

crystallizes in this form at room temperature and reverts to the sphalerite structure (0 

phase) above I073K. Bonding is mainly covalent because of the tetrahedral co­

ordination. In general. various compound crystal structures are derived from the basic 

diamond close-packed structure. It has a sub lattice of anion in cubic close packing (as in 

the Zinc Blend (sphalerite) structure) or in hexagonal close packed type (as in the 

Wurtzite structure). CIS is obtained from the cubic Zinc hlf"nrip ctn'l't"r" nf 11-\/1 
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materials like ZnSe by occupying the Zn sites alternately with ClI and In atoms. Each 

f(eu) and III(ln) atom has four bonds to the VI (Se) atom. In turn, each Se atom has two 

bonds to Cu and two to In. Because the strengths of the I-VI and UI-VI bonds are in 

general different, the ratio of the lattice constants cia is not exactly two. Instead, the 

quantity 2-c/a is a measure of tetragonal distortion in chalcopyrite materials. 

1.13.2 Band gap of 1eV at room temperature 

CIS has a relatively small band gap of 1.04 eV, which enables it to absorb a large p0I1ion 

of the solar spectrum. It also has a direct band structure thereby minimizing the 

requirements for large minority carrier diffusion length, since carriers are photoexcited 

close to the collecting junction. By partial substitution of In with Ga or Al 

[ie.Cu(ln,Ga)Se2, or Cu(In,AI)Se2] and Se by S [Culn(S,Se2)], the band gap value can be 

systematically shifted between 1.04 eV and 1.68 eV. This phenomenon allows for an 

optimum match with the solar spectrum. 

1.13.3 High absorptiOlJ co-efficient of 1rtcm-' 

CIS has an absorption co-efficient (a. >105 cm-I) which implies that 99% of the incoming 

photons are absorbed within the first micrometre of the material. As a result, only l-2J.lm 

of this material is sufficient to effectively absorb the incoming photons compared to bulk 

Si, where at least 300~lm of material is required. 

1.13.4 Large structural tolerance to off-stoichiometry 

A noticeable feature ofCuInSe2, deposited by evaporation and several other techniques is 

the tendency to have average compositions to lie along a pseudo-binary composition line 

connecting the compounds CU2Se and In2Se) on the Cu-In-Se ternary phase diagram. 

However, the deposited layers are found to be predominantly single phase when 

stoichiometric or slightly In-rich, while two phase CuinSe2+Cu2Se has been rep0I1cd tor 

ClI-rich materiaL I I 
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1.13.5 Excellent stability and higlr radiation resistance 

CIS-based solar cell devices have demonstrated good thermal, environmental and 

electrical stability. Preliminary test have indicated that the radiation tolerance of CIS thin 

films is superior to that of single-crystalline Si or GaAs devices when tested under high 

energy electron and proton radiation 

1.13.6 Fabrication on variety ofsubstrates 

CulnSe2 thin films are now prepared on light weight flexible substrates which improves 

its suitability in space applications. C1S cells were already fabricated successfully on 

Molybdenum foil, Polymeric, metallic foils of Aluminium, Titanium, Stainless steel and 

N i-alloys, Plastic and Polyimide foils. 12
-

16 

1.14 Mile stones in the development of CIS based solar cells 

1953: CIS was synthesized for the first time by Hahn 

1974: CIS was proposed as a photovoltaic material with a power conversion efficiency of 

12% for a single crystal solar cell 

1976: L.L. Kazmerski et al. reported 5.7% efficiency polycrystalline solar cells 

1983-84: Boeing Corp. reported efficiencies in excess of 10% from thin polyclystalline 

films obtained from a three source co-evaporation process 

1987: Arco solar achieved a long-standing record efficiency of 14.1 % for a thin film solar 

cell 

1998: The first commercial Cu(ln,Ga)Se2 solar modules were available 

1999: Conversion efficiency reached 18.8% (NREL, USA) 

2003: Conversion efficiency reached 19.2% (NREL) 

2008: Conversion efficiency reached 19.9% (NREL) on the laboratOlY scale and 13.4% 

on the commercial scale 
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1.15 Review on CIS thin films 

CIS can be prepared using both vacuum and non-vacuum processes. 

1.15.1 Vacuum processes 

Vacuum processes include thennal, flash and electron beam gun evaporations, sputtering, 

laser ablation, rapid thennal processing (RTP) and molecular beam epitaxy (MBE). 

(i) Evaporation 

Vacuum evaporation is a commonly used technique in the deposition of CIS thin films 

which includes thermal evaporation, flash evaporation and electron beam evaporation. 

The record-breaking 19.9% CIGS cell was prepared using thennal evaporation (co­

evaporation). The development of this method dates back to 1972 and currently it has 

become, one of the feasible methods for CIS preparation. 

Neumann et al. prepared CIS epitaxiallayers by single-source evaporation and found that 

source temperatures above 1400K were necessary for the deposition of single-phase and 

nearly stoichiometric CulnSe2 films.17 Neelkanth et al. prepared CIS films using co­

evaporation of constituent elements at a substrate temperature of 350°C. The band gap 

varied in the range l.02-1.04eV. Thickness was in the range O.15-IJ-lm. 18 Varela et al 

prepared CIS thin films using co-evaporation of Cu, In and Se. The films were deposited 

at different temperatures in the range 175-400°c.19 Mikihiko Nishitani et al. prepared CIS 

by co-evaporation of the elements under an ultrahigh vacuum by a molecular-beam 

deposition method. The process was found to be suitable for the fabrication of 

stoichiometric or slightly In rich films. 2
() S. T. Lakshmikumar demonstrated gas phase 

selenization of vacuum deposited Cu and In thin films employing an elemental Se vapour 

Source for the deposition of CIS thin films. The selenization reaction readily occurred at 

Cu and In films kept at 340-400°C. Lower selenization temperatures invariably led to the 

fonnation ofCu and In selenides with well defined crystalline microstructures.11 Guillen 

et al prepared CIS by sequential evaporation of stacked eu and In layers and subsequent 

chalcopyrite fomlatioIl using elemental Se within a closed-space graphite Cllntaincr 
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placed into a newly developed vacuum environment at 400°C in nitrogen atmosphere."

These films showed smoother surface, higher grain size and uniformity when reactor

pressure was increased during the selenization process. C Calderon et al. prepared CIS

using sequential evaporation of Cu, In-Se, and Se.23 Mario Gossla et al. developed a new

five-source PVD for the deposition of Cu(Inl_xGa,)(Sel_ySy)' absorber layers. By varying

the sulfur contents (in Cu-poor samples), the band gap could be increased to 1.5eV and

best cell showed an efficiency of 10%.24 Sung Chan Park et al. studied the electrical

properties of CIS films prepared by evaporation of Cu-Se and In-Se, compounds. CIS

film grown at 680°C had a smooth and dense microstructure with the grain size of 2 -3

um. H, post annealing was conducted to control the electrical resistivity and composition

ofCIS films. In H, atmosphere, the resistivity increased to about 100Qcm by annealing at

350°C for 1 h. The resistivity decreased again when the annealing temperature was above

350°C.25

T Schlenker et al. reported the initial growth behaviour of Cu(InGa)Se, prepared using

eo-evaporation on Molybdenum substrates. It was observed that the growth on

polycrystalline Mo substrates fabricated by sputter process, a power law dependence

between the island density and the deposition rate and an exponential dependence of the

island density on substrate temperature. On electron gun evaporated Mo, the nucleation

mechanism deviated from the model of homogeneous nucleation and strong island

density fluctuations occurred." M J Romero et al. studied the surface widening in

CulnGaSe, thin films prepared using three stage physical vapour deposition. This

widening of the surface was confirmed using transmission electron microscopy and

cathodoluminescence spcctroscopy." Akhlesh Gupta et al. carried out studies on Cn-In

precursor for the preparation of CIS thin films by the selenization technique. The effect

of temperature on the degree of alloy formation between Cu and In layers was studied.

The mechanism of alloy formation was different in bilayers annealed at temperatures

lower and higher than the melting point of In. or prepared by deposition of Cu and In at

200 0 e and [50°e, respectively. While the annealing of the precursor up to 200aC
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produced an alloy in the interface region of Cu and In layers, annealing at 500°C

completely changed its morphology."

A Moharram et al. studied the optical and structural changes of thermally eo-evaporated

CIS films. Increasing In content on the expense of Se atoms, decreased the amount of Se

phase which had higher energy band gap. Tetragonal CIS and hexagonal Cu-Se

crystalline phases were resulted from thermal annealing." 0 Rodriguez et ai, performed

the chemical analysis of CIS prepared using evaporation through a multistage process. It

was observed that the samples prepared using two stage processes are Cu-rich and that

prepared using three stage process was Cu-poor. It was found that the films from three

stage process were suitable for solar cell fabrication 3
] A. Ashour et al. studied

polycrystalline CIS thin 111m formation on glass substrates by preparing stacked

elemental layers (SELs) of Cu, In and Se followed by annealing at 200, 250, 300 and

400°C for different times (from 15 to 240 min). It was concluded that a single phase of

CIS film was obtained at a reaction temperature of 300°C for a heating time 2'Ih.32 C.

Guillen et al. studied the Structure, morphology and photoelectrochemical activity of CIS

thin films grown by the sequential evaporation of Cu and In layers, and subsequent

reaction at 400°C with elemental selenium vapour. An improvement in the CIS quantum

efficiency, related mainly to the increased homogeneity and smoothing of the sample

surface, could be gained by using as precursors multiple stacked Cu-In bilayers

evaporated onto unheated substrates." C. F. Kurdesau et al. performed in situ resistivity

measurements during selenization of eo-evaporated Cu-In layers in SeIN 2 gas mixture at

atmospheric pressure. For selenization processes and in situ measurements a special

container (a quasi-closed system) with mechanical contacts to the selenized film was

constructed. The total resistance of the metallic layers and the contact system was

approximately 10 Q before the reaction starts. During the selenization processes it

increased to more than 10 kQ, indicating the conversion of metals into Cl S. The

resistivity curve indicated the start and end point of the chemical reactions and identified

three different stages of conversion." A. G. Chowles et al. carried out in situ RBS

analysis of CIS prepared by sequential evaporation of the constituent elements onto \10-
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coated glass substrates and the layers were subsequently selenized in a closed graphite 

box at 400°C. For the Cu/In/Se structure, XRD perfooned after various anneals revealed 

that the Cu-In layer mixed with the Se layer to fom1 a number of binary phases. For 

Cu/Se/In it was found that the Cu and Se had intennixed at room temperature. In both the 

structures the Cu-Se and In-Se binary phases fonned below 200°C and upon annealing 

above this temperature interdiffused to fonn cha\copyrite CIS.35 A. Brummer et al. 

studied the fonnation of CIS by the annealing of stacked elemental layers. CIS 

crystallized from the direct precursors Cu2Se (CuhSe, respectively) and InSe within a 

melt rich in selenium. Both, Na and Ga promoted the crystallization of CU2Se, the direct 

precursor phase for CIS. A comparison of the crystallographic structures of CU2Se and 

InSe showed that epitaxial growth of InSe (000 I) on CU2Se (111) lattice planes was 

feasible. 36 R. Caballero studied CIS foonation by selenization of sequentially evaporated 

metallic layers. The selenization procedure was carried out within a partially closed 

graphite container. The CIS films showed single-phase chalcopyrite structure with 

preferential orientation in the (1 1 2) direction after 500°C selenization. The CIS surface 

morphology depended on the sequence used. The In/Culln seemed to be the best. An 

energy band gap above 0.95 eV and an absorption coefficient near 105 cm-I were 

obtained and similar optical properties were observed for all the prepared sequences:J7 In 

the highest efficiency cell (Contreras et al.), CIGS was prepared by thennal co­

evaporation which includes three stages. At the first stage, the composition was made Cu­

rich, which aided the formation of high-quality, large-grained polycrystalline material. 

The second stage includes evaporation of In, Ga and Se to titrate the excess (Cu,Se) from 

the film aggregate. At the third stage, a small quantity In and Ga were added which assist 

the fonnation of a smooth surface and to facilitate the fonnation of a Cu-poor defect 

chalcopyrite that exist at the surface ofCIS films.3S 

Flash evaporation and electron beam gun evaporation were also used to deposit CulnSe2 

films. Joseph et al. prepared CIS using nash evaporation and samples were p-type. 

Activation energy of 75mcV was obtained II)r rool11 temperature deposited (l1on­

annealed) film. which was attributed to Se intcrstitials acting like acceptors. Activation 
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energy of 15 meV observed in film annealed at 50°C, was attributed to Incu defect level 

while value of around 30meV observed in other films annealed up to 200°C, was 

attributed to CUln defect level.39 Akl et al performed structural study of flash evaporated 

CIS thin films.40 M. Klenk et aI. studied the properties of flash evaporated chalcopyrite 

absorber films and solar cells.41 C.Guillen et al studied structure, morphology and 

photoelectrochemical activity of CIS thin films as determined by the characteristics of 

evaporated metallic precursors. An improvement in the quantum efficiency, related 

mainly to the increased homogeneity and smoothing of the sample surface, could be 

gained by using multiple stacked Cu-In bilayers evaporated onto unheated substrate as 
42 precursors. 

(U) Spuuering 

I Martil et aI. prepared CIS films by rf sputtering III Ar/H2 atmosphere. 

Measurements of resistivity at various temperatures indicated a hopping conduction 

mechanism through gap states for films grown at low temperature (lOO-250°C), the 

existence of three acceptor levels at about 0.046, 0.098 and 0.144eV above valence band 

for films grown at intermediate temperature (250-350°C) and a pseudo-metallic 

behaviour for films grown at high temperatures (350-450 0C).43 P Menna et aI. performed 

the study of Selenium incorporation in sputtered Cu-In alloys. Selenium incorporated in 

the ternary compound assumed a constant value around 48% while the CuIln ratio ranged 

between 0.8 and 1.2.' As the copper content was further lowered, Selenium decisively 

increased up to almost 51 % when Culln is 0.6. The inversion point in the Se-Cu/In 

diagram was correlated to the formation of a secondary phase identified as the 

chalcopyrite vacancy-variant compound CuIn3Ses(OVC).44 Sang Deok Kim characterized 

CIS thin films grown by selenization of co-sputtered Cu-In alloy layers, which consisted 

of Oilly two phases, CuIn2 and Cu 11 ln9. TIle CTS films selenized in vacuum had large grain 

sizes, smooth surfaces and dense microstructures.45 J. Schmidt et al. prepared thin films 

of Cl S by selenizing co-sputtered Cu-I n films with selenium "apOllL The conduct iv ity 

types were p-type for Cu-rich and n-type for near-stoichiometric and In-rich films. All 

samples showed a thermally activated conductivity for higher temperatures and the 



Chapter 1 24 

variable-range hopping conduction mechanism in the lower temperature range. The 

dependence of the absorption coefficient on incident photon energy indicated allowed 

direct transitions with energies in the range 0.96-1.01 eV.46 F. O. Adurodija et al. carried 

out the characterization of co-sputtered Cu-In alloy precursors for CIS thin films 

fabrication by close-spaced selenization. The co-sputtering technique for producing Cu­

In alloy films and selenization within a close-spaced graphite box resulting in quality CIS 

films was developed. Very In-rich films yielded the ODC compound with small crystal 

sizes whilst slightly In-rich or Cu-rich alloys yielded single phase CIS films with dense 

crystals and sizes of about 5 !lm. Film resistivity varied from 10-2_108 n cm. The films 

had compositions with CulIn of 0.40-2.3 and Se/(Cu+ln) of 0.74-1.35. All CIS films 

with the exception of very Cu-rich ones contained high amount of Se (>50%).47 Tooru 

Tanaka et al. studied the effect of substrate temperature on properties of thin films 

prepared by RF sputtering from CIS target with Na2Se. The copper content was found to 

decrease with increasing the substrate temperature, and the band gap of the thin films 

became large, suggesting the formation of CuIn3Ses structure. The reduction of copper 

content was presumed to be due to the surface reaction during the growth. The effect of 

8 MeV electron irradiation on electrical properties of CIS thin films were also studied. 

The n-type CIS films in which the carrier concentration was about 3x 10 16 cm -', were 

epitaxially grown on a GaAs(O 0 I) substrate by RF diode sputtering. No significant 

change in the electrical properties was observed under the electron fluence < 

3 x 1 016 e cm-2
• As the electron fluence exceeded 1017 e cm -2, both the carrier 

concentration and Hall mobility slightly decreased. The carrier removal rate was 

estimated to be about 0.8 cm-I, which was slightly lower than that of Ill-V compound 

materials.48.49 J. Muller et al. studied the composition, structure and optical properties of 

sputtered thin films of CIS. Results of EDAX analysis revealed that the sputtered films 

",.ere near to stoichiometry tor substrate temperatures TSub not exceeding 200°(.' XRD 

patterns indicated that the films exhibited some pattern similar to that of bulk crystals of 

tetragonal chalcopyrite, predominantly (112) oriented. The band gap Eg, estimated from 

optical ahsorption data. was hctwccn 0.6-1.08 eV, depending on sputtering conditions 
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such as substrate temperature and bias voltage. High optical absorption coefficients 

(> 104 cm - I) were found. 5o 

(;;iJ Laser ablation 

Yoshida et a\. prepared CIS thin films with large grain by XeCI excimer laser ablation on 

glass substrates. The deposition was carried out at 550°C and the target-substrate distance 

was changed from IS to 60 mm. All films showed the single-phase and stoichiometric 

chalcopyrite structure, independent of the distance. The deposition rate was large with the 

small distance. The electrical conductivity measurements gave p-type conduction, and the 

mobility was improved with the smaller distance. 51 V. V. Kindyak et a\. studied the 

optical transitions in laser-evaporated CIS thin films. The optical absorption coefficients 

of highly oriented laser-evaporated thin films were determined from the measured 

reflectance R(A.) and transmittance T(A.) in the wavelength range 400-1700 nm. The 

optical absorption spectrum of CIS thin films showed three energy gaps, which were 

associated with the fundamental edge and valence band splitting by the tetragonal crystal­

field and spin-orbit etfects, and four optical transitions from the Copper d levels to the 

conduction bands.52 S. Kuranouchi et a!. studied the annealing effects of CIS films 

prepared by pulsed laser deposition. The composition of annealed films was Cu-rich and 

no significant loss of Selenium was observed. The liquid (CuxSe)-solid (CIS) growth 

mechanism was suggested and the CIS grain growth was enhanced.53 A. Tverjanovich et 

a!. prepared CIS thin films by UV laser ablation.54 

(iv) Rapid Thermal Processing (RTP) 

W Riedl et a\. analyzed the surface microstructure of CIS thin films produced by rapid 

thennal processing by scanning tunneling microscopy and spectroscopy in ambient air. 

Although the bulk material of all samples investigated was p-conductive, abrupt changes 

of the conductivity type of the surfaces from p- to n-type were observed as a function of 

the overall ClI/ln ratio. The dominant current flow direction in slightlv eu-rich thin film 

bUlk material was associated with p-type conduction. whereas In-rich samples exhibited 

largely n-type conductivity at the surface.') V Albcrts et a!. studieu the material 
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properties of CIS prepared by rapid thennal treatment of metallic alloys in H2Se/Ar. 

Selenization at temperatures around 400°C resulted in a sharp increase in Cu/In atomic 

ratio due to the loss of lndium from the samples. Homogeneous and dense films were 

fonned without Cu-rich binary phases in the case of samples which were rapidly heated 

and selenized at temperatures around 400"C.56 J. Keranen et al. studied the etfect of 

sulfurization on the microstructure of chalcopyrite thin-film absorbers. Rapid thermal 

processing in H2S atmosphere with processing temperatures ranging from 350 to 550°C 

was used to sulfurize the absorber. A non-unifonn and porous surface reaction layer was 

evident in the CIS and CIGS structures after the RTP. The CIGS structure had a tendency 

towards a phase separation, whereas, the CIS films exhibited mixed sulfoselenides, 

CuIn(Se,-,S,)2, where x varies. In order to improve the device perfonnance, the formation 

of two distinct phases should be avoided during the sulfurization processing.57 

(v) MOIwcrystalline CIS 

CIS single crystals were also well studied. S Niki et al. studied the effects of annealing on 

CIS films grown by molecular beam epitaxy on GaAs (0 0 1) at substrate temperatures of 

Ts = 450-500°C and the effects of annealing under various atmospheres. An epitaxially 

grown In203 phase was found both in Cu-rich and In-rich films annealed at TA =350°C, 

which was not observed in the films annealed in Ar atmosphere. Thermodynamic 

calculations based on the Cu-In-Se-O-N system showed In203 to be the most stable phase 

in good agreement with the experimental results.58 K. Yoshino et al. studied the 

temperature dependence of photoacoustic spectra in CIS thin films grown on (0 0 1)­

oriented GaAs substrate by molecular beam epitaxy (MBE) at substrate temperature of 

Ts, = 450°C. The samples were characterized by means of piezoelectric photoacoustic 

(PPA) measurements between liquid helium (4.2 K) and room temperature (300 K). Two 

distinct PPA signals due to band gap of CIS and GaAs were observed in the whole 

temperature range from 4.2 to 300 K and the PPA signals of CIS decreased at the 

temperature range. Since the PPA signals of CIS thin tilIllS wuld be obtained up to room 

temperature. the PPA mcasuremcnts wen: quite elfective to ohtain the optical 

characterizations, especially for the 110n-radiative recombination processes.5
'J A. N. 
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Tiwari et al. carried out a review on heteroepitaxy of CulnxSey. Molecular beam epitaxy 

has been used to grow heteroepitaxial CulnxSey layers on Si and GaAs substrates. Layers 

of different CulIn ratios have been grown to study the formation of different phases such 

as CIS chalcopyrite (a-phase) and defect-chaJcopyrite/stannite phases (~-phase) in this 

material system. An interfacial CuSexSiy layer is formed during the growth of CulnxSey 

on Si. In the case of GaAs substrates, Ga from the substrate diffuses into the CulnxSey 

and a quaternary compound Cu(1n,Ga)xSey is formed at the interface.60 James H. Ely et al. 

characterized epitaxial Cu-In-Se thin films using Raman spectroscopy. Epitaxial 

chalcopyrite alloys (CIS (00 I) and Culn3Ses (00 I» were fabricated with varying 

compositions and thicknesses on GaAs (001) substrates using a simple physical vapour 

deposition method. All of the spectra were dominated by the Alcr l
CI

) [Wd) non-polar 

optical mode at 172 cm -I for CIS and 152 cm -I for the Culn)Ses phase. In addition, 

Raman spectra for the thinner layers indicated that these films were under compressive 

stress due to the lattice mismatch between the films and the substrate.61 Tooru Tanaka et 

a\. prepared CIS by epitaxial growth and studied the effect chlorine ion implantation on 

electrical properties. The conductivity type in all implanted tilms was n-type and the 

carrier concentration was increased with increasing Cl concentration in the films. Cl acts 

as a donor in CIS.62 

A. Zegadi et al. performed photoacoustic study on the effect of Se content on defect 

levels in CIS single crystals.63 Champness et a\.prepared monocrystalline CIS by vertical 

Bridgman technique with non-stoichiometric proportions of the starting elements Cu, In 

and Se. With stoichiometry or an excess of Se the ingots were p-type. With a deficiency 

of Se, n-type conductivity was obtained but with binary phases such as InSe present in 

the last zone of the ingot.M H. P. Wang et al. reported studies on monocrystalline CIS and 

Culn3Ses in photovoltaic cells using monocrystalJine CIS as a substrate. Pre-annealing 

the substrate in argon at 350°C for about 2 h improved photovoltaic performance. 

Measurements of Auger protiles in the first 200A or so of annealed and unannealed 

Illonocrystalline samples indicated 110 C\ idence of the formation of an ove near the 

slllface during the heat-treatment process.',5 Champncss et al. also studied the effect of 



Chapter 1 28 

annealing of monocrystalline CTS samples. In monocrystalline p-type CIS samples, with 

a room temperature hole concentration of approximately 1017 cm-3
, partial type­

conversion was observed to take place after heat-treatment at 500°C in argon at 

atmospheric pressure. The depth of the outer n-Iayer in the original p-type material, as 

determined by hot probing and etching, increased approximately as the square root of the 

annealing time.66 K. Timmo et aI. studied CIS monograin growth in the liquid phase of 

potassium iodide. All the grown powder materials with narrow-disperse granularity were 

chalcopyrite CIS. The grown crystallites had tetrahedral shapes and homogeneous 

composition. Particle size distribution was used to describe the growth process. The 

activation energy of linear gro~1h of crystals was Ed = 0.25 ± 0.05 eV, and the power of 

time dependence of the crystal growth was Iln = 0.26 ± 0.06. The solubility of CIS in KI 

at 990 K was 0.17 ± 0.05 wt. %. The solubility of potassium and iodine in CIS at 990 K 

was 0.094 wt. %, and 0.0086 wt. %, respectively. As a result, homogeneous p-type CIS 

monograin materials were synthesized in KI solvent.67 

1.15.2 Non-vacuum processes 

Non-vacuum processes are attractive for reducing the high initial cost of physical vapour 

deposition processes. CBD, electroless deposition, ink coating, CSP, MOCVD and 

SILAR are considered as the non-vacuum processes in CIS deposition. 

(i) Chemical Bath Deposition (CBD) 

P.K.Vidyadharan Pillai fabricated CIS/CdS solar cell completely by CBD and 

characterization was performed. An efficiency of 3.1 % was obtained for this CBD cell .68 

Bindu et al. prepared CIS thin films combining CBD and PVD in which Se was deposited 

using CBD and Cu and In using PVD. In this work, Se precipitate remaining in the bath 

after deposition of Se film was recovered for the use as starting material for further 

d 
. . 69 eposltlon process. 

(ii) Electrodepositiol1 

Pallk.u Garg et al. studied the growth and characterization of electrodeposited CIS thin 

films from seleno-sulphate solution. TIle films deposited at a deposition current density 
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of J= 1.1 mAlcm2 with InCI,{l5.12mM) content in the bath mixture and at J= 

0.8mA/cm2 with InCI, (18.6 mM) content have a stoichiometric cha\copyrite structure 

with cia - 1.97. Electrical measurements showed that deposited films were p-type and had 

a resistivity of about 5 x 103 n cm.70 N Khare et al. studied the photoelectrochemical, 

electrolyte, electroreflectance and topological characterization of eJectrodeposited CIS 

films. n-type CIS thin films were obtained by electrodeposition from a chloride bath 

containing Se02 and annealed at different temperatures in N2 plus either 5% H2 or a few 

parts per million O2• When the heat treatment temperature was increased, the band gap 

decreased from about 1.07 to 0.98eV.71 S. R. Kumar et al. developed a nonaqueous 

method to electrodeposit Cu-In alloy precursor for n-CIS films. Flash annealing of the 

stacked Cu-In alloy/Se layers had been used to prepare CIS films and the flashed n-CIS 

films had a cha\copyrite structure with strongly oriented (112) planes.72 A. N. Molin et 

al. prepared CIS thin flms by electrodeposition fj·om citric aqueous solutions containing 

eu, In and Se. It was shown that the chemical reaction determining the common rate of 

electrodeposition was Se02
-) reduction by metallic copper.73 H. P. Fritz et al. developed 

a novel method for the electrodeposition of the metallic grey hexagonal modification of 

selenium using the system. Se[(EtOhPS212/n-B14NBF.j/chlorobenzene with simultaneolls 

illumination of the cathode. 74 R. Pal examined the variation of trap state density and 

barrier height with Cu/ln ratio in CIS films. The density of trap states in the 

intercrystalline region ofthe films was found to increase with increasing Cu/In ratio. The 

effect of illumination on the grain boundary barrier height was studied and this indicated 

that the grain boundalY charges are depleted by sub-band gap photons resulting in the 

reduction of the barrier height with increase of illumination level.75 S. Jost et at. studied 

the formation of CIS thin-film solar cell absorbers by laser annealing of electrodeposited 

precursors. All absorbers processed with laser or furnace annealing consisted of 

crystalline CIS in the chalcopyrite clystal structure with a high degree of cation disorder. 

Laser annealing did not lead to unintentional selenium loss during the scmiconductor 

formation process.
cll 

S. Nakamura et al. studicd the l!iectrodeposition of eu-In-Se films 
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with an aqueous solution containing CuCh, InCb and Se02, in terms of composition 

control of deposited films for the preparation of CIS. 77 

Shalini et al. developed a novel approach to prepare CIS-based thin-film photovoltaic 

cells. Cells were constructed using n-type CIS with a concentrated effort on the synthesis 

of n-CIS thin-film absorber. They also aimed at the electrochemical conversion of CIS 

surface to a semi-insulating, lattice-matched Culn,Seylz transition layer and a semi 

conducting p-CulSe3 window.78 C. Guillen et al. analyzed the improvement of the optical 

properties of electrodeposited CIS thin films by thermal and chemical treatments. In 

order to eliminate the semi metallic phases and to improve the semiconductor behaviour 

of the electrodeposited material, thermal and chemical treatments were performed. After 

heat-treatment of the samples at 400°C in flowing argon. elemental Selenium loss has 

been detected together with an enhancement of the allowed direct optical transition. The 

subsequent chemical etching of the layers in a KCN solution showed to be successful in 

eliminating the copper selenide phases which were responsible of the remaining sub-band 

gap absorption.79 P.P. Prosini et al. carried out electrodeposition of Copper-Indium alloy 

under diffusion-limiting current control. The relationship between the ratio of Cu2
+ to In3

+ 

in the solution and the met al. ratio in the deposited film was investigated. In order to 

avoid the use of complexing agents, the stoichiometry of the Copper-lndium alloys was 

controlled by electrodepositing them under diffusion-limiting current.80 S.N. Qiu et al. 

carried out the diffusion length measurements on electrodeposited CIS cells. The 

diffusion length of the CIS with an acceptor concentration less than 2 x 10 16 cm,3 was not 

very sensitive to the variation of concentration. The diffusion length of the order of 0.52 

/lm was obtained at 1.2 /lID wavelength which was closer to the value 0.6 /lm for 

evaporated CIS.sI A. M. Fernandez et aI., performed the characterization of co­

electrodeposited and selenized CIS (CIS) thin films. As-deposited as well as selenized 

tilms exhibited a compact or a granular morphology depending on the composition. The 

film stoichiometry \vas improved after selenization at 550°C in a tubular fumace. H2 

A.M.Fcmandez et al characterized co-electrodeposited and selenized CIS thin tilms. The 

films were formed with a mixed composition of binary as well as temary phases.x3 E. 
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Tzvetkova et al. prepared CIS thin films by one-step electrodeposition process. The 

deposition was done in potentiostatic regime from an original electrolyte containing Cu', 

In3", Se4 
.. ions and thiocyanate as a complexing agent. It was established that Se treatment 

was more effective than the annealing in Ar in addition to crystallite size.84 N. Stratieva et 

at. prepared CIS by electrodeposition from a thiocyanate electrolyte with a complexing 

agent. The annealing in Ar ambient did not influence the composition of the layers 

considerably but improved the crystalline structure.8S R. P. Raffaelle et al. carried out 

scanning tunneling microscopic analysis of electrodeposited CIS nanoscale multilayers. 

Altemating layers of two different compositions based on the Cuxln2-xSe2 system were 

potentiostatically deposited. These nanometer-scale layers were used to fonn reduced­

dimensionality structures such as superlattices that could be used in concentrator solar 

cells.8
C> A. M. Femandez et al. on the characterization of electrodeposited and selenized 

CIS thin films. The selenization process was carried out using chemical vapour transport 

by gas (CVTG). The film stoichiometry improved after selenization at 550°C.87 A.A.I.AI­

Bassam prepared CIS by electrodeposition. A structural transition from chalcopyrite to 

sphalerite was observed on the electrodeposited CIS, when the composition of the thin 

films was varied from a quasi-stoichiometry to In rich. Quasi-stoichiometric CIS thin 

films were obtained in the chaicopyrite structure with grain sizes of the matter of 

O.06f.lm.
88 L. Zhang et al. studied the fonnation of CIS and Cu(ln,Ga)Se2 films by 

electrodeposition and vacuum annealing treatment. All the as-deposited films were 

annealed in vacuum at 450°C for a short time to improve the crystalline properties. The 

crystallization of the films was greatly improved after annealing. Further more, a CIGS 

film with 23 at% Ga was obtained.8
<i 

J.L.Xu et al studied influence of vacuum annealing process on electrodeposited CIS 

films. Crystallization of the films was greatly improved by fast annealing process without 

significant change in composition. The samples were p-type. Annealing after 

electrodcposition was proved to be lIsefulmcthod to prepare polycrystalline CIS films for 

solar cell application.(11) M. E. Calixto et al. performed the Depth profile analysis of CIS 

thin 1ilms grO\",n by the electrodeposition technique. The electrodeposited CIS film had Cl 



Chapter 1 32 

Cu-rich bulk region and an In rich surface, which led to the formation of an n-Iayer 

(Culn2Se35) on the top of the p-type CIS phase.91 R. Ugarte prepared CIS polycrystalline 

thin films by electrodeposition on titanium and conducting glass substrates from an 

aqueous solution containing CuCh, InCh, Se02 in a glycine acid medium, pH around 2 

adjusted with HCI.92 M. C. F. Oliveira et al. performed a voltammetric study of the 

electrodeposition of CIS in a citrate electrolyte. The electrode reactions occurring on a 

Mo surface and on a Mo-modified surface, i.e. presenting indium-compound nucleation 

sites (CuxlnySe or InySe) were not the same. The presence of these nucleation sites was 

responsible for the non-reduction of CuxSe on the electrode. The effect of the CIS 

substrate on the reduction potential of Cu2
', In3• and Se4

+ in separate citrate solutions was 

examined. Evidence was given for the copper and indium deposition by a surface­

induced deposition mechanism and for the CuxSe formation by a co-deposition 

mechanism.93 J. L. Xu et al. studied the influence of the vacuum annealing process on 

electrodeposited CIS films. The crystallization of the films was greatly improved by the 

sh0l1 time vacuum annealing process without significant change in composition. The 

capacitance-voltage measurement showed characteristic p-type behaviours. This 

annealing process after electrodeposition was proved to be a useful method to prepare the 

polycrystalline CIS films for solar cell application.94 M. E. Calixto et al. studied the 

compositional and optoelectronic properties of CIS and CIGS thin films formed by 

electrodeposition. As-deposited as well as selenized films exhibited a compact or a 

granular morphology depending on the composition. The film stoichiometry was 

improved after selenization at 550°C in a tubular furnace. The films were formed with a 

mixed phase composition of CIS and Culn2Se3.5 ternary phases.95 J. Huang et al. studied 

the Formation of CIS thin films on flexible substrates by electrodepositioll (EO) 

technique. Ternary compounds were co-deposited on Au coated plastic substrate from an 

aqueous acidic solution containing I mM CuCh, 5 mM InCh and I mM SeO~ adjusted to 

pH=I.65. It was found that the film stoichiometry improves when the growth solution 

consisted of I M triethanolamine (TEA) and 0.1 M Na-citrate. The optimal ED-ClS film 

was obtained after annealing at 150°C for I h in a nitrogen (N 2) atmosphere. Optical 
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absorption study showed that the energy gap of the annealed material was 1.18 e V. Good 

and reliable quality ED-CIS film was grown with the potential use in fabricating flexible 

solar cells.96
. K. T. L. De Silva et al. carried out electrodeposition and characterization of 

CIS for applications in thin film solar cells. Cu composition remained the same within the 

deposition potentials used in this investigation. The deposited layers were polycrystalline 

and annealing at 350°C tor 30 min improves the crystallinity. The film quality 

deteriorated due to dissociation when annealed at temperatures above 350°C. Excessive 

annealing resulted in a surface which was depleted in Cu and rich in In and Se.97 C. 

Guillen et al. studied the recrystallization and components redistribution processes in 

electrodeposited CIS thin films. The obtained data reveal the importance of oxygen 

interaction with CIS layers at temperatures above 400°C, by resulting in a clystalline 

In203 phase which remains in the film near-surface region and a poor crystalline CuxSe 

which migrates towards the bulk. Such components redistribution allows overall 

stoichiometric layers to approach the characteristics of global Cu-rich ones and achieve 

the highest CIS recrystallization.98 J. Kois et al. carried out Electrodeposition of CIS thin 

films onto Mo-glass substrates. It was found that the value of indium and copper ratio 

(In/Cu) in the films electrodeposited in the potentials area from - 0.2 to - 0.6 V (vs. 

SCE) was independent of the concentration ratio of Cu2~/ln3+. At the same time, the 

concentration of Indium in the films obtained was detennined both by the deposition 

potential and the ratio ofSe(lV)/Cu2
> in the solution.99 

(iii) Electroless depo;ition 

P. J. Sebastian et al. studied the Formation of CIS thin films by se\enization, employing 

CVTG, of electroless deposited Cu-In alloy. This process consisted of Cu-In alloy 

deposition by electroless followed by high temperature selenization of the alloy 

employing CVTG. The alloy phase consisted mainly ofeullIn!) alloy. Se1enization of the 

alloy at 400°C resulted in the formation of cubic CIS with alpha-Cu2Se as the secondaIY 

phase. 100 Philip A. Jones et al. carried out the plasma enhanced chemical vapour 

deposition ofGS. Thin films with compositions around the Cu:ln:Se stoichiometric ratio 

1: 12 were grown using a glow discharge enhanced CVD process.")] B Ghosh ct al. 
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introduced a novel back-contacting technology for CIS thin films. Electroless deposition 

of a Nickel-Molybdenum alloy on chromium-coated glass substrates was carried OUt.
I02 

Manjunatha Pattabi et al. carried out preparation and characterization of CIS films by 

electroless deposition. The deposition bath consisted of aqueous solutions of copper 

chloride, indium chloride, selenous acid and lithium chloride. The pH of the bath was 

adjusted to 2.2 by adding dilute HCI. The Mo substrate was short-circuited with the 

aluminum counter electrode for the electroless deposition. I 03 

(iv) Ink coating 

G. Norsworthy et al. prepared CIS film by metallic ink coating and selenization. The 

technique used an ink fonnulation containing sub-micron size particles of Cu-In alloys. 

A metallic precursor layer was first fonned by coating this ink onto the substrate by 

spraying. The precursor film was then made to react with Se to fonn the CIS 

compound. 104 M. Kaelin et al. prepared CIS and CIGS layers from selenized nanoparticle 

precursors. The chemical conversion (selenization) of nanosized precursor materials into 

CIS and Cu(ln,Ga)Se2 compounds and microstructural properties of these layers were 

investigated. Three categories of nanoparticles, namely metal-oxides, metal-selenides and 

elemental metal particles were selenized in selenium vapour. Using two different reactor 

designs, the influence of the selenium vapour pressure was investigated. While oxide and 

selenide precursors showed limited sintering and chemical conversion, dense CIS layers 

with large grains (1-2 Ilm) were obtained with metal precursors. I05 

(v) Chemical Spray Pyrolysis (CSP) 

Tomoaki Terasako et al. studied the structural and optical properties of In-rich Cu-In-Se 

polycrystalline thin films prepared by chemical spray pyrolysis. Structural and optical 

properties of In-rich Cu-In-Se polycrystalline thin films (O.S4<In/(Cu+Tn)<O.78) 

prepared by chemical spray pyrolysis (CSP) on glass substrate were systematically 

studied in temlS ofln/(Cu+ln) ratio. Lattice constants a and c of the tilms decreased with 

increase of In/(Cu+ln) ratio. The films exhibited a characteristic Raman peak shifting 

higher frequencies as the In/(ClI+ln) ratio increases. Optical band gap energy was 
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approximately 1.22 eV for 0.54<ln/(Cu+ln)<0.67, but increased from 1.22 to 1.36 eV 

when the InI(Cu+ln) ratio increased from 0.67 to 0.78. Photo acoustic measurements 

revealed the existence of high concentration of non-radiative centers introduced by the 

deviation from the stoichiometric composition. lOb Tomoaki Terasako analyzed the three­

stage growth of Cu-In-Se polycrystalline thin films by chemical spray pyrolysis. The 

films grown at substrate temperature (T.) of 420°C exhibited larger grains in comparison 

with the Cu-In-Se films grown by the usual CSP method. Optical gap energy was 

approximately 1.06 eV for 360°C and 420 QC, but increased dramatically from 1.06 to 

1.35 eV when the substrate temperature rose from 420 to 500°C. Conductivity type was 

p for T s<420 QC, but n for T s>420 °C.107 It is obvious that, in this technique band gap can 

be increased upto 1.36eV without alloying AI, Ga or Sulfur. 

(vi) Metal Organic Chemical Vapour Deposition (MOCVD) 

Seok Hwan Yoon et al. prepared CTS thin films through MOCVD using di-~l­

methylselenobis( dimethylindium) and bis( ethylisobutyrylacetato) copper(II) precursors. 

First, phase pure InSe thin mm was prepared on molybdenum substrate by using a single­

source precursor, di-~L-methylselenobis(dimethylindium). Second, on this InSelMo film, 

bis(ethylisobutyrylacetato) copper(lT) designated as Cu(eiach was treated by MOCVD to 

produce CIS films. The thickness and stoichiometry of the product films were found to be 

easily controlled in this method by adjusting the process conditions. Also, there were no 

appreciable amounts 6f carbon and oxygen impurities in the prepared CIS films. I08 

Mi) Successive Ionic Layer Absorption and Reaction (SILAR) 

Yong Shi et al. studied the effects of post-heat treatment on the characteristics of 

chalcopyrite CIS film deposited by SILAR method. XRD results showed that the proper 

post-annealing process can lead to a complete formation of chaJcopyrite structure CIS 

with high degree of preferred orientation towards (112) reflection. After annealing 

process, the composition of annealed films was close to the standard stoichiometry and 

0, Cl impurities decreased. The direct band gap increased from 0.94 to 0.98 eV and 

resistivity showed a big decrease with the increase of annealing temperature. 109 .Iingxia 
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Yang et al. investigated the effect of cationic precursor solutions on formation of CIS thin

films by SILAR method. SILAR deposition of CIS films was performed by using Cu" ~

TEAH, (Cupric chloride and triethanolaminc) and In"~CitNa (Indium chloride and

sodium citrate) chelating solutions with weak basic pH as well as Na,SeS03 solution at

70 "C. Well-crystallized, smoothly and distinctly particular CIS films could be obtained

after annealing in Ar at 400 "C for I h by using the mixed cationic solution mode. I ID

1.15.3 Defect studies

Defect plays an important role in governing the opto-electronic properties of CIS. Defect

analysis was mainly done using Photoluminescence and temperature dependant

conductivity studies.

C.Rincon et al. made studies on luminescence and impurity states in n-type CIS and three

peaks were observed at 0.98eV, 0.9geV and 1.013eV. The main peak at 0.98eV was due

to the donor-acceptor pair recombination. Peak at 1.013eV was due to Se vacancy and at

0.9geV due to In vacancy. Acceptor ionization energy was 33±2 meV and donor

ionization energy was 10±2 meV. 11I S Zott et al. identified the observed luminescence as

due to the donor-acceptor pair transition including the acceptor Vc« and two donors Vs,

and In-, from excitation-intensity and temperature dependant measurements. m 1. H.

Schon et al. demonstrated sharp transitions for Cu-rich films compared to broad emission

lines for In-rich materials. Cu-rich materials were characterized by four relatively sharp

emission lines at 1.036 eV, 0.993 eV, 0.971 eV and 0.942 eV at 6 K. As the composition

was gradually changed from Cu rich to stoichiometric compositions only one broad

emission line could be observed at 0.964 eV, which corresponds to a donor-acceptor pair

transition. In the case of In-rich material (Cu/In atomic ratio~0.3-0.6), three dominant

transitions were observed at 1.10 eV, 0.975 eV, and 0.89 eV. The observed spectra are

explained by considering the formation energics of the defects and the composition of the

specific film.'!" O. Ka et al. investigated post-growth Cu-diffusion in In-rich CIS films

through photoluminescence and explained a transition from the commonly observed

broad band around 0.94 eV to a much sharper peak around 0.985 eV under low excitation
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density. This recombination appeared at a slightly but definitely larger energy than the

recombination usually reported around 0.96 eV. The excitation power dependence led to

ascribe the peak observed to a donor-acceptor be [Cu.j-Cu.jpair band, as evidenced by

the 2.5 meV Idecade shift of the peak-energy and thc temperature-dependence of the

photoluminescence signal.'14 S. Niki et al. studied the anion vacancies in CIS. The

presence of the Cu-Se surface phase, the post-growth air-annealing and the Na

incorporation all provided significant changes in photoluminescence spectra. Decrease in

positron lifetime and reduction of twin density were found to occur simultaneously, along

with the changes in photoluminescence spectra. Change in photoluminescence spectra

and the corresponding decrease in positron lifetime indicated the annihilation of Se­

vacancies; the control of Se-vacancy is a key issue to be addressed for improving the

electrical, optical and structural properties of CIS films. ll5

Shigeru Niki et al. measured the photoluminescence of CIS film prepared usmg

molecular beam epitaxy. PL spectra of Cu-rich CIS epitaxial films showed well-defined

emission lines. A broad peak at le = 1.45 J.UTI became dominant in In-rich films, and

excitation power dependence of such a broad emission indicated a pair-type radiative

recombination, most likely the emission due to donor-acceptor pair or their cornplex.i"

K. Timmo et al. studied the effect of sodium doping to CIS monograin powder properties.

Sodium was added in controlled amounts from 5 x 1016 cm- 3 to I x 1020 cm- 3. The

photoluminescence spectra of Na-doped stoichiometric CIS powders had two bands with

peak positions at 0.97 and 0.99 eV. The photoluminescence bands showed the shift of

peak positions depending on the Na doping level. Peak positions with maximum energy

were observed if added sodium concentration was I x 1019 cm- 3 This material had the

highest carrier concentration 2 x 1017 cm- 3 In the case of stoichiometric CIS

(Cu:In:Se = 25.7:25.3:49.0), Na doping at concentrations of 3 x 1017 cm- 3 and higher

avoided the precipitation of Cu-Se phase. Solar cells output parameters were dependent

on the Na doping level. Sodium concentration 3 x IOIR cm-1 resulted in the best open­

circuit v·oltage. 1J7 K.Puech et a1 determined minority carrier lifetimes in CIS thin films.

Luminescence at two distinct spectral positions was observed: A high energy emission.
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attributed to free carrier or free exciton recombination (depending on composition), that 

decayed extremely fast with a lifetime of tens of picoseconds to a few nanoseconds; a 

lower energy emission from defect related recombination that decayed much more 

slowly, with typical lifetimes greater than tens of nanoseconds. 1I8 

R.Trykozko studied photoelectrical properties of CIS thin films prepared using flash 

evaporation and beam evaporation. Films showed p-type conductivity. Activation energy 

of photoconductivity did not exceed 30meV. But in the dark conductivity curve, there 

were two regions with activation energies of 81 and 190 me V respectively. These were 

attributed to an acceptor level due to In vacancies or interstitial Se. 119 Wasim et 

al.prepared CIS from vacuum fusion of the stoichiometric mixture of highly pure 

elements. Both nand p-type samples were prepared. Three donor levels at 8, 80 and 

180meV were attributed to Incu, Vs. and In; respectively. The acceptor levels around 30, 

80 and 400meV were due to VCu, VIn or CUIn and Fe2+In respectively.120 Datta et al. 

calculated activation energies from TSC measurements. They obtained three energy 

levels 35, 45 and 100 meV and were associated with intrinsic defects. Room temperature 

resistivity was 105 !lcm.nI Masayuki et al. studied photoluminescence of CIS films 

prepared using selenization technique with solid or vapour-phase selenium. PL spectra 

could be explained by the levels: the donor level of Se vacancy (VSe), 70 meV below the 

conduction band, the acceptor levels of the copper vacancy (V cu), 40 meV and 85 meV 

above the valence band, the In vacancy (V In ) 40 meV above the valence band and copper 

on the antisite at indium (Cu), 40 meV above the valence band. m J. H. Schon et al. 

carried out a comparison of point defects in CIS and CuGaSe2 single crystals grown by 

chemical vapour transport. V Cu and V Se showed similar properties and activation energies 

in both materials. Gacu levels in CuGaSe2 are much deeper than Incu in CIS, and 

furthennore. the fonnation of Incu is much easier compared to Gacu. m A. V. Mudryi et 

al. carried out optical characterization of high-quality CIS thin films synthesized by two­

stage selenization process. For near stoichiometric films. intense band-ta-band 

recombination generated a room temperature PL peak at 1.028 eV with full width at half 

maximum (FWHM) of approximately 50 IlH':V. AI 78 K. the A and 13 free exciton peaks 
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appeared, in both PL and OA spectra, merged into a band at approximately 1.044 eV. The 

4.2 K-PL spectrum contains a number of features. The A and B excitonic peaks shift to 

1.0409 eV (A) and 1.0444 eV (B) and were well resolved in both the PL and OA spectra, 

with their FWHM reduced to 2.5 meV. Their spectral positions and FWHM are 

approaching those in high quality CIS single crystals. 124 

M. V. Yakushev et al. studied the effects of deviation from stoichiometry on excitons in 

CIS single crystals. The Culln ratio of the crystals varied from 0.8 to 1.2. At 4.2 K free­

exciton peaks A and B as well as a number of bound-exciton peaks were observed well 

resolved in the PL spectra. Deviations from CuJIn= I resulted in shifts of the free-exciton 

peaks to lower energy and an increase in their full width at half maximum. The A-B 

separation energy was found to be strongly influenced by the Cu/In ratio and temperature 

suggesting that the valence band B is less sensitive to the tetragonal distortion in the 

lattice than the uppennost valence band A. m N. Rega et al. analyzed the defect spectra 

in epitaxial CIS grown by MOVPE on GaAs (0 0 1) wafers The photoluminescence 

spectra for p-type Cu-rich ([Cu]/[In]> 1.05) CIS were dominated by one donor acceptor 

pair transition at 0.972 eV. For slightly Cu-poor and stoichiometric samples a free to 

bound transition at 0.992 eV is observed. Also an exciton emission could be detected at 

EFX=1.032 eV indicating a band gap of Eg=1.038 eV at 10 K. These results could be 

combined in a detect model for CIS containing two acceptors states with 40 and 60 meV 

and a compensating 6 meV donor state. 126 A. V. Mudryi et al. studied the free and bound 

exciton emission in CIS New values were determined for the band gap energy 

Eg=1.0459 eV and for the excitonic binding energy 5.1 meV in CIS at 4.2 K.127 Zeenath 

et al. studied the trap levels of p-type CIS samples. As prepared samples had two trap 

levels of activation energies 70.72meV and 40.5 meV due to presence of Se vacancy and 

Cu vacancy. For vacuum annealed samples, activation energies of 70.29 meV and 414 

meV were obtained due to the existence of Se vacancy and Fe impurity. In the case orai!" 

annealed samples 40.5meV and 103meV were obtained due to Cu vacancy.m .Iochen 

Klais et a!. performed calculation and experimental characterization or the defect physics 
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in CIS. This led to the assumption that the single defects VSe, VCu, CUln and the defect 

pair (2V cu-Incu) occur in the investigated specimens in considerable concentrations. m 

Table 1.4: Defect activation energies 

Defect 
Activation 
energy (meV) 

VIn 33,40 

Incu 8 

VSc 80,70 

Ini 180 

VCII 30,40,85 

CUln 80 
F 2-e In 400 

Table 1.4 gives a summary of the activation energy of the defects mainly 

observed in CulnSe2 thin films, derived from the above review. 

1.15.4 Effects ofNa and 0 

Incorporation of Na and 0 was found to produce beneficial effects in CIS solar cells, by 

passivating grain boundaries and increasing conductivity. Hence the effect of Na and 0 

on CIS has been the subject of study of many researchers. 

Su-Huai Wei et al. studied the effect of Na on the electrical and structural properties of 

eIS. It was showed that the main effect of sodium, either via direct substitution Na I"ll. or 

via the release of oxygen radicals and the subsequent Ovsc occupation, was to reduce 

intrinsic donor defects in CIS. When Na concentration was small, Na first eliminated Ineu 

defects, thus increased the effective hole densities. As the Na concentration increases to 

the level that most of the Inl'u defects have already been eliminated, it will start to remove 

the acceptor VCII , therefore reduces the hole density.Do David W Niles et aL observed the 

Na and 0 impurities at grain surfaces of CIS. It was proved that Na and 0 reside at grain 

surfaces and not in the grain interiors or CIS and improved the efficiency of CIS solar 
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cells.J3l Ryuhei Kimura et al. studied the photoluminescence properties of sodium 

incorporation in CIS and Culn)Se5 thin films. Enhanced grain growth and preferred 

(1 I 2) grain orientation as well as a decrease in resistivity with respect to undoped films 

were observed with sodium incorporation. Compensation was reduced due to the 

suppression of donor-type defects by the presence of Na.1J2 Yoshinori Nagoya, studied 

the role of sulfur incorporation into the surface of Cu(InGa)Se2 thin film absorber. The 

incorporated S was concluded to be elective to improve the p-n heterojunction quality 

due to the passivation of surface and grain boundary of CIGS absorber through the 

formation of a thin CIGSS surface layer. m 

Table1.5: Properties of CIS.I! 

. Formula CuInSez 

Molecular weight 336.28 

Density 5.77gfcm3 

Colour Grev 

Transition to sphalerite structure 810°C 

Melting temperature 986°C 

Symmetry Chalcopvrite 

Space group 142d-D~! 

Lattice parameters 

a 5.789A 

c 11.62A 

Thermal expansion co-efficient(at 
273K) 

(a axis) 8.32 x 10.6 
K"I 

(c axis) 7.89 x 10'(1 K'I 

Thennal conductivity 0.086 W cnf'K'! 

Specific heat 

Cl 7.67 x ](r~ K'I 
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C2 4.06 x 1O-6 K 2 

C3 4.3 x 10-9 K"3 

Debye temperature 221.9 K 

Microhardness012 face) 3.2 x 109 N/m2 

Compressibilitv 1.4 x 10-11 m2 N- I 

Dielectric constant 

Low frequency 13.6±2.4 

Hi~h frequency S.1±1.4 

Sound velocity (Ion~itudinal) 2.2 x 105 cms- I 

Electrical resistivity(polycrystalline 
films) 

ClI-rich O.OOlncm 

In-rich > 100ncm 

Mobility 

Electrons (n = 1014 - 1017 cm-3
) 100-1000(at 300K)cm2V- l s-1 

Holes (p = S X 1015 - 6 X 1016 cm-3
) 50-ISO (at 300K)cm2V-1 

S-I 

Effective mass 

Electrons 0.09 me 

Holes (heavy) 0.71 me 

(light) 0.092 me 

Energy gap (In-rich polycrystalline 
1.02 eV 

films] 

Temperature dependence of gap 
-2± 1 xl 0-4 eVK"1 

dE j / dT (77-300 K) 

Pressure dependence of gap 
2.Sxl0- 11 cV Pa- I 

dE.idP 



Photovoltaics: Energy for the next generation 43 

References 
Thin Film Solar Cells, Kasturi La! Chopra and Suhit Ranjan Das, Plenum press, New York, 

(1983) 

2 Physics of Solar Cells, Jenny Nelson, Imperial College Press, London (2003) 

3 Solar Cells and Their Applications, Larry 0 Partain, Wiley Interscience, New York (1996) 

4 Martin A. Green, Keith Emery, Yoshihiro Hishikawa, Wilhelm Warta, Prog. Photovolt: Res. 

Appl. 16 (2008)435 

5 www.nrel.gov.in 

6 R R King, 0 CLaw, K M Edrnondson, C M Fetzer, G S Kinsey, H Yoon, R A Sherif, N H 

Karam, Applied Physics Letters 90 (2007)183516 

7 Kyong Kon Kim, Jiwen Liu, Manoj Namboothiry, David L. C arro 11, Appl. Phys. Let!. 90, 

163511 (2007). 

8 Yu Ba, Yiming Cao, ling Zhang, Mingkui Wang, Renzhi Li, Peng Wang, Shaik M. 

Zakeeruddin & Michael Gratzel, Nature Materials, doi: 10.1 038/nmat2224 (2008) 

9 Photovoltaic Materials, Richard H Bube, Imperial College Press, London (1998) 

10 Practical Hand Book ofPhotovoltaics, Tom Makvart and Luis Castaner, EIsevier, UK, 2003 

11 A. Rockett, FL W. Birkmire, l. Appl. Phys. 70 (7) (1991) R81 

12 BOlent M. Basol, Vijay K. Kapur, Arvind Halani, Craig Leidholm, Solar Energy Materials 

and Solar Cells, 29( 2) (1993) 163 

13 BUlent M. Basol, Vijay K. Kapur, Craig R. Leidholm, Arvind Halani, Kristen Gledhill, Solar 

Energy Materials and Solar Cells, 43( 1 ) (1996) 93 

14 M. A. Martinez, C. Guillen, A. Morales, 1. Herrero, Surface and Coatings Technology, 148(1) 

(2001) 61 

15 C. 1. Huang, T. H. Meen, M. Y. Lai, W. R. Chen. Solar Energy Materials and Solar Cells, 82( 

4) (2004) 553 

16 D. Spemann, R. Deltschew, M. Lorenz, T. Butz. Nuclear Instruments and Methods in Physics 

Research Section B: Beam Interactions with Materials and Atoms, 219-220 (2004) 693 

17 H.Neumann. E.Nowak, B.Schumann. G.Kuhn. Thin Solid Films. 74 (1980) 197 

18 Neelkanth.G.Dhere, M.Cristina Lorenzo. Ramesh G.Dhere. Lawrence L.Kazmerski. solar 

cells, 13 (1984) 59 

19 M.Varela, J.L.Morenza. J.Esteve. J.M.Codina. J.Phys.D: Appl.Phys.17 (1984) 2423 



Chapter 1 44 

20 Mikihiko Nishitani, Takayuki Negami, Masaharu Terauchi, Takashi Hirao Jpn.J.AppI.Phys.31 

(1992) 192 

21 S. T. Lakshmikumar, A. C. Rastogi, Solar Energy Materials and Solar Cells, Volume 32(1), 

(1994) 7 

22 C.Guillen,J.Herrero. Solar Energy Materials and Solar Cells 73 (2002) 

23 C Calderon, G Gordillo, E Romero, W Bolanos and P BartoI o-Perez, phys.stat.sol(b)242, 

No.9 (2005) 1910 

24 Mario Gossla, William N Shafarman, Thin Solid Films 480-481(2005)33 

25 Sung Chan Park, Se Han Kwon, Jin Soo Song, Byung Tae Ahn, Solar Energy Materials and 

Solar Cells 50(1-4) (1998) 43 

26 T Schlenker, H W Schock, J H Werner, Journal of Crystal Growth 259 (2003)47 

27 M J Romero, K M Jones, J AbuShama, Y Yan, M M AI-Jassim, R Noufi, Appl.Phys.Lett 

83(4731) 

28 Akhlesh Gupta, Sho Shirakata, Shigehiro Isomura, Solar Energy Materials and Solar 

Cells, 32(2) (1994) 137 

29 S. 1. Castafieda, F. Rueda, Thin Solid Films 361-362 (2000) 145 

30 A H Moharram, I M AI-Mekkawy, A Salem, Applied Surface Science 191(2002) 85 

31 0 Rodriguez, W Bolanos, G Gordillo, phys.stat.sol(a)201, No.1 0 (2004) 2381 

32 A. Ashour, A. A. S. Akl, A. A. Ramadan, K. Abd EL-Hady, Thin Solid Films 467(1-2) (2004) 

300 

33 C. Guilh!n, J. Herrero, Solar Energy Materials and Solar Cells 73(2) (2002) 141 

34 F. Kurdesau, M. Kaelin, V. B. Zalesski, V. 1. Kovalewsky, V. F. Gremenok, E. P. Zaretskay~ 

A. N. Tiwari, Thin Solid Films 451-452 (2004) 245 

35 A. G. Chowles, 1. A. A. Engelbrecht, 1. H. Neethling, C. C. Theron, Thin Solid Films 361-362 

(2000) 93 

36 A. Brummer, V. Honkimaki, P. Berwian, V. Probst, 1. Palm, R. Hock, Thin Solid Films 

437(1-2) (2003) 297 

37 R. Caballero, C. Guillen. Solar Energy Materials and Solar Cells 86(1) (2005)1 

38 M.A. Contreras, K. Ramanathan, J. AbuShama, F. Hasoon, D.L. Young, B. Egaas, and R. 

Noufi 2005 Prog. Photovolt: Res. Appl. 13 209 

3<) C.M.Joseph, C.S.Menon. J.Phys.O.AppI.Phys. 34 C:WO I) 1143 

40 A.A.S.Akl. A.Ashour, A.A.Ramadan. K.Abd EI-lIady. Vacuum 61 (2001) 75 



Photovoltaics: E1Iergy for the 1Iext ge1leration 45 

41 M. Klenk, O. Schenker, V. Alberts, E. Bucher, Thin Solid Films 387(1-2) (2001) 47 

42 C.Gu i11en, J.Herrero, Vacuum 67 (2002) 659 

43 I Martil, J Santamaria, E Iborra, G Gonzalez-Diaz, F Sanchez -Quesada, lAppl.Phys. 62(10) 

(1987),4163 

44 P. Menna, A. Parretta, M. Pellegrino, L. Quercia, M. L. Addonizio, Solar Energy Materials 

and Solar Cells, Volume 35 (1994) 165 

45 Sang Deok Kim, Hyeong Joon Kim, Frederick Ojo Adurodija, Kyeog Hoon Y oon, Jinsoo 

Song, Joumal of the Korean Physical Society 35 (1999) S403 

46 J. Schmidt, H. H. Roscher, R. Labusch, Thin Solid Films, 251(2) (1994) 116 

47 F. O. Adurodija, S. K. Kim, S. D. Kim, J. S. Song, K. H. Yoon, B. T. Ahn, Solar Energy 

Materials and Solar Cells 55( 3) (1998) 225 

48 Tooru Tanaka, Toshiyuki Yamaguchi, Akihiro Wakahara, Akira Yoshida, Thin Solid Films 

343-344 (1999) 320 

49 Tooru Tanaka, Toshiyuki Yamaguchi, Akihiro Wakahara, Akira Yoshida, Ryoichi Taniguchi, 

Yatsuka Matsuda, Masatoshi Fujishiro, Solar Energy Materials and Solar Cells 75(1-2) (2003) 

115 

50 J. MUller, J. Nowoczin, H. Schmitt, Thin Solid Films 496(2) (2006) 364 

51 A. Yoshida, N. Tanahashi, T. Tanaka, Y. Demizu, Y. Yamamoto, T. Yamaguchi, Solar 

Energy Materials and Solar Cells 50( 1-4) (1998) 7 

52 V. V. Kindyak, A. S. Kindyak, V. F. Gremenok, A. A. Kutas, Thin Solid Films, 240(1-2) 

(1994) 114 

53 S. Kuranouchi, A. Yosbida, Thin Solid Films 343-344 (1999) 123 

54 A. Tverjanovich, E.N. Borisov, E.S. Vasilieva, O.V. Tolochko. I.E. Vahhi. S. Bereznev, Yu.S. 

Tveryanovich. Solar Energy Materials and Solar Cells 90(20) (2006) 3624 

55 W. Riedl, J. Rimmasch, V. Probst, F. Karg, R. Guckenberger, Solar Energy Materials and 

Solar Cells, 35 (1994) 129 

56 V Alberts, J H Schon, E Buzher, Journal of Applied Physics 84( 12) (\998) 

57 J. Keranen, 1. Lu, J. Barnard, 1. Stern er, J. Kessler, L. Stolt. Th. W. Matthes. E. 01550n, Thin 

Solid Films 387( 1-2) (200 I) 80 

58 S. Niki. I. Kim. P. J. Fons. H. Shibata. A. Yamada, H. Oyanagi, T. Kurafuji. S. Chichibu. H. 

Nakanishi Solar Energy Materials and Solar Cells 49( 1-4) (1997) 319 



Chapter 1 46 

59 K. Yoshino, T. Shimizu, A. Fukuyama, K. Maeda, P. J. Fons, A. Yamada, S. Niki, T. Ikari, 

Solar Energy Materials and Solar Cells 50(1-4) (\998) \27 

60 A. N. Tiwari, M. Krejci, F. -J. Haug, H. Zogg, Thin Solid Films 361-362 (2000) 41 

61 James H. Ely, T. R. Ohno, T. E. Furtak, A. J. Nelson, Thin Solid Films 371(1-2) (2000) 36 

62 Tooru Tanaka, Toshiyuki Yamaguchi, Takeshi Ohshima, Hisayoshi \toh, Akihiro Wakahara, 

Akira Yoshida, Solar Energy Materials and Solar Cells 75 (2003) 109 

63 A. Zegadi, M.V. Yakushcv, E. Ahmcd, R.D. Pilkington, A.E. Hill, R.D. Tomlinson, Solar 

Energy Materials and Solar Cells 41-42 (1996) 295 

64 168 C.H.Champness, LShilh, H.Du, Thin Solid Films 431-432 (2003) 68 

65 H. P. Wang, 1. Shih, C. H. Champness, Thin Solid Films 361-362 (2000) 494 

66 C. H. Champness, G. I. Ahmad, Thin Solid Films 361-362 (2000) 482 

67 K. Timmo, M. Altosaar, M. Kauk, J. Raudoja, E. Mellikov, Thin Solid Films 515( 15) (2007) 

5884 

68 Fabrication of CIS/CdS Thin Film Solar Cells By Chemical Bath deposition Technique and 

Characterization, Ph.D.Thesis, P.K.Vidyadharan Pillai, Cochin University of Science and 

Technology, March1997 

69 K Bindu, C Sudha Kal1ha, K P Vijayakumar, T Abe, Y Kashiwaba, Solar Energy Materials 

and Solar Cells 79(2003) 67 

70 34 Pankaj Garg, Archana Garg, A C Rastogi and J C Garg, J. Phys. D: Appl. Phys. 24 (1991) 

2026 

71 N Khare, G Razzini, L Peraldo Bicelli, Solar cells 31(1991)283 

72 S. R. Kumar, R. B. Gore, R. K. Pandey, Solar Energy Materials and Solar Cells, 26( 1992) 149 

73 A. N. Molin, A. I. Dikusar, Thin Solid Films 237(1-2) (1994) 72 

74 H. P. Fritz, P. Chatziagorastou, Thin Solid Films, 247(1) (1994) 129 

75 R. Pal, K. K. Chattopadhyay, S. Chaudhuri, A. K. Pal, Thin Solid Films, 247(1) (1994) 8 

76 S. Jost, R. Schurr, F. Hergert, R. Hock, 1. Schulze, A. Kirbs, T. VD/}, M. Purwins, J. Palm, I. 

Mys, Solar Energy Materials and Solar Cells 92(4) (2008) 410 

77 S. Nakamura, S. Sugawara, A. Hashimoto, A. Yamamoto, Solar Energy Materials and Solar 

Cells 50(1-4) (1998) 25 

78 Shal in i Menczcs, Appl.Phys.Lett.61 (13) (1992) 

79 C. Guillen, J. I ierrero, Solar Energy Materials and Solar Cells 43( I) (1996) 47 

SO P.P. Prosini, M.L Addonizio. A. Antonaia, S. Loreti, Thin Solid Films, 288( 1-2) (1996) 90 



Photovoltaics: Energy for the next generation 47 

-
81 S.N. Qiu, c.x. Qiu, 1. Shih, Applied Surface Science 92 (1996) 306 

82 81 A. M. Femandez, P. J. Sebastian, M. E. Calixto, S. A. Gamboa, O. Solorza, Thin Solid 

Films 298 (1-2) (1997) 92 

83 A.M.Femandez, PJ.Sebastian, M.E.Calixto, S.A.Gamboa, O.Solorza, Thin Solid Films 298 

(1997) 92 

84 E. Tzvetkova, N. Stratieva, M. Ganchev, 1. Tomov. K. Ivanova, K. Kochev, Thin Solid 

Films, 311(1-2) (1997) 101 

85 N. Stratieva, E. Tzvetkova, M. Ganchev, K. Kochev, I. Tomov, Solar Energy Materials and 

Solar Cells 45(1) (1997) 87 

86 R. P. Raffaelle, J. G. Mantovani, R. Friedfeld, Solar Energy Materials and Solar Cells 46(3) 

(1997) 201 

87 A. M. Fernandez, M. E. Calixto, P. 1. Sebastian, S. A. Uamboa, A. M. Hcrlllann, R. N. Noufi. 

Solar Energy Materials and Solar Cells 52(3-4) (1998) 423 

88 A.A.1.AI-Bassam,Physica B 266 (1999) 192 

89 L. Zhang, F. D. Jiang, J. Y. Feng, Solar Energy Materials and Solar Cells 80(4) (2003) 483 

90 J.L Xu,X.F.Yao,J.Y.Feng, Solar Energy Materials and Solar Cells 73 (2002) 203 

91 M. E. Calixto, P. J. Sebastian, Solar Energy Materials and Solar Cells 63(4) (2000) 335 

92 R. Ugarte, R. Sclu-ebler, R. C6rdova, E. A. Dalchielc, H. G6mez. Thin Solid Films 340( 1-2) 

(1999) 117 

93 M. C. F. Olive ira, M. Azevedo, A. Cunha, Thin Solid Films 405(1-2) (2002) 129 

94 J. L. Xu, X. F. Yao, J. Y. Feng, Solar Energy Materials and Solar Cells 73(2) (2002) 203 

95 M. E. Calixto, P. J. Sebastian, R. N. Bhattacharya, Rommel Nouti, Solar Energy Materials 

and Solar Cells 59(1-2) (1999) 75 

96 C. J. Huang, T. H. Meen, M. Y. Lai, W. R. Chen. Solar Energy Materials and Solar Cells 

82(4)(2004) 553 

97 K. T. L. De Silva, W. A. A. Priyantha, J. K. D. S. Jayanetti, B. D. Chithrani, W. Siripala, K. 

Blake, I. M. Dharmadasa, Thin Solid Films 382( 1-2) (200 I) 158 

98 C. Guillcn,.J. Iferrcro, Thin Solid Films 387(1-2) (2001) 57 

99 J. Kois, S. Berezncv. E. Mellikov, A. Opik, Thin Solid Films 511-512 (2006) 420 

100 P. 1. Sebastian, A. M. Fernandez. A. Sanchez. Solor Energy Millerials and Solar Cells, 39(1) 

(1995)55 



101 Philip A. Jones, Andrew D. Jackson, Paul D. Lkkiss, Richard D. Pilkington, Robert D. 

Tomlinson, Thin Solid Films, 238(1) (1994) 4 

102 B Ghosh, D P Chakraborty, M J Carter, Semiconductor Science and Technology, n( 1996) 

1358 

103 Manjunatha Pattabi, P. 1. Sebastian, X. Mathew, R. N. Bhattacharya, Solar Energy Materials 

and Solar Cells 63(4) (2000) 315 

104 G. Norsworthy, C. R. Leidhohn, A. Halani, V. K. Kapur, R. Roe, B. M. Basol, R. Matson, 

Solar Energy Materials and Solar Cells 60(2) (2000) 127 

105 M. Kaclin, D. Rudmann, F. Kurdesau, T. Meyer, H. Zogg, A. N. Tiwari, Thin Solid Films 

431-432 (2003) 58187 

106 Tomoaki Terasako, Yuji Uno, Tetsuya Kariya, Sho Shirakata, Solar Energy Materials and 

Solar Cells 90 (3) (2006) 262 

107 Tomoaki Terasako, Seiki Inoue, Tetsuya Kariya, Sho Shirakata, Solar Energy Materials and 

Solar Cells 91( 12) (2007) 1152 

108 Seok Hwan Yoon, Kook Won Seo, Seung Soo Lee, II-Wun Shim, Thin Solid Films 515(4) 

(2006) 1544 

109 Yong Shi, Zhengguo Jin, Chunyan Li, Hesong An, JijUll Qiu, Thin Solid Films 515(7-8) 

(2007) 3339 

110 Jingxia Yang, Zhengguo lin, Tongjun Liu, Chengjie Li, Yong Shi, Solar Energy Materials 

and Solar Cells 92(6) (2008) 621 

III C.Rincon, l.Gonzalez, G.Sanchez Perez, J.Appl.Phys 54(11),1983 

112 S lott, K Leo, M Ruckh, H W Schock, AppLPhys.Lett.68 (8), (1996) 

113 J. H. Schon, V. Alberts, E. BlIcher, Thin Solid Films, 301(1-2) (1997) 115 

114 O. Ka, H. Alves, I. Dimstorfer, T. Christmann, B. K. Meyer, Thin Solid Films 361-362 (2000) 

263 

115 S. Niki, R. Suzuki, S. Ishibashi, T. Ohdaira, P. J. Fons, A. Yamada, H. Oyanagi, T. Wada, R. 

Kimura, T. Nakada, Thin Solid Films, 387(1-2) (2001) 129 

116 Shigeru Niki, Yunosuke Makita, Akimasa Yamada, Akira Obara, Osamu Igarashi, Syunji 

Misawa, Michihiro Kawai. Hisayuki Nakanishi, Yutaka Taguchi, Noboru Kutsllwada, Solar 

Energy Materials and Solar Cells, 35 (1994) 141 

117 K. Timmo, M. Altosaar, .I. Raudoja, E. Mellikov, T. Varcma. M. Danilson, M. Grossberg, 

Thin Solid Films 515( 15) (2007) 5887 



Photovoltaics: Energy for the next generation 
-
118 K.Puech, S.Zott, K.Leo, M.Rukh, H.-W.Schock, AppI.Phys.Lett. 69(22) (1996) 

119 R.Trykozko, R.Bacewicz, J.Filipowicz, solar cells, 16(1986) 35126 

120 S.M.Wasim solar cells 16(1986) 289 

121 T.Datta, R.Noufi, S.K.Deb, JAppl.Phys. 59(5) (1986) 

49 

122 Masayuki Tanda, Susumu Manaka, Jorge R.Encinas Marin, Katsumi Kushiya, Hideki Sano, 

Akira Yamada, Makoto Konagi, Kiyoshi Takahashi, JpnJ.AppI.Phys .. 31 (1992) L 753 

123 J. H. Schon, E. Bucher, Solar Energy Materials and Solar Cells 57(3) (1999) 229 

124 A. Y. Mudryi, Y. F. Gremenok, I. A. Yictorov, Y. B. Zalesski, F. V. Kurdesov, Y. I. 

Kovalevski, M. Y. Yakushev, R. W. Martin, Thin Solid Films 431-432 (2003) 193183 

125 M. Y. Yakushev, A. Y. Mudryi, Y. Feofanov, R. D. Tomlinson, Thin Solid Films 431-432 
(2003) 190 

126 N. Rega, S. Siebentritt, I. E. Beckers, J. Beckmann, 1. Albert, M. Lux-Steiner, Thin Solid 

Fihns 431-432 (2003) 186 

127 A. Y. Mudryi, I. Y. Bodnar, V. F. Gremenok, I. A. Yictorov, A. I. Patuk, I. A. Shakin, Solar 

Energy Materials and Solar Cells 53 (3-4) (1998) 247 

128 N.A.Zeenath, P.K.Y.Pillai, K.Bindu, M.Lakshmi, K.P.VUayakumar, Joumal of Material 

Science 35 (2000) 2619 

129 Jochen Klais, Hans Joachim Moller, David Cahen, Thin Solid Films 361-362 (2000) 446 

130 Su-Huai Wei, S B Zhang, Alex Zunger, Journal of Applied Physics 85( 10), (1999) 

131 David W Niles, Mowafak AI-Jassim, Kannan Ramanathan, lornal ofYac.Sci.TechnoI.A 17( I) 

(1999) 291 

132 Ryuhei Kimura, Tokio Nakada, Paul Fons, Akimasa Yamada, Shigeru Niki, Takeo 

Matsuzawa, Kiyoshi Takahashi, Akio Kunioka, Solar Energy Materials and Solar Cells 67(1-

4) (200 I) 289 

133 Yoshinori Nagoya, Katsumi Kushiya, Muneyori Tachiyuki, Osamu Yamase, Solar Energy 

Materials and Solar Cells 67 (200 I) 247 



Chapter 2 

Theory and Experimental Techniques 

2.1 Techniques for CulnSe2 (CIS) deposition 

A wide variety of techniques has been employed in the preparation of CulnSe2 (CIS) 

right from the year of 1953. Sputteringl
, Co-evaporation2

, Chemical Bath Deposition 

(CBDi, Chemical Spray Pyrolysis (CSP)4, Electrodeposition 5, Metal Organic Chemical 

Vapour Deposition (MOCVD) 6, etc are some of the preparation techniques used in the 

deposition of polyc!)'stalline CIS, meanwhile Molecular Beam Epitaxy(MBE)7, Pulsed 

Laser DepositionS, Bridgeman Growth technique etc are used for preparing single 

crystalline ClS9
• Recently a low cost 3D Ti02/CIS nanocomposite solar cell has been 

fabricated using electrodeposition with some photovoltaic effect lO
• Mean while 

Ti02!CulnSl nanocomposite solar cell has achieved an efficiency of 5% 11. CIS flexible 

foil solar cells are also available in the market now 12. [SET developed a non-vacuum 

processing technology for CTGS fabrication in the commercial scale. Process uses water­

based inks, made from tiny nanoparticies of Copper, lndium and Gallium oxides as the 

. I 13 precursor matena s . 

The greater efficiency of the solar cells fabricated using polycrystalline CIS has resulted 

in intensive research works on polycrystalline cells. The 1110st successful method is co­

evaporation, through which the record-breaking devices were fabricated. Photovoltaic­

grade Cu(/n,Ga)Sc2 (CIGS) films have slightly Indium-rich composition. Copper-rich 

CIGS shows the segregation of CuxSe phase, preferentially at the surface of the absorber 

film. Metallic nature or this phase does not allow lhe formation of efficient 
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-
heterojunctions. Even after the removal of this phase by Potassium Cyanide (KCN) 

etching, the utility of this material for photovoltaic application is limited. But the 

importance of Cu-rich composition is pronounced during film growth. Cu-rich films can 

have grain sizes of the order of I ~1I11 whereas In-rich films have much smaller grains. It 

was observed that CuSe phase is formed on the surfaces and grain boundaries In 

polycrystalline films, grown under Cu- excess conditions. Presence of solid or liquid 

CuxSe phase, at the surface or within the film, promotes growth of large grains by 

enhancing diffusion or through the use of a liquid phase epitaxy-like process. 14 

The co-evaporation process requires a maximum substrate temperature of 550°C for a 

certain time during film growth, preferably towards the end of the growth. Onc of the 

advantages of the evaporation route is that material deposition and compound formation 

are performed during the same processing step. A feed back loop, based on a quadrupole 

mass spectrometer or an atomic absorption spectrometer, controls the rates of each 

source. The composition of the deposited material with regard to the metals is related to 

their evaporation rates, while Se is always evaporated in excess. This precise control over 

the deposition rates allows a wide range of variation and optimization with different sub­

steps or stages for film deposition and growth. These sequences are defined by the 

evaporation rates of the different sources and the substrate temperatures during the course 

of evaporation. Advanced preparation sequences always include a Cu-rich stage during 

the growth process and end up with an In-rich overall composition. 

Another class of CIGS preparation route is based on the separation of deposition and 

compound formation into two different processing steps. High efticiencies are obtained 

from absorber prepared by selenization of metal precursors using H2Se gas and by rapid 

thermal processing of the stacked elemental layers in Se atmosphere. These sequential 

processes have the advantage that large area deposition techniques like sputtering can be 

used for the deposition of the materials. The very first large area modules were prepared 

by selenization of metal precursors in the presence of II"Sc. I' 
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In the present work, CIS samples were prepared using two techniques, Chemical Bath 

Deposition (CBD) and Physical Vapour Deposition (PVD). 

2.1.1 Chemical Bath Deposition (CBD) 

CBD technique is probably the simplest and cost-effective of all the deposition 

techniques. This is a solution growth process used for depositing thin films of compound 

or elemental materials. The arrangement is very simple, consisting of a beaker containing 

the solution with the substrates dipped in it. The process is carried out in atmospheric 

pressure and relatively low temperature. An aqueous solution of a metal complex, when 

mixed with a solution of cha1cogen bearing compound, precipitation of the cha1cogenide 

occurs under celiain conditions. When precipitation is controlled, the compollnd gets 

deposited on clean substrate or other nucleating centres present in the solution. In the 

present work this technique was made use of to deposit Selenium film. 

Principle 

According to solubility product principle, in a saturated solution of a weakly soluble 

compound, the product of molar concentrations of its ions (each concentration term bcing 

raised to a power equal to the number of ions of that kind as shown by the formula of the 

compound), called the ionic product, is a constant at a given temperature. 

Precipitation of solid phase occurs due to super saturation of the reaction bath. At a given 

temperature, when the ionic product exceeds the solubility product, precipitation occurs. 

Otherwise the solid phase produced will dissolve back into the solution resulting in no net 

precipitation. In a typical CBD, substrates are immersed in a solution containing the 

cations and anions and controlled precipitation leads to formation of thin films. 

There are two possibilities for thin film deposition in CBD. One is the ion-ion process in 

which the ions condense on the subslrale surface to form the film. The other is the cluster 

by cluster process in which colloidal particles of the compound formed in the solution 

gets adsorbecl at the substrate surface to form thin layers. There are many t~lctors, which 

influence the deposition process viz. nature of reactants, temperature, pH value and 

concentration of ions, nature of the suostrate and duration of reaction. 
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2.1.2 Vacuum evaporation 

Evaporation of material requires that it should be heated to a sufficiently high 

temperature to produce the desired vapour pressure. Evaporant molecules coming out 

from the heated source will spread out in all directions. But their velocity distribution will 

depend on the nature of the source, which can be broadly classified as point source, 

surface source and cylindrical source. If a source can be approximated to a tiny sphere 

compared to its distance from the receiving substrate, then the emitted vapour stream will 

have the same velocity distribution in all directions and hence resembling the emission 

from a point source. Usually source is assumed to be a point source. 

Different techniques are employed to supply heat of vaporization of materials and 

important ones are the following: resistive heating, flash evaporation, sputtering, electron 

beam deposition, and laser evaporation. Here we adopted "resistive heating" method. 

There are several types of practical heating sources made from refractory metals such as 

tungsten, molybdenum, tantalum etc. We used molybdenum source in the form of a boat. 

Material to be evaporated is placed in the boat and is converted in to vapour form by 

means of resistive heating. The vapour atoms thus created are transported through 

vacuum of 10-5 Torr to get deposited on the substratc. At a steady state of evaporation 

these vapour atoms or molecules will have an equilibrium vapour pressure (p), which is 

given by the relation 

NkT 
p==--

V 
(2.1 ) 

where N is the total number of vapour atoms or molecules V is the volume of the 

enclosed chamber T is the absolute temperature of the gaseous species and k is 

Boltzmann's constant. 16 These atoms or molecules in the gaseous state will however 

collide with one another after a certain mean free time (r) and the average distance of 

travel before suffering a collision with another can be expressed by the relations 
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(2.2) 

(2.3) 

where I is the mean free path (mfp) in cm of the vapour species and cr is the conductivity 

of the film . 

From the above relations, it is seen that the lower the equilibrium vapour pressure; the 

more will be I and when p is very low vapour atoms or molecules will travel a long 

distance without encountering any collision Le: these will be moving in a straight path 

relatively unhindered. This is illustrated for the case of air molecule at low equilibrium 

pressure. The above equation for air at room temperature can be written as 

/<;::;1 (in cm) 
p 

(2.4) 

where p is expressed in micron pressure. Thus in an evacuated system if the residual air 

pressure at steady states are say 10.3 and 10-4 torr, then corresponding I will respectively 

be 5 and 50cm and with lower p, mfp will still be larger. Thus in a highly evacuated 

system, evaporated atoms or molecules from a heated source will have high I and if I is 

greater than the length of the enclosed chamber then there will not be any collision of 

atoms or molecules and these will move unhindered. 

Rate of free evaporation of vapour atoms from a clean surface of unit area in vacuum is 

given by the Langmuir-Dushman kinetic theory equation: 

(2.5) 

where Pe. is the equilibrium vapour pressure (in Torr) of the evaporant under saturated 

vapour conditions at a temperature T, and M is the molecular weight of the vapour 

species. Vapour atoms traverse through the medium and are made to condense on a 

substrate kept at suitable temperature and convenient distance from the evaporant to fonn 

a thin film. With increase in substrate temperature, the surface mobility of the adsorbed 
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species increases and they interact among themselves resulting in well-defined large 

orains. 
co 

2.2 Technique for deposition of In2S3 ftlms 

1n2S3 is one of the ideal candidates to replace the toxic CdS in CIS solar cells. Atomic 

layer epitaxy (ALE)17, physical vapour depositionl 8
, chemical bath depositionl 9

, chemical 

spray pyrolysis20
, MOCV021 and sputtering 22 are used for the preparation of In2SJ thin 

films. In the present work, In2S3 was prepared using Chemical Spray Pyrolysis. 

Chemical Spray pyrolysis (CSP) 

Chemical Spray Pyrolysis technique, one of the chemical methods for the preparation of 

thin films, is widely used to deposit a variety of thin films. It is a simple and low cost 

technique through which large area deposition is possible with good unifonnity. It 

involves spraying a solution, usually aqueous, containing soluble salts of constituents of 

the desired compound, onto a heated substrate. 
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2 Oas flow conEroi ... av! 
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4. SO(1.Jtlon nrSlBITOtr 

") Solution nc>w c OtIlroi nJ-. 
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r-------------------, 
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, 
I 
I 

I 
I 
I l® 

~-------------------! 
8 Tllmperaturt' ConItoller 
9 ~*Ib:H~~ 
100. .......... 
11 Exhaust FM! 

Fig 2.1: Schematic diagram of Spray pyrolysis set up 

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 dopant dissolved in 

the solution. These parameters can be varied along film thickness itself. 
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2.3. Sample preparation 

CIS thin films were prepared through two different techniques, viz., selenization ofCu-In 

alloy using chemical bath deposited Selenium and sequential evaporation. [n2S, films 

were prepared using chemical spray pyrolysis. 

2.3.1 Cleanillg of !I'ubstrates 

Substrates used were well-cleaned micro glass slides of dimension 2.5x3.75xO.13 cm'. 

Procedure for cleaning is as follows. Glass slides were first dipped in freshly prepared hot 

chromic acid for half an hour, to remove oil content on the glass substrates. Then the 

slides were washed in running water follO\ved by washing in soap solution (Extran­

Neutral). These were again washed in running water and finally the slides were rinsed 

with distilled water. 

2.3.2 Deposition of CIS films using CBD Se layer 

Deposition of Se: A stock solution of O.2M Sodium Selenosulphate (Na2SeS03) is 

prepared by adding 3.2g of Se powder to aqueous solution of O.lM excess sodium 

sulphite (Na2S03) kept at 363K with constant stirring. The chemical reaction can be 

written as; 

(2.6) 

or 

Se+SO,2
- <:=:> SeS032

- (2.7) 

pH of the as prepared solution is -10. The 'a5- prepared -condition' of the solution was 

stable for 15 days. Acidification of the above solution resulted in precipitation of Sulfur. 

Principle of Se deposition is based on the fact that concentration of sulphites and hence 

solubility of Selenium depends on pH of the solution. This could be explained as follows. 

r or the above reaction (2.6). eq uilibriulll constant or this reaction is given by, 



-
[SesorJ 

K s.sot = [SO;- ] 
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Where [SeSOt] and [SO)2-] are equilibrium concentrations of SeSO/- and SO/ 

respectively. Considering hydrolysis of sodium sulphite, the fractional concentration of 

sot, a. sot is given by, 

[so:- ] 
(2.8) 

where KJ is the first dissociation constant of the reaction, l-hS03 <:=::> HSO}- + H+ is 

given by 

and K H so the total dissociation constant is given by 
2 ) 

Where K2 is the second dissociation constant of the reaction, 

and is given by, 

[SOJ][11'J 
[HSO ,' J 

(2.10) 

It is clear that as a result of hydrolysis ofNa2S0;, concentration of [SO/I ions is ddined 

not only by concentration of ~odillll\ salt in the solution. but also based on the value of 
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pH. It was found that the concentration of sot is equal to that ofNa2S03 in the solution, 

only at pH ~ 10. Hence ifpH of the Na2S03 solution is < 9, the concentration ofSO/' is, 

(2.11 ) 

From the known amount of Na2S03 the equilibrium constant of eqn (2.6), [which 

expresses the precipitation of Se] , becomes, 

(2.12) 

From the above equation, the equilibrium concentration of SeSO{ can be calculated as, 

[ ] 
a_ 2- X K _ . ,_ 

2- SOl 5('50\" SeSO =---_··---+[Na SO] 
) 1+ K 2.1 a so;- x Sesoi-

This equation gives the solubility of Se in Na2S03 solution of the given concentration. 23 

From the above discussion, it can be concluded that the value of pH of the medium to be 

employed in the synthesis of Na]SeS03 solution should be ~ to. Thus Selenium can be 

precipitated by reducing the pH of selenosulphate solution to more acidic values. 

In order to obtain good film, precipitation was controlled by varying molarity, pH and 

temperature of the bath containing Na2SeS03 solution. O.0125M solution was prepared 

from the O.2M stock solution. pH of the solution was adjusted to be - 4.5 by adding 50% 

diluted acetic acid to the solution. Bath was then kept at room temperature. Cleaned glass 

plates were placed vertically in the solution bath and uniform films were obtained atter a 

period ofthree hour. 

In the present work, the sample was subjected to two dips of three hours and then a third 

dip of two hOLlr. Deposition was carried OLlt in 25ml beaker. At a time, two substrates 

were kept in the bath with a distance of 2.2cm between them. Films obtained after eight 

hOllr deposition were found to be uniform having orange-red colour. Thickness of the 

film was approximately 2500A 0 ."! 
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CIS was then prepared by two different methods using the Se films, deposited using CBD 

technique. In the first process (i.e. SEL technique) Indium and Copper were sequentially 

deposited on the Se film, using vacuum evaporation and then the samples were annealed 

in vacuum (at a pressure ~2x 1 0-5 mbar) at 400°C for one hour. The rate of heating was 

2.30 C Imin. The second method (i.e. thermal diffusion of Cu into In2Se3), had two steps. 

First step was the deposition of In over the Se layer using vacuum evaporation and 

annealing of this bilayer film in vacuum at !OO°C for one hour to form In2Se3. The 

second step was to deposit Cu over the In2Se3 and anneal in vacuum at 400°C for one 

hour to get CIS. 

2.3.3 CIS using sequential evaportltiol1 of elemenlallayers 

CIS films were also prepared by sequential evaporation of ClI, In and Se at a pressure of 

1O.s mbar. Indium was evaporated first at a substrate temperature of 100°C, followed by 

deposition of Se at 50°C and finally ClI at room temperature. Rates of deposition were 0.5 

nm/sec, 0.3 nm/sec and 0.2 nm/sec for Se, In and Cu respectively. After deposition, the 

samples were annealed at 400°C for one hour at a pressure of 10-5 mbar resulting in the 

formation of CIS. Here, the heating rate was I.SoC The concentration of Cu, T n and Se 

were varied one at a time for optimization. 

2.3.4 InzS3 lIsing Chemical Spray Pyrolysis 

In2S3 thin films were deposited by spraying aqueous solutions of Indium chloride (InCb) 

and thiourea (CS(NH2)2), using compressed air as carrier gas. Thiollrea was chosen as the 

source of sulfur ions in spray solution because it avoids precipitation of metallic sulfides 

and hydroxides?5 The 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 (NHzh Formation ofln"S, results from the chemical reaction: 

Characterization of In2S.1 was donc earlier.20 III the rresent work the substrate temperature 

was held cOllstant at 300°(' ± 5°. The substratc was kept at this temperature for one hour 
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before the deposition, for stabilization of the temperature. Volume of the solution was 

varied to get different thicknesses. Concentration of In2S3 was varied for device 

fabrication. 

2.4 Characterization tools Used 

2.4.1 X-ray Diffraction (XRD) 

X-ray ditl'raction is the most precise technique for studying crystal structure of solids. 

Samples can be analyzed using this technique in a non-destructive way. In the X-ray 

diffractometer, a flat specimen is mounted on a turntable around which moves a detector. 

As the sample rotates, the angle e between the incident beam and the sample changes. 

Whenever the Bragg condition is fulfilled, X-rays are retlected to the detector. The 

detector is connected to the specimen table and geared in such a ,vay that when the table 

rotates through e degrees, the detector rotates through 2e degrees. This results in the 

detector always being in the correct position to receive rays reflected by the sample. To 

record the diffraction pattern, the detector is positioned at or near 0° on the graduated 2e 
scale. and then driven by a motor at a constant speed. The X-rays reaching the detector 

are registered and displayed on a paper chart recorder as a series of peaks on top of 

background due to white radiation. 

XRD gives whole range of infonnation about crystal structure, orientation, crystallite 

size, composition defects and stresses in thin films. Experimentally determined data is 

compared with JCPDS file for standards. The interplanar spacing 'd' can be calculated 

from the Bragg's formula, 

2dsinB = nA, (2.14) 

where e is the Bragg angle, 11 is the order of the spectrum, A is the wavelength of X-rays 

which is equal to 1.54051\°. 

Using d values, the plane (hkl) can be idcntified and lattice parameters are calculated 

using the following rclations: 

For the tdragonal systems, 
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h 2 + k 2 1 ---+-
a 2 c 2 

(2.15) 

and for hexagonal systems, 

(2.16) 

where a and c are lattice parameters. 

The grain size 'L' can be calculated from the Debye-Scherrer formula, 

kJ. 
L=--­

f3cosB 
(2.17) 

where k is a constant equal to 0.9 and P is the full width at half maximum (FWHM) 

measured in radians?7 

In the present work, XRO measurements were taken uSll1g CuKa I (A= 1.5405 A 0) 

radiation and a Ni filter operated at 30 k V (Rigaku (O.max.C) X-ray diffractometer). 

2.4.2 Raman Scattering 

Raman spectroscopy is a non-destructive and nOll-contact method used to study 

vibrational, rotational, and other low-frequency modes in a system. When a light is 

scattered from the surface of a sample, the scattered light is found to contain mainly 

wavelengths that were incident on the sample and this is called 'Raleigh scattering'. In 

addition to this, it contains ditlerent wavelengths also with very low intensities that 

present an interaction of the incident light with material. The interaction of the incident 

light with optical phonons is called 'Raman scattering' while the interaction with acollstic 

phonon is called Brillouin scattering. 28 If the incident photon impat1s part of its energy to 

the lattice in the form of a phonon, it emerges as a lower-energy photon. This frequency 

shift is known as Stokes-shi fted scattering. When the photon absorbs a phonon and 

emerges with higher energy. it is called Anti-Stokes-shifted scattering. The 'anti-stokes' 
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mode is much weaker than 'the stokes' mode and it is stokes-mode scattering that is 

usually observed. The frequency of light scattered from a molecule may be changed 

based on the structural characteristics of the molecular bonds. It provides information 

about the vibrational and electronic propelties of semiconductors that are sensitive to 

crystalline quality, microstructure, strain, alloy composition and free carrier density. The 

intensity of the Raman scattered light is weak, hence an intense monochromatic light 

source like laser should be used. 

Typically, the sample is illuminated with a laser beam. Light from the illuminated spot is 

collected with a lens and scnt through a monochromator. Wavelengths close to the laser 

line (due to elastic Ra\eigh scattering) are filtered out and those in a certain spectral 

window away from the laser line are dispersed onto a detector. Raman spectrometers 

typically use holographic diffraction gratings and multiple dispersion stages to achieve a 

high degree of laser rejection. A photon-counting photomultiplier tube (PMT) or, more 

commonly, a CCD camera is used to detect the Raman scattered light. In the past, PMTs 

were the detectors of choice for dispersive Raman setups, which resulted in long 

acquisition times. However, the recent uses of CCD detectors have made dispersive 

Raman spectral acquisition much more rapid?8 

Recently micro Raman spectroscopy has emcrged as a powerful technique for the study 

of vibrational spectra of crystals, glasses, polymer films etc. This technique has the 

advantage that it can be employed with microcrystalline samples because the spatial 

resolution can be as small as 1 ~Lln. Hence it is very useful in the study of chalcopyrite 

compounds where large single clystals are not available. 

In the present work, Raman analysis was perfon11ed in the back scattering mode at room 

temperature using micro Raman system from Jobin Yvon HOl'ibra LAB RAM-HR visible 

(400 -1100 nm) with a spectral resolution of I cm-I. Argon ion laser of wavelength 488nl11 

was used as excitation source. 
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1.4.3 Optical absorption studies 

Most of the semiconductors generally absorb strongly in the visible regIOn of the 

spectrum, having absorption coefficients of the order of 10s cmolo The characteristic 

feature of semiconductors in the pure state is that at a certain wavelength, generally in the 

near or intennediate infra-red, the absorption co-efficient drops rapidly and the material 

becomes fairly transparent at longer wavelengths. This marked drop in the absorption is 

called fundamental absorption edge or lattice absorption edge. 

Absorption of light by different materials can induce various types of transitions such as 

band to band, between sub-bands, between impurity levels and bands, interactions with 

free carriers within a band, resonance due to vibrational state of lattice and impurities. 

These lead to the appearance of bands or absorption peaks in the absorption spectra. 

Hence the spectral positions of bands determine the types of transitions occurring during 

the process. In the absence of any thennal energy (about OaK), only possible absorption 

that can take place is when the incident radiation is of sufficient energy to excite valence 

band electrons across the forbidden energy band gap into the conduction band. In the 

presence of defects, impurities, dislocations and other imperfections etc, one has to 

consider the perturbation of the system due to their presence and also their interactions 

with phonons. All these give rise to the indirect transitions. 

The electronic transition between valence and conduction bands can be direct or indirect. 

In both cases, it can be allowed as permitted by the transition probability (p) or forbidden 

where no such probability exists. The transition probability is related by the equation, 

(2.18) 

where p has discrete values like 112, 312, 2 or more depending on whether the transition is 

direct or indirect and allowed or forbidden. In the direct and allowed cases, the index 

jr=1!2 whereas for the direct but forbidden cases it is 3/2. But for the indirect and allowed 

cases n=2 and for the forbidden cases, it will be 3 or morc. Thus a linear graph when (12 is 

drawn against hv will suggest a direct but allowed transition whereas Cl linenr one with u ' .. 
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against hv indicates an indirect transition. The magnitude of p can also be estimated from 

the slope of the graph oflog a vs log (hv) and hence it can suggest the type oftransition. 

It is well established that, CIS is a direct band gap semiconductor with the band extreme 

located at the center of the Brillouin zone. 16 

For the present work, the equation (2.18) becomes, 

(2.19) 

A plot of (ahv)lip as a function of hv gives a straight line, with an intercept on the hv axis 

equal to the band gap of the material. 

In the present work, band gap of CIS film was measured using optical absorbance and 

transmittance of the films. Spectrum was recorded using UV-VIS-NIR 

Spectrophotometer (Hitachi U-3410 and JASCO V 570 model). 

2.4.4 Stylus profilometer 

Stylus profilometer is an advanced tool for thickness measurement of both thin and thick 

films. It is capable of measuring steps even below IOOA. This instrument can also be 

used to profile surface topography and waviness, as well as, measuring surface roughness 

in the sub nanometer range. The instrument takes measurements electromechanically by 

moving the sample beneath a diamond-tipped stylus. The high precision stage moves the 

sample beneath the stylus according to a user-programmed scan length, speed and stylus 

force. The stylus is mechanically coupled to the core of an LVDT (Linear Variable 

Differential Transformer). 

As the stage moves the sample, the stylus rides over the sample surface. Surface 

variations cause the stylus to be translated veltically. Electrical signals corresponding to 

stylus movement are produced as the core position of the LVDT changes. The L VDT 

scales an AC reference signal proportional to the position change, which in turn 

conditioned and converted to a digital format through a high precision, integrating, 

analog to digital converter. 
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In the present work, thickness measurements were carried out using a Dektak 6M surface 

profilometer. 

2.4.5 Photoluminescence(PL) 

Photoluminescence spectroscopy is a contactless, nondestructive method of probing the 

electronic structure of materials. Light is directed onto the sample, where it is absorbed 

and imparts excess energy into the material in a process called photo-excitation. One way 

this excess energy can be dissipated by the sample is through the emission of light or 

luminescence. In the case of photo-excitation, this luminescence IS called 

·photoluminescence'. The intensity and spectral content of this photoluminescence is a 

direct measure of variOlls important material properties. In the present study PL is used to 

detennine the defect levels in the samples. It is particularly suited for the detection of 

shallow level impurities, but can be applied to certain deep level impurities provided their 

recombination is radiative. ]n general, non-radiative processes are associated with 

localized defect levels, whose presence is detrimental to material quality and subsequent 

device performance. Thus, material quality can be measured by quantifYing the amount 

of radiative recombination. 

The sample is placed inside a cryostat and cooled to temperatures near liquid Helium. 

Low temperature measurements are necessary to obtain the fullest spectroscopic 

infonnation by minimizing thermally activated non-radiative recombination processes 

and thermal line broadening. The themlal distribution of carriers excited into a band 

contributes a width of approximately kT/2 to an emission line originating from that band. 

This makes it necessary to cool the sample to reduce the width. The thermal energy kT/2 

is only 1.8meV at T=4.2 K. Using a scanned photon beam or moving the sample allows 

PL maps to be generated. The sample is excited with an optical source typically a laser 

with energy hv>Eg, generating electron-hole pairs which recombine by onc of several 

mechanisms. Photons are emitted for radiative recombination. Photons are not emitted for 

the non-radiative recombination in the bulk or at the surtace. For good PL output, the 

majority of the recombination process should be radiativc. 
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Fig 2.2: Transitions occurring in PL spectra 

Five kinds of transitions mostly occurring in the PL measurement are shown in the 

fig.2.2. Band to band recombination (a), excitonic recombination (b), bound excitonic 

recombination(c &d) and donor-acceptor recombination (e). 

The photon energy in a direct band gap semiconductor is 

(2.20) 

where Ex is the excitonic binding energy. In the case of donor-acceptor recombination, 

the emission line has an energy modified by the Coulombic interaction between dOllors 

and acceptors 

(2.21) 

where r is distance between donor and acceptor. The full width at half maximum 

(FWHM) for bound exciton transitions are typically :s kT/2 and resemble slightly 

broadened delta functions. 29 

I n the present work, PL measurements were carried out ill the tcmpcrature range 12 to 

300 K with a closed cycle liquid Helium cryostat (Janis Research Inc.). The temperature 

was maintained with an accuracy or ± I K llsillg a temperature controller (Lake Shore 

Model 321). The ()32.8 Illll line ora I-le-Ne laser (5 111 VI'. \!Idle" Griote) was Llsed as the 
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excitation source. The laser beam was focused onto the samples with a beam diameter of 

Imm. Emission spectra were analyzed using spectrophotometer (Ocean optics NIR 512) 

baving a InGaAs linear array detector. 

2.4.6 Energy Dispersive Analysis by X-rays (EDAX) 

When an element is bombarded with a particle beam, in this case an electron beam, the 

specimen will release some of the absorbed energy as x-rays. Much of the time, the 

energy is the result of changes in the speed of an electron, which is random; however, 

when this interaction removes an electron from a specimen's atom, frequently an electron 

from an outer shell (or orbital) occupies the vacancy. When an outer electron occupies a 

vacancy, it must lose a specific amount of energy to occupy the closer shell. This amount 

is readily predicted by the laws of Quantum Mechanics and usually much of the energy is 

emitted in the fonn of X-rays. 

The X-ray detector in the EDAX is a reverse biased semiconductor (usually Si) pin or 

Schottky diode. X-rays are absorbed in a solid according to the equation 

J(x) = 10 exp[- (pi p)px] (2.22) 

with (~p), the mass absorption co-efficient, p the detector material density, I(x) the X-ray 

intensity in the detector, and 10 the incident X-ray intensity. The mass absorption co­

efficient is characteristic of a given element at specified X-ray energies. its value varies 

with the photon wavelength and with the atomic number of the target element, generally 

decreasing smoothly with energy. It exhibits discontinuities in the energy region 

immediately above the absorption edge, corresponding to the energy necessary to eject an 

electron from a shell. 

The X-rays from the sample pass through a thin Berylliulll window onto a Lithium drifted 

Si detector, which should be cooled at times. Liquid Nitrogen cooling prevents Lithium 

diffusion and also reduces the diode leakage current. Each absorbed X-ray creates lllallY 

electron-hole pairs \vhich arc swept out of the diode by high electric filed in the spncc­

charge region. The charge pulse is converted to a voltage pulse by a charge sensitive pre-
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amplifier. The signal is further amplified and shaped and then passed to a multi channel 

analyzer. 

Elements from Na to U can be detected with EDAX. However, it is difficult to detect 

lower Z elements due to the Be window that isolates the cooled detector from the vacuum 

system. Windowless system allows lower Z elements to be detected. 

In this work, the compositional analysis and surface morphology were studied using 

Scanning Electron Microscopy (JEOL JSM-5600). 

2.4.7 Atomic Force J.Wicroscopy (AFM) 

Atomic force microscopy operates by measuring the forces between a probe and the 

sample. These forces depend on the nature of the sample, the distance between probe and 

the sample, the probe geometry and the sample surface contamination. AFM is suitable 

for conducting as well'as insulating samples. 

In atomic force microscope, a sharp tip is scanned over a surface with feedback 

mechanisms that enable the piezo-electric scanners to maintain the tip at a constant force 

(to obtain height information), or height (to obtain force information) above the sample 

surface. Tips are typically made from SiJN4 or Si, and extended down from the end of a 

cantilever. The nanoscope AFM head employs an optical detection system in which the 

tip is attached to the underside of a retlective cantilever. A diode laser is focused onto the 

back of a reflective cantilever. As the tip scans the surface of the sample, moving up and 

down with the contour of the surface, the laser beam is deflected off the attached 

cantilever into a dual element photodiode. The photo detector measures the difference in 

light intensities between the upper and lower photo detectors, and then converts to 

voltage. Feedback from the photodiode difference signal, through software control from 

the computer, enables the tip to maintain either a constant force or constant height above 

the sample. In the constant force mode the piezo-elcctric transducer monitors real time 

height deviation. In the cOllstant height mode, the dellection force on the sample is 

reconled. The latter mode of operatioll requires calibratioll paramClers of the scanning tip 

to be inserted in the i\ FM IH:acl during tiJrce cal ibmt iOIl of the III icroscope. I n non contact 
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mode, the AFM derives topographic images from measurements of attractive forces; the 

tip does not touch the sample. AFMs can achieve a resolution of 10 pm 

In the present work, AFM-Nanoscope-E, Digital Instruments, was used for the 

measurements. The measurements were taken in contact mode. 

2.4.8 X-ray Photoelectron Spectroscopy (XPS) 

X.ray Photoelectron Spectroscopy (X PS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is used to determine quantitative atomic composition and 

chemistry. It is a surface analysis technique with a sampling volume that extends from 

the surface to a depth of approximately 50-70A. Alternatively, XPS can be utilized for 

sputter depth profiling to characterize thin films by quantifying matrix-level elements as a 

function of depth. XPS is an elemental analysis technique that is unique in providing 

chemical state information of the detected elements, sllch as distinguishing between 

sulfate and sulfide forms of the element sulfur. The process works by irradiating a sample 

with monochromatic X-rays, resulting in the emission of photoelectrons whose energies 

are characteristic of the elements within the sampling volume. 

XPS involves the removal of a single core electron, while Auger Electron Spectroscopy is 

a two-electron process subsequent to the removal of one core electron, with Auger 

electron ejected following reorganization within the atoms. Auger electrons are produced 

in XPS along with photoelectrons. 

The sample is irradiated with X-rays of known energy, lw, and the electrons of binding 

energy (BE) Eb are ejected, where Eh< hv. These electrons have a kinetic energy Ek which 

can be measured in the spectrometer, and is given by 

(2.23) 

Where <lisp is the spectrometer work function, and is the combination of the sample work 

function, (1),, and the work funcI ion induced by the analY7er. The work function term can 

be compensated electronically, hence 
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or 

(2.24) 

Thus by measuring the KE of the photoelectrons, the above equation can be used to 

translate this energy into BE of the electrons.3o 

The surface sensitivities of electron spectroscopies are due to the low inelastic mean free 

path A"" of the electrons within the sample. For XPS, the main region of interest relates to 

electron energies from 1 OO-1200eV, which gives rise to a A,,, value of 0.5-2 nm. However 

the actual escape depth, A, of the photoelectrons depends on the direction in which they 

are traveling within the solid, such that 

A=)'ITI cosO where e is the angle of emission to the surface normal. Thus electrons cmitted 

perpendicular to the surface will arise from the maximum escape depth, whereas 

electrons emitted nearly parallel to the surface will be purely from the outermost surface 

X-ray Photoelectron Spectroscopy (XPS-ULV AC-PHI Unit, Model: ESCA 5600 elM), 

employing argon ion sputtering was employed in the present work. 

2.4.9 Electrical Characterization 

(i) Resistivity / Conductivity 

Conductivity of a semiconductor crystal is considerably affected by lattice vibrations, 

impurities, strain, displaced atoms in the lattice, grain boundaries etc. 

Conductivity can be expressed in temlS of material dimensions through resistivity or 

resistance (p or R). If Land B are the length and breadth of a rectangular shaped 

specimen and d is the thickness then, 

R = pL where p is the resistivity ill ohm-cm 
Bd 
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(2.25) 

p and a are constant for any particular bulk material at a fixed temperature but 110t for 

films, since these are dependent 011 thickness unlike the bulk material. 

(2.26) 

where Rs is known as the 'sheet resistance' which is expressed in ohm per square. 

Ifwe assume L=B, then ~ = R = R, which means that the resistance of one square of a 

film is its sheet resistance R, and it is independent of the size of the square but depends 

only on resistivity and film thickness. If the film thickness is known then resistivity IS 

given by, 

p = d. R. 16 

(ii) Photosensitivity 

Photosensitivity is a measure of the minority catTicrs in a semiconductor produced 011 

illumination with light. It is calculated as 

(2.27) 

where IL is the current under illuminated condition and ID is the current under dark 

conditions. In this work, samples are illuminated uSlI1g a tungsten halogen lamp of 

intensity lOOm W Icm2 to measure photosensitivity. 

(iii)Activation energy from Temperature Dependant Electrical Conductivity 

Activation energy measures the thermal or other form of energy required to raIse 

electrons from the donor levels Ed to the conduction band or to accept electrons by the 

acceptor levels E" fi·om the valence band respecti\'ely for 11 and p-type materials. This 

corresponds to the energy he ight cl i tlerellcc(F L -F,I) and (E,,-L::,) respectively. [t call he 
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experimentally measured from the variation of p or cr with increase or decrease 

temperature. 

(2.28) 

where Ea = activation energy (or enthalpy) of the process 

A plot of log(a) against Ill' (Arrhenius plot) will be linear with its slope equal to the 

activation energy. I f the slope changes at different regions of temperature, it indicates a 

variation of activation process i.e. activation energy due to thennal excitation of 

impurities situated at different levels in the band gap and consequent jumping of 

electrons either to the conduction band or to the acceptor level. 

(iv) Type of conductivity llsing hot probe 

Conductivity type can be determined by hot or thermoelectric probe method; the 

conductivity type is determined by the sign of the thermal emf or Seebeck voltage 

generated by the temperature gradient. Two probes are kept in contact with the sample 

surface, with one hot and the other cold. 

Thermal gradients produce currents in a semiconductor; the majority carrier currents for 11 

and p-type materials are 

dT 
Jp = -qpl'pPp dx 

and 

Where PI1<O and Pn>O are the ditlerential thennoelectric power. 

(2.29) 
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Fig 2.3: Hot probe method 

In fig 2.3, dT/dx>O, and the electron current in an n-type sample flows from left to right. 

The thermoelectric power can be thought of as a current generator. A patt of the current 

flows through the voltmeter causing the hot probe to develop positive potential with 

respect to the cold probe. Electrons diffuse from the hot to the cold region setting LIp an 

electric field that opposes diffusion. The electric field produces a potential detected by 

the voltmeter with the hot probe positive with respect to the cold probe. Analogous 

reasoning leads to the opposite potential for p-type samples. 

Hot probes are effective over the 10-3 to 10' Qcm resistivity range. The voltmeter tends to 

indicate n-type for high resistivity material even if the sample is weakly p-type, because 

this method actually determ ines the n~lll or the p~lp product. With ~Il> ~lp, intrinsic or high 

resistivity material is measured n-type if n c= p. [n semiconductors \vith 11, > n or n, >p at 

room temperature, it may be necessary to cool one of the probes and let the room 

temperature probe be the hot onc 21). 
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Chapter 3 

CulnSe2 Thin Films Using Chemical Bath Deposited Selenium 

3.1 Introduction 

With an efficiency of 19.9% in the laboratory scale and 13.4% in the industrial scale, 

CulnSe2 today is the supreme nominee for thin film solar cell. 1 Hmvever production of 

device quality material over large area at low cost still remains to be the key issue in the 

production line of solar cells using this material. This chalcopyrite compound also finds 

application in the area of visible and Infra Red LEDs, Infra Red detectors, optical 

parametric oscillators and up-converters, apalt from thin film solar cells 2-5. i\ wide 

variety of methods has been employed in the deposition of CulnSez thin films like co­

evaporation6
, flash evaporation7

, electro-deposition 8, chemical bath deposition 9, 

• 10 I . . fC I II 11 I . 12 I lb' 11 sputtermg ,se el1lzatlOn 0 u- n a oy ,spray pyro ySls ,mo ccu ar cam epltaxy " 

screen printing 14 etc. In many of thcse cases, selenization is done either llsing J1 2Se gas 

or Se vapor, which is highly toxic. 

As an alternative to these toxic approaches, a method which is simple, ecofricndly and 

capable of giving large area samples with uniformity was proposed and standardized by 

Bindu et a1. 15
• The technique involved a combination of Chemical Bath Deposition 

(CBO) and Physical Vapor Deposition (PVD) techniques to yield CulnSez thin films. In 

this method Selenium layer was deposited lIsing CBD while Indiul11 and Copper layers 

were deposited using PVD. CulnSe2 thin films were prepared through two ditferent 

processes lIsing CBD Se. In (his, the first process, nam~d as 'technique A', involved 

deposition of Copper and Indium using. thermal evaporation over the Se tilm prepared 

through ('HO and slIccessive annealing of' this stacked layer containing Se/ell/In in 
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Y8cuum at 400°C, resulting in the formation of CulnSez. In the second process, named as 

'technique B' on top of the Se layer, In was deposited using thermal evaporation and this 

stack layer of Se/In was annealed at a temperature of 100°C to obtain In2Se3. This was 

then converted it into CulnSe2 by thermal diffusion of Cu into In2Se}, with fmiher 

annealing in vacuum at 400°C. 

Improvements were made in these two techniques to get better stoichiometric CulnSe2 

films with better crystallinity, gram SIze, uniform thickness and increased 

photosensitivity. For this, the ratio ofCu and In was varied over a wider range and all the 

samples were characterized structurally, optically and electrically. On comparison of the 

properties of the films, it was noted that the technique of thermal diffusion of Cu into 

In2Se3 was better than the stacked elemental layer (SEL) deposition, for getting good 

quality CulnSez films consistently. One of the main advantages of both these tet:hniques 

is that Se film for selenization was prepared using CBD at room temperature, avoiding 

the usage of highly toxic H2Se or Se vapour. It was possible to prepare Cu-rich, In-rich 

and nearly stoichiometric films by the two techniques. A detailed study of CulnSel thin 

films, deposited by this method was carried out and an attempt to device fabrication is 

also made. More details of sample preparation are given in chapter 2. 

3.2 Experimental details 

CulnSe2 films were prepared using two different techniques as detailed earlier. In order to 

standardize a route for the preparation of stoichiometric CulnSez thin films, 

concentrations of Cu and In were varied, keeping thickness of the Se layer constant 

(O.25J..ll11) in all the cases. When the thickness was increased beyond 0.25~lm, the samples 

started to peel-off. For both the routes of preparation, samples were prepared by varying 

the concentration of In, keeping the mass of Cu fixed at 20 mg. In- 'Nas varied from 20 

mg to 100 mg, in steps of 20 mg. Sample nomenclature was done on the following basis: 

A sample was named as CIS22- when 20 mg of ClI and [n ,vas evaporated on to the Se 

film. Similarly for CIS24 -Cu 20 mg and In 40 mg, for (,IS26 -Cu 20 mg and In 60 Ill!,!. 

for CIS28 -Cu 20 mg and In SO mg and t()r Cl S2 I O-Cu 20 mg and In 100 Illg \\ ere used 
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respectively for film preparation. Among this set of samples, CIS28 was found to be 

better in crystallinity and hence in the next step, In was fixed at 80 mg and Cu was varied 

from 30 to 50 mg in steps of 10 mg. Samples in this set were named as CIS38, CIS48 and 

CIS58 following the same nomenclature rule as in the earlier case. 

3.3 Structural characterization 

The X-ray diffractograms of the samples the prepared using technique A [by varying 

mass of In and keeping mass of Cu constant -CIS22 to Cl S21 0 J are shown in fig.3.1. 

Diffraction peaks were observed at angles 26.5°, 44.17° and 52°, which were 

corresponding to planes (I 12), (204 )/(220), (116)1(312) respectively. The (204)/(220) and 

(116)/(312) peaks were not resolved in the XRD. 

I 
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Fig 3.1: XRD pattern of samples prepared through technique A 

Conesponding d values were obtained as 3.34, 2.04 and 1.74 A respectively, which 

agreed with the standard JCPDS data card (JCPDS 23-209) confirming the existence of 

tetragonal CulnSe2 phase in the thin films prepared using this technique. From the XRD 

analysis, it was also observed that in sample CIS22, only two peaks corresponding to the 

planes (112) and (204)/(220) werc prominent. It could be expected that this fillll would be 

eu-rich because of the initial stoichiollletry of the precursors. Moreover, there can be loss 

of Indiulll due to the anllealin~ at 'HlO°C, \Vhcn the In content was increased to obtain 
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sample CIS24, the crystallinity decreased. On further increasing the 'In' content, the 

Crystallinity increased and reached maximum for the sample CIS28, in which all the three 

prominent peaks became clearly visible. This increase in crystallinity could be attributed 

to the improved stoichiometry of the sample. Further increase of the In-content, (sample 

CIS210) resulted in decrease of the crystallinity, which was attributed to the deviation 

from stoichiometry. It was also observed that the additional growth planes at (204)/(220) 

and (116)/(312) were disrupted at higher percentage of' In'. Hence it was concluded that 

initially 80 mg of 'In' could be used to grow crystalline CuInSc2 thin films.Grain size 

was calculated from the XRD data using the Debye-Scherrer formula. Table 3.1 depicts 

the variation in grain size 

Table 3.1: Variation of grain size with Cu/In ratio for techniqueA 

Sample Name Grain size (nm) 

CIS22 17 

CIS24 14 

CIS26 25 

CIS28 26 

CIS210 24 

The maximum gain size was obtained for the most crystalline sample, CIS28. Large grain 

size is one of the fundamental requirements in photovoltaics so as to reduce grain 

boundary scattering and improve conductivity. This was another reason to fix In-content 

at 80 mg for the next step in CulnSe2 preparation. 

CulnSe2 thin films can exist in two different structures viz. chalcopyrite and sphalerite (a 

disordered version of chaJcopyrite). Some of the XRD peaks arc common to both 

sphalerite and chalcopyrite structures and these comlllon peaks \\ ere obtained from the 

present XRD studies. Hence the structure or the films could not be confirmed ti'om the 

XRD analysis alone. To confirm the structure. Raman anal) ,>i.,; \\;1;, perforllled using an 
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Argon ion laser of wavelength 488 nm as excitation line. Raman analysis was carried out 

on selective samples only (Cu-rich, In-rich and nearly stoichiometric) it was observed 

that the strongest Raman peak was at 233cm· 1 which proved that the structure was 

sphalerite. 

Fig 3.2 shows the variation in crystallinity for the samples prepared through technique B, 

for the same concentrations as for the technique A described above. The same nature of 

variation in crystallinity was observed for these samples also. Through technique B, it 

was found that as In-content was increased, crystallinity decreased, reaching a minimum 

for CIS26 and abruptly rose to maximum for CIS28, But for CIS210, the crystallinity 

again decreased. The major difference between the CulnSe2 films prepared llsing the two 

techniques A and B films was in sample CIS21 0, CIS21 ° prepared through technique B, 

exhibited In2Sc3 phase which may be due to the fact that loss of Indium was less in this 

method, as 'In' was in the compound form In2Se}, before annealing at 400°C. Fig 3.3 

shows the XRD spectrum of ClS21 0, which clearly shows the existence of In2Se3 phases 

along with the CulnSe2 phase in the sample. 

( Ill) 

! 

ClS210 I 
I 

i 
i 

" (lIW(JI2) nS2S i 

~ .1 ;: 
~ ~ ! , (':IS,'2', I t· ~ _.' . '" , ----.-~~~ ~~-~----i 

~ I, I I ClS24 i 

Fig 3.2: XRD pattern of samples prepared using technique B 
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Fig 3.3: XRD pattern of CIS21 0 

The variation in grain size for this set of samples is shown in the Table 3.2; sample CIS22 

which was Cu-rich, possessed the maximum grain size and had a grain size identical to 

that of ClS22, prepared through the technique A. The grain size decreased with increase 

in Indium concentration. There was an increase in grain size for CIS28 [as observed in 

the sample prepared using technique AJ, but the gain size decreased when In-content was 

increased to 100 mg in ClS21 O. 

Table 3.2: Variation of grain size for the samples prepared through technique B 

Sample name Grain Size (nm) 

ClS22 18 

C(S24 17 

CIS26 16 

CIS28 1 R 

CIS210 13 

CIS210 was having the smallest grain si/.e and hence could be assumed to be the one with 

rnaximum 'I n' concentration. B) cl irccl comparison of the d iffractograms of Ihe fi Ims 
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grown using the two techniques it could be concluded that best crystallinity was obtained 

when the 'In' composition was fixed at 80 mg. To improve the crystallinity fmiher, the 

Cu concentration was varied keeping the Indium content fixed at 80 mg. Concentration of 

Cu was varied to 30 mg, 40 mg and 50 mg respectively so that sample nomenclature was 

now CIS38 for Cu 30 mg and In 80 mg; CIS48 for Cu 40 mg and In 80 mg and CIS58 for 

Cu 50 mg and In 80 mg. 

~ 
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Fig 3.4: XRD pattern ofCu-varied samples prepared using technique A 

Fig.3.4 shmvs the XRD pattern of samples CIS28 to CIS58 prcpared lIsing this technique 

A. As concentration of Cu increased, crystallinity increased, Lwith maximum for Cu= 40 

mg -CIS48J and then decreased on further increasing the Cu- content. It is well 

established that tilms with the stoichiometlY I: 1:2 show maximum clystallinity and on 

deviation tt'om this, the crystallinity reduces. The improvement in elystallinity and then a 

decrease could be hence due to the approach to stoichiometry and subsequent deviation 

from it, as Cu-content increases. An important result was that all the samples showed 

thrce prominent peaks vcry clearly vvhich was absent when the In-content was varied 

from 80 rng. Also the growth of the planes was well affected when the Cll-content was 

varied which strongly indicated that formation of the films was not in direct proportion to 

the initial preclIr::;or masses. Had it been so. the improved crystallinity should be observed 
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(or initial precursor having eu 20 mg and In 20 mg, where the stoichiometry Cu/In = I, as 

per the requirement for ideal stoichiometry. Grain size was calculated for this set of 

S8JDples and results are as shown in Table 3.3. Grain size increased to 24nl11 on 

increasing the Cu content and for CIS58, it decreased. 

Table 3.3: Variation of grain size for Cu-varied samples grown using technique A 

Sample name Grain size (nm) 

CIS38 23 

CIS48 24 

CIS58 18 

A set of samples was prepared using technique B by fixing 'In' content at 80 mg and 

varying Cu in order to compare the effect of the growth process. The X-ray diffraction 

pattern for the set of samples prepared is shown in the Fig 3.5. 

0SJ8 

JO 40 50 6() 70 

AIee2a~ 

Fig 3.5: XRD pattern of Cu-varied samples prepared through technique B 

As the sample stoichiometry was changed from CIS38 to CIS58 using this technique, it 

Was observed that the crystallinity increased (0 a maximulll for sample CIS48 and then 

decreased with fUl1hcr increase ill ell. The additional diffraction peaks at (204)!(220) and 
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(116)/(312) were absent in sample CIS58. The growth mechanism in this case was thus 

similar to that for the tilms prepared using technique A. It could however be observed 

that the crystallinity of the CIS48 prepared using technique A was better than the one 

grown using technique B. Table 3.4 shows the variation in grain size for this set of 

samples. Maximum grain size of 19 nm was obtained for sample ClS48, which was also 

the most crystall ine sample in the set. 

Table 3.4: Variation in grain size of Cu-varied samples prepared through techn ique B 

Sample name Grain size (nm) 

CIS38 18 

CIS48 19 

CIS58 16 

Among the batch of samples prepared using the two techniques and different 

stoichiometry, CIS48 grown using technique A was the most crystalline. The grain size 

of the samples prepared using technique A was, on the average, greater than that of 

samples prepared using technique B in spite of having the sallle stoichiometry. But no 

large scale variations were there. Maximum grain size of 26nm was obtained for the 

samples prepared llsing technique A while for the sample from technique B, it was 18nrn 

for the same composition. 

3.4 Optical characterization 

Optical absorption studies were carried out on all the samples, measuring the absorption 

spectra in the wavelength range 500 Ilm to 1500 nm. Band gap (E~) was obtained by 

extrapolating the linear portion of the (O.hV)2 versus hv graph to hv axis. Figs 3.6 (a) and 

(b) show the absorption spedra of Cl S22 and ClS2l O. The same trend in variation of the 

band gap was noted with variation ill Cu/ln ratio for the samples prepared using the two 

techniques and is given in tables 3.5. 
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Fig 3.6: Absorption spectra of sample (a) CIS22 and (b) CIS2l0 

It was observed that the band gap decreased with increase in Cu concentration. Band gap 

was lowest for eu-rich film Cl S22 (0.7geV) and largest for In-rich film CIS21 0 (0.95eV). 

Table 3.5: Band gap variation samples prepared through technique A and B 

Band Gap Eg (eV) 
Sample name 

Technique A Technique B 

ClS22 0.79 0.82 

CIS24 0.94 0.93 

CIS26 0.85 0.89 

CIS28 0,87 0.9 

CIS210 0.88 0.95 

C1S38 0.92 0.93 

CIS48 0,91 0.92 

CIS58 0.88 0.83 
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As can be seen in table 3.5, samples did not show any kind of dissimilarity (except 

CIS210) in their optical band gap based on the route of preparation. In both the cases, the 

band gap was lowest for the Cu-rich sample CIS22 (0.79 eV for the samples prepared 

through technique A and 0.82 eV for the samples prepared through technique B) and was 

largest for the In-rich sample CIS210 (0.88 eV for the samples prepared through 

technique A and 0.95 eV for the samples prepared through technique B). In general, it 

could be stated that the band gap was larger for films prepared by technique B than that 

of the tilms [of the same composition] prepared using technique A. 

In the case ofl-IrI-Vh compounds, the uppermost valence bands get strongly influenced 

by the metal d levels (ill the present case ClI-d levels). The Cu-3d levels and Se-4p levels 

being degenerate and possessing same symmetry because of the p-d hybridization 

interaction and cause the valence band maxima to be displaced upwards. 16 Hence an 

increase in ClI content could increase the spread of Cll-3d orbital, which enhances the 

possibility of interaction, leading to the reduction of the band gap. However a drastic 

increase in ClI conccntration will increasc the number of donors and thus shift the fermi 

level to the conduction band (Burstein-Moss shift), thereby increasing the band gap.17 

3.5 Electrical characterization 

Type of majority carriers in the films deposited was identified lIsing 'hot probe method'. 

All the samples showed p-type conductivity except CIS210, which showed It-type 

condudivity. This could be due to presence of excess In. It was observed that In-rich 

films showed n-type conductivity while near-stoichiometric and eu-rich films 

demonstrated p-type conductivity.lg The p-type conductivity is achieved by cation 

vacancies or anion interstitia Is while n-type conductivity is due to anion vacancies or by 

cation interstitials. 

Sheet resistance and photosensitivity measurements were carried out on all the samples 

and it was observed that these were the highest for the Ill-rich sample l Cl S2 I 01 rind 

minimum for the ClI-rich film [CIS581. Cor the samples obtained from both the 

techniques. Photosensitivity is a measure of minority carriers generated by light. For the 
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highly resistive sample, the effect of minority carriers will be enhanced and hence the 

photosensitivity would be improved. It could be observed that the sheet resistance and 

photosensitivity were different for the samples prepared using the two techniques cven 

though there was not much variation in crystallinity, grain size and band gap for thcsc 

samples. 

Table 3.6: Comparison of photosensitivity and sheet resistance of the 

samples prepared through the two ditlerent techniques 

Sample 
Photosensitivity Sheet resistance MO 

name 
Technique A Technique B Technique A Technique B 

ClS22 0.05 0.9 0.643x 10.3 9 

CIS26 2.90 7 325 385 

CIS28 0.24 II 3 1378 

ClS210 3.20 9 608 469 

Table 3.6 shows the sheet resistance and photosensitivity of the films prepared using the 

two techniques. From the table, it was clear that, photosensitivity was bettcr for samples 

prepared using tcchnique 8. A definite conclusion about the sheet resistance of the films 

Could not be made on similar line, since for certain stoichiometry, films deposited by 

technique A, had lower sheet resistance and for some other stoichiometry the films grown 

under technique B, had lower sheet resistance. 

3.6 Observations 

Photosensitivity of the absorber layer plays an illlpoltant role in the performance of a 

Solar cell. Hence it 'Was concluded that. out of' thc two type.;, of CulnSc2 films, films 

prepared using therma I di ffusion of Copper into 11l2Se, wh ieh sll()\\ ed better material 
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properties, were more suitable for photovoltaic applications. Hence further analysis was 

carried out on these samples. In order to increase the Cu content the samples were 

prepared by decreasing the 'In' content. A sample of this kind was CIS52, which was 

prepared by evaporating 20 mg of In and 50 mg ofCu. CIS52, CIS48 and CIS2IO were 

selected for further studies so that the stoichiometry was ClI-rich, nearly stoichiometric 

and In-rich respectively. 

3.7 Compositional analysis 

Atomic concentration of the constituent elements present in the samples was determined 

lIsing EDAX. A typical EDAX spectrum is shown in fig. 3.7 and the atomic 

concentration for the set of ideal samples is given in table 3.7. 

Fig.3.7: A typical EDAX spectrum ofClllnSe} 

On analyzing the EDAX results, it was found that sample CIS52 was Cll-rich, CIS21 0 

was In-rich and CIS48 was nearly stoichiometric, as expected. Based on the 

compositional analysis, it could now be concluded that the mass of In required was 

double the Illass of ClI, for obtaining a nearly stoichiometric film (1n-80I11g and Cu-

40111g). This might be due to the fact that melting point of In was only 150°C and hence 

sonw quantity of' III was always lost during annealing at 400°C. 
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Table 3.7: Atomic concentration in percentages 

Sample Name Cu% In% Se% 

CIS210 8.79 35.04 56.16 

CIS48 20.73 24.65 54.65 

C1S52 41.24 16.28 42.48 

3.8 Structural analysis 

On comparing the X-ray diffractograms of the samples C1S52, CIS48 and CIS210 

secondary phases were obtained for ClI-rich (Fig 3.8) and In-rich films (fig 3.9) while 

single phase CulnSe2 was obtained for nearly stoichiometric film (Fig.3.10). For the pure 

CulnSe2 phase, planes were identified as (112) at 29 = 26.6°, (220)/(204) at 28 = 44.1 ° 

and (116)/(312) at 20 = 52.3° respectively with preferred orientation along (112) plane 

(JCPDS card 23-209). 

In the case of sample CIS52 (ClI-rich), secondary phases such as CuSe, CU2Se and CU2_ 

xSe (Fig. 3.8 (JCPDS Card 18-0453, 20-1020, 27-0184) were identified from the XRD. It 

was earlier reported that CuSe phase formed on the surfaces and grain bOllndaries in 

polycrystaIline films, grown under Cu- excess conditions.") Presence of solid or liquid 

Cu,Se phase, at the surface or within the film, promotes growth of large grains by 

enhancing diffusion or through the use of a liquid phase epitaxy-like process. 20 In the 

present study also the grain size was found to be increased for Cu excess sample CIS52 

(24nm). However any excess CuxSe phase is detrimental to CulnSe2 devices due to its 

highly conductive nature. 
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Fig 3.8: X-ray Diffraction pattern ofCIS52 
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At the same time, In2Se3 phase (JCPDS Card 20-0496) was found for In-rich films 

CIS210 (Fig 3.9). 
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Fig 3.9: X-ray Diffraction pattcm of CIS21 0 

In-rich films possess high density of defect states, reducing thc gram size. For the 

fabrication of solar cells, slightly In-rich films (In concentratioll abollt 26%) wc re 

preferred. It is reported that this In-rich stoichiometry helps to form a thin n-type layer at 

the surface (an ordered vacancy compound)_ 'A hieh enhances thc efficiency of the solar 



Cu/nSe2 thin films using chemical bath deposited Selenium 91 -
cel1.21 For nearly stoichiometric film CIS48 (Fig 3.10), only peaks of CulnSe2 were 

visible. No binary phases were seen. 

250 

200 

Angle 20 degrees 

Fig 3.10: X-ray Diffraction pattern of CIS48 

3.9 Raman analysis 

Raman analysis was carried out on the samples CIS48, CIS52 and C[S210 to confirm the 

structure and chemical state. Optical vibrational modes of CuinSc2 thin films were 

obtained from the analysis of the Raman spectra (Fig 3.11). 
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Fig 3.11: Raman spectra of the samples CIS48, CIS52 and C1sn 0 
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In all the samples, a prominent mode at 233cm-1 was observed which corresponded to the 

sphalerite phase of CIS. Three modes of vibration were observed for CIS21 0 at 117, 176 

and 233 cm-I with prominent one at 233 cm-I. The mode at 117 cm-I was assigned to the 

BI symmetry. This 8 1 mode corresponds to the frequency of vibration ofCu and In atoms 

in antiphase. In this case, the polarizability change during the vibration due to the 

stretching of the Cu-In bond is partially compensated by the compression of the In-Se 

bond and hence this mode is very weak. Frequency of this mode is given by.21 

k 112 -1/2 
V = (Mc" + M/n ) (M c"M b,) (3.1 ) 

Vibrational mode at 176 cm-I was assigned to AI symmetry and this mode gave the 

strongest line generally observed in the Raman spectra of I-Ill-VI chalcopyrite 

compounds. In this mode, Se atoms vibrate in the x-y plane with Cu and In atoms at rest. 

Hence frequency of this mode is associated with Se mass and the cations-Se bond 

stretching forces, describing the interaction between nearest neighbours. The frequency 

of the AI mode is given by 

(3.2) 

where k is the force constant and M se , mass of Se atom. Dependence of v on these force 

constants can be expressed as 

(3.3) 

Here Ucu-Sc and (lln-Se are the bond-stretching constants between the corresponding 

atoms23
. Because of the dependence on force constants, position of this mode directly 

depends on the atoms surrounding Se.24 The AI mode was attributed to vibration of Se 

atoms, with Cu and In atoms at rest .24 - 26 

In the present study_ we observed the prominent peak at 233 cm-I and it was assigned to 

B~ or E symmetry. This peak was considered to be fi·om sphalerite phase of CIS nand 



Cu/nSel thin ft/lm,' u!~ing chemical bath deposited Selenium 93 

related to the phonon mode of In-Se bond. 18 The relative intensity of this peak was much 

greater for the In-rich film CIS210. Here the prominence of In-Se bond can be assumed. 

Peak position for the sample ClS52 was slightly (168 cm> l) less than that obtained from 

the other samples. Since the force of interaction between selenium atoms and cation 

atoms mainly detennine the vibrational frequency, vacancies at anion site would 

effectively reduce the A, mode frequency 29. In the case ofCIS52, the small shift in peak 

position of Al mode might be due to the vacancies at indium site. EDAX measurements 

on this particular sample showed a deficiency of In (table3.7). 

Raman spectra of CIS48 showed single peak at 233cm-I
, which corresponded to the 

sphalerite phase of CuinSel' Combining the observations from Raman Analysis and 

XRD, it was concluded that the CulnSe2 film in the present study was having sphaierite 

phase, which is a disordered version of chaJcopyrite structure. 

3.10 AFM analysis 

Fig.3 . 12 and 3.13 illustrate the 2D and 3D AFM micrographs of Cu-rich (CIS52) and In­

rich (CIS210) films. h showed that both these films were free of void and pinholes. 

Figure.J.I2: 2D and 3D AFM micrographs ofCIS52 
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Figure.J.13: 2D and 3D AFM micrographs ofCIS210 

In indium rich samples, grains were evenly distributed and spherical gro\\1h was also 

observed [Fig 3.13]. But Cu-rich films had well-separated pyramidal islands and were 

evenly distributed [Fig 3. 12]. This kind of surface structure has potential application as it 

reduces reflection loss and enhances light trapping in solar cells.lo Such structures were 

earlier reported as a consequence of wet-etching. But our work suggests that such 

structures can be developed by the variation of film sto ichiometry itself without the use 

of etching technique. In general, surface microstructure appeared to be influenced by 

Culln ratio in the film. 

The stylUS surface profile for sample CIS52 and CIS2 10 are shown in Fig 3. 14 (a) and 

(b). The roughness was obtained using the stylus probe having a 5 )J.m diamond tip, 

where the average roughness was found to be 130-110 nm for sample CIS52 while it was 

found to be 15-30 nm for sample CIS21 O. 
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(a) (b) 

Fig 3.14: Surface RVIlg.hn~s:-i prolile le.) .. sample tal ('[S51 and (b) C IS:! 10 

3.11 Photoluminescence studies 
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Fig 3.15: Temperature dependence of PL emissio n in sample CIS48. 
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and 0.966 eV. The highest PL emission was at 1.038 eV and it possessed a 'high energy 

tail' going up to 1.076 eV and this was quenched above 40K. 

Fig 3.16 represents the plot of log of ratio of the intensity (lFEI lA) versus 1000/T fitted 

using the equation 

I FE / I A = exp( -M / kT) (3.4) 

For L\.E, a value of ~ 5 meV was obtained which agreed with the 'exciton binding energy' 

in CulnSe2 .31-33 Hence it was concluded that the 1.038 eV emission was a Free Exciton 

(FE) emission in this sample. 
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Fig 3.16: Ratio of the intensities of the FE emission to lA ,as a function of temperature 

The emission at 0.995 eV was present up to 80 K in this sample. As the temperature was 

raised there was a shift in the peak energy position towards the lower energy side. This 

was evident from the temperature dependence of this emission (Fig 3.15) and was 

characteristic of a donor-acceptor pair (DAP) transition. The emission energy of a DAP 

pair at a distance r is given by equation 

(3.5) 
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where Eg is the band gap, EA and Eo are the acceptor and donor levels, E is the dielectric 

constant and r is the separation of the DA pair involved in the transition.34 Assuming that 

the Coulomb term in equation (3.5) is negligible, the binding energy of the donor­

acceptor pair impurity for the emission at 0.995 eV was determined to be 47 meV. 

Dimstorfer et al had also observed a DAP transition in this energy scale and assigned it to 

a donor at 10 meV and the ionized acceptor complex [Culn-Cud at 40 meV.35 The 

sustenance to high temperature for this emission was another proof to the OAP dynamics. 

The activation energy of the shallower center among the OAP can be calculated by fitting 

the plot of logarithmic PL intensity vs 10001T as shown in fig 3.17. Using the equation 

(3.6), describing the thennal quenching ofPL in semiconductors.36 

/(T) = /(0)/[1 + Cexp(-~E/ kaT)] (3.6) 

where I (T) is the intensity at the temperature T, 1(0) is intensity at absolute zero and C is 

a temperature independent constant describing the capture of carriers at a center, ~E the 

activation energy of the capture center can be determined. 

E •• 8meV 

~ ~ ~ ~ 00 M ro ~ 00 
1 OOOIT (Kt, 

Fig 3.17: Plot of I OOO/T versus logarithmic PL intensity fitted using 

expression 3.6 tor the emission at 0.995 eV. 
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The activation energy of the shallow center was found to be 8 meV which agreed with 

the reported activation energy for the singly ionized [ne" donor leve1.3
? Using 

E D = 8 meV, h v = 0.995 eV, Eg = 1.042 eV [Iow temperature Eg calculated from 

Varshni's equation: Eg =Ego + aT 2 /(T+b) where Ego is the low temperature band gap and 

a and b are two imperical parameters] neglecting the Coulomb term in equation (3.5), the 

activation energy of the acceptor EA was found to be 39 meV. This agreed with the 

activation energy of the singly ionized V Cu acceptor level, reported by Oagan et al and 

Masse et a1.35
•

38 Thus it could be concluded that the PL emission at 0.995 eV in this 

sample was from the In 0, - Veil OAP recombination. The sample stoichiometry was also 

supporting this, as the film was slightly In-rich. 

The emission at 0.966 eV in the sample was quenched above 60 K. The peak position of 

this emission varied gradually when the temperature was raised form 12 to 40 K. Beyond 

this temperature, the position of the impurity shifted rapidly towards the high energy side. 

This gave conclusive evidence to the (e,Ao) free-to-bound nature of this transition. Using 

equation 

(3.7) 

[where EN is the PL peak energy of(e, Ao) emission, Eg is the band gap energy, EA is 

the ionization energy of acceptor impurities, k8 is Boltzmann's constant and T~ is the 

effective temperature of electrons in the conduction band], the activation of the acceptor 

impurity for this transition was obtained to be 77 meV which agreed closely to the 

activation energy of the ionized acceptor VIn level, reported by Rincon et al and Oagan et 

a1.38
•
39 Thus it was concluded that the emission at 0.966 eV in this sample was due to the 

CB-Vln (e. AO) transition. 

Three major defects present in this sample identified lIsing PL technique are IncII at 8 

meV, VCII at 39 meV and V ln at 77 meV. An excitonic hinding energy of5 meV was also 

observed in this measurement. 
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3.12 Temperature dependant conductivity 

Temperature dependant conductivity measurements were perfonned on the samples 

CIS52. CIS210 and CIS48 in the temperature range 100-300 K. Among these, CIS52 

showed metallic nature, i.e. the resistance increased with increase in temperature 

(fig3.18). The EDAX result of this sample showed an increased concentration of Cu 

[41.24%]. This may be the reason for the metallic behavior of this sample. 

100 120 140 lOO ISO 200 220 240 2eo 2eo 300 lZO 

T ............ lurr(!Q 

Fig 3.18: Plot of Temperature vs Resistance of the sample CIS52 

The samples CIS48 and CIS210 showed negative temperature coefficient of resistance 

i.e. their resistance decreased with increase in temperature. Fig 3.19 shows the Arrhenius 

plot of In(R) vs 1000/T for the sample CIS48. Three distinct regions are marked in the 

graph, indicating the change in the variation of resistance with temperature. Three slopes 

can be obtained from the graph, from which, the corresponding activation energies can be 

calculated. 
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Fig 3.19: Ahrrenius plot of InCR) Vs 1000rr for the sample CIS48 

Activation energy was calculated from the variation of p or (J with increase or decrease of 

temperature using the formula, 

E 
(Y = (Yo exp( __ n) 

kT 
(3.8) 

where E. = activation energy (or enthalpy) of the process and k is the Boltzmann 

constant. From the Ahrrenius plot, Ea is calculated as 

Ea = 1000mk (3.9) 

where m is the slope of the plot. The three slopes in the plot resulted in three activation 

energies of 110meV, 49 meV and 14 meV. Activation energy of 110 meV could be 

assigned to the vacancy of In (V In). Rincon et aI, through electrical studies, had assigned 

the same defect level to be between 110-130 meV while H Neumann et al had assigned it 

to be between 115-125 meV.40
•
41 The small difference in reported values was due to the 

screening effect originating from the presence of ionized defects. This effect reduces the 

activation energy of shallow acceptor or donor levels according to the expression.42
-44 

(3.10) 
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where EAo is the acceptor activation energy in the dilute limit and ~::::: 3 x lO-s meV cm-I 

is the 'screening constant', of CulnSe2' Even though this sample was slightly In-rich, the 

possibility of this defect formation can not be fully ruled out. The sample was p-type and 

the formation energy of V ln defect is very low.45 Another possibility is CUln; but 

according to Zhang et aI, the formation energy of Vln is less than that of CUln for a Cu­

poor, In-rich p-type sample.46 Hence the defect could be confirmed to be Vln defect level 

which is an acceptor level, contributing to p-type conductivity. The formation energy of 

these defects for a stoichiometric sample are given in the table 3.8_ 

Table 3.8: Fonnation energy of intrinsic defects in stoichiometric CuInSe2 

Formation Electrical 
Intrinsic Defect 

energy(eV) activity 

Incu 1.4 Donor 

CUln 1.5 Acceptor 

Vsc 2.4 Donor 

VCu 2.6 Acceptor 

Vln 2.8 Acceptor 

CUj 4.4 Donor 

Inse 5 Donor 

Seln 5.5 Acceptor 

CuSe 7.5 Acceptor 

Secu 7.5 Donor 

In; 9.1 Donor 

Se; 22.4 Acceptor 
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The activation energy of 49meV could be assigned to the acceptor level, Vcu.
40 Cu is 

weakly bonded and vacancy of Cu exists in almost all the films, irrespective of the 

composition. The order of formation energy of the defects for this sample is 

Vcu<ll1cu<Vrn<Culn<Cu; .46 The lowest formation energy of this defect also supports the 

argument. Activation energy of 14 meV corresponds to the Incu donor level. This defect 

can occur in the present case, as a consequence of the composition and formation energy. 

PL measurements also confirmed the existence of Incu and V Cu defect levels in this 

sample There was slight difference in the values of the activation energies for the defects 

obtained from the optical and electrical study. The shallow levels of VCu, Incu and Vln 

could be identified in CIS48. 
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Fig 3.20: Arrhenius plot of CIS21 0 

Fig 3.20 shows the Arrhenius plot of the sample CIS210, which was highly In-rich. Two 

distinct slopes are seen in the graph corresponding to activation energies of 75 meV and 

25 meV respectively. The activation energy of 75 meV could be assigned to VSe, and that 

at 25 meV to Ine" which acts as donor levels. As the sample was n-type, these donor 

levels may be contributing to the conductivity. 
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3.13 Cbaracteristics of optimized CdS tbiD film for solar cell fabricatioD 

Fig 3.21 shows the X-ray diffraction pattern of the CdS thin film. deposited at a substrate 

of 50"C. The peak at 26.6° corresponds to hexagonal (002) plane. Peaks were also found 

at 27.'P. 47.87° and 52. IJO corresponding to planes (101), (103) and (112). 
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Fig 3.21: X-ray Diffraction pattern ofCdS thin film 

Grain size of the sample was calculated to be 19 nm. Figure3.22 shows the Scanning 

Electron Microscopic image of CdS film prepared in the above condition. The image 

shows highly dense grains even though the grain sile was low. 

-9095 12KU X21.lee I" NO 7 

Fig 3.22: Scanning electron microscopic image ofCdS 
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Fig 3.23: Absorption spectra of CdS 

Fig 3.23 shows the absorption spectra ofCdS film and the band gap obtained as 2.46eV. 

The sheet resistance was obtained as 603M.o, from the I-V measurements in dark 

condition. Photosensitivity of 280 was obtained for th is sample. 

3.14 Device fabrication:Trial 

An attempt tor solar cell fabrication was made with CelS as buffer layer, Aluminium and 

Molybdenum as top and bottom electrodes. CdS thin films were prepared using thermal 

evaporation. The structure of the solar cell was Mo/Cu[nSe2/CdS/AI. 
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Fig 3.24: [-V characterisl ics of CulnSc2/CdS junct ion 



Even though the sample showed the I-V characteristics of a p-n junction, on illumination, 

photovoltaic effect could not be obtained (fig 3.24). Even after varying the concentration 

and deposition parameters, photovoltaic effect could not be observed. This technique had 

the disadvantage that, thickness of Se layer could not be increased beyond O.2S)lm 

because the films develop the tendency to peel off beyond a certain dipping time during 

the CBD process. Hence the total CulnSe2 thickness was restricted to < O.5)lm.The 

problems with this lower thickness are reduced absorption of incoming photons and also 

increased back surface recombination. As techniques like light trapping and back 

reflectors were not employed in this configuration, slightly increased thickness (0.5-1)lm) 

should be used. In this technique, the ovcrall absorber layer thickness was lower for 

getting considerable absorption of the photons. Unfortunately the thickness of the 

absorber layer could not be increased further so as to increase the absorption. 

3.15 Conclusion 

A cost-effective and eco-friendly method was used for the preparation of CulnSe2 thin 

films using chemical bath deposited Selen ium films. CulnSe2 tilms were prepared 

through two different techniques (viz, Stackcd Elemental Layer technique and Thermal 

diffusion of Copper into In}Se3 bilayer) using this chemical bath deposited Se as the 

bottom layer. Stoichiometry of the sample was varied over a wide range by varying Cu 

andlor In content. Though the tilms prepared using the two techniques showed same 

variation in crystallinity, grain size and band gap with ClI to In ratio, the photosensitivity 

was found to be more for those prepared using thermal diffusion of ell into In2Se3. The 

films showed good crystallinity with sphalerite structure which could be confinned from 

XRD and Raman studies. Stoichiometry of the samples could be confirmcd from EDAX 

measurements. The CulnSel films prepared by the present technique using CBD 

Selenium layer were found to be free from voids and pinholes. Defect analysis \vas also 

performed using photoluminescence and temperature dependant conductivity studies. 

Even though the techniquc was eco-friendly \\ ith the exclusion 01' highly toxic Se vapor 

and I f:~Sc, photovoltaic effect could not be obscr\cd at the CulnScl/CdS jUllction. Wc 
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conclude that absorber layer thickness should be of the order of 0.5-1 Jlm for efficient 

absorption of radiation and elimination of back surface recombination. 
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Chapter 4 

Modified Technique for Deposition of CuInSez Thin Films Using 

Sequential Elemental Evaporation and Characterization 

4.1 Introduction 

In the last chapter, an economical and eco-friendly method was demonstrated for the 

deposition of CulnSe2 (CIS) thin films in whieh chemically deposited Selenium was 

used. Optimization of these CulnSe2 films was carried out and with this optimized 

sample, an attempt to device fabrication was also made. Here CdS was the buffer layer. 

But photovoltaic effect could not be observed with this CulnSe2/CdS junction. One of the 

possible reasons for this could have been the reduced thickness of the absorber layer, 

which was < O.S~un. For the fabrication of solar cells, thickness of the absorber layer 

should be greater than 0.5 ~lIn in order to have efficient absorption of the solar radiation, 

even though theoretical calculation predicts efficiency above 17% for an optimized cell 

with a thickness of 0.3 ~lIn.1 The main draw back of the above mentioned deposition 

technique was that the thickness of the Se layer could not be increased above a cer1ain 

limit. As the thickness goes beyond this limit, the films star1cd to peel off Hence the 

overall thickness of the CuInSe2 films, prepared using Se layer deposited using CBO 

technique, was limited to less than 0.5~lIn. 

With the aim of fabricating a solar cell with bctter efficiency, a modified techniquc was 

developed using vacuum evaporation. whereby the film thickness could be increased. In 

literature, there are many reports on deposit ion of Cui nSc" th in films using vacuum 

evaporatioll. ~.(, I nterestingly. the record-hreaking 19.9(Yo eftic ient cell \\ as a Iso fabricated 

Using co-cvapnration tcclllliqu<.:." In all tilL: rL:ported kchniqllc.~. Cll. In and Se were 
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deposited either in elemental or in compound form, at very high substrate temperatures 

starting from 350°C. Moreover, these processes are complex and controlling the 

deposition parameters is also difficult. In the present work, CulnSe2 thin films were 

deposited through sequential evaporation of Se, In and Cu, at moderately low substrate 

temperature. This method of sequential evaporation is simpler than co-evaporation 

technique and control of stoichiometry could be easily achieved. We could deposit highly 

stoichiometric samples through this method. Here we made an attempt to deposit sub­

micrometre thick absorber layers and tabricate solar cells lIsing these. 

The key issues in the field of CulnSe2 based solar cells are, reducing the thickness of CIS 

and the replacement of CdS with non-toxic and low absorbing materials. Typical 

absorber layer thickness of today's solar'cell ranges between 2 to 3~Lm. Reducing the 

thickness of the absorber layer is one of the challenges to minimize the processing time 

and material usage, particularly of Indium. Work is going on to replace Indium partially 

by Ga, AI etc. The main reasons to find an altemative buffer layer are the following: 

(a) The expected environmental risks arising from implementation of a CBO CdS 

process in a CIGS module production linc could be avoided. 

(b) The expected technological problcms caused by a non-vacuum CBO process in a 

vacuum line could be separated. 

(c) The potcntial of increasing current generation in the spectral region of 350-550 nm, 

and thereby increasing the cell efficiency is another possibility. 

(d) As the presence of Cadmium in electrical or electronic equipment has already been 

prohibited through legal regu lations in difterent countries, there is a marketing 

problem for the Cd-containing CIGS-based thin-film modules today. 

In2S1, ZnS, ZnO, ZnSe, In2Se" InZnSe" SnSl, Sn02 are repOlted to be the possible 

alternative butler layers for CIS solar cells. In the present work, we chose In1S3 prepared 

through 'cht:mical spray pyrolysis' as the buffer layer. This was Cl novel approach as 

CulnSecl In2S, junctions. This is rather rare as 1110st of the rt:ports are on the devices 

prepared lIsing vaellum c\aroratioll technique for the entire cell. 
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.4J Experimental details , 
. soda lime glass was used as the substrate in this work. Samples were prepared using 

tbennal evaporation of Cu, In and Se at a pressure of 10-
5 

mbar. Quantity of Cu, In and Se 

to be evaporated was selected such that the film stoichiometry was I: I :2. Rates of 

evaporation were 0.5 nm/sec, 0.3 nm/sec and 0.2 nm/sec for Se, In and ClI respectively. 

After deposition, the samples were annealed at 400°C for one hour at a pressure of 10-
5 

IJlbar resulting in the formation ofCulnSc2. 

4.3 Optimization of deposition process 

Molybdenum (Mo) coated glass (thickness of Mo ~- 80 A) was llsed as the substrate in the 

optimization work. The Mo substrate was highly resistive so that it did not affect the 

conductivity measurements of the CIS sample. The deposition process was optimized by 

varying parameters like, substrate temperature, annealing rate and the sequence in which 

the three layers were deposited. As a primary step, deposition was carried out by 

sequential evaporation of Se, In and Cll to get the structurc of glass/Mo/Se/fn/Cu, 

keeping the substratc at room temperature. This sample was named as CIS I. After 

deposition, the sample was annealed at 400°C lhcating rate -2.5°ClminJ for one hour at a 

pressure of 10-5 mbar resulting in the formation of CulnSe2. 

A point to be noticed in this course is that an intermediate annealing at 1500 e (near the 

melting point of In) was carried out for these samples, before increasing the temperature 

to 400°(:. This process helped to form eu-In alloy and subsequent selenization of this 

alloy lead to formation of euI nSe2. 

From the X-ray ditfractogram of CIS I (Fig 4. I), single phase CuinSe2 with chalcopyrite 

structure was identified. Peaks were at angles 29= 17.1 0, 26.6°, 35.45°, 44.02°, 52.32°, 

64.32° and 70.8° respectively. On comparing tll\,; observed cl-spacing with powder 

diffraction standards (.JCPDS card 23-209), planes were identified as (103) at 28=17.1°, 

(112) at 26.6", (211) at 35.45", (220)i(204) a144.0Y (116)/(312) at 52.3". (400) at 65.02" 

and (316) al 71.51 ". The sample showed strong, preferential orientation along (112) plane. 

The charactcri.~lic chalcopyrite peaks \\en: obtained at (103). (211) and (400) planes. 
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CISl 

10 20 30 40 50 60 70 

Angle (20) Degree. 

Fig.4.1: X-ray diffractogram ofCIS 1 

Grain size was calculated lIsing Debye-Scherrer's formula s, and was found to be of the 

order of 45 nm. However the samples were found to be highly porous in nature to the 

naked eye. Five samples of dimension 3 .5x I cm2 were prepared at a time. Among these, at 

least four were showing similar XRD pattern in spite of being porous in appearance. This 

proved that the structural propcI1ies were repeatable in this type of preparation. 

In order to reduce the porosity, the deposition process was repeated by reducing the 

annealing temperature to 300°C (sample CIS2) keeping all the other deposition 

parameters identical to that used for sample CISl. XRD pattern of sample annealed at 

300°C is given in fig 4.2. It showed that reduction in annealing temperature lead to the 

formation of InSe phase together with CulnSe2 phase. 

The peak at 23.3 0 was corresponding to InSe phase (JCPDS card27-0244). Moreover, on 

reducing the annealing temperature to 300°C, porous nature of the film did not change 

and resulted in the decrcase of crystallinity compared to the samples annealed at 400°C. 

The temperature of 400°C has been reported to be the optimum temperature for the 

deposition ofelS by many authors. 'i. 10 
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CISZ 

10 20 30 40 50 60 7D 

An gip. 211 degree. 

Fig.4.2: X-ray ditTractogram ofCIS2 

In the next trial, Se was deposited at a substrate temperature of 50°C, while In and Cu 

layers were deposited at room temperature, followed by annealing of the entire structure 

at 400°C at a pressure of 2x J 0-5 mbar and this set of samples was named as Cl S3. Visual 

examination revealed reduction in the porosity of the film. With the increase in substrate 

temperature, the surface mobility of the adsorhed species increased because of which 

they interacted among themselves, resulting in continuous tilms with well-dctined grains 

of large size. 

As the next step, samples were prepared by keeping the deposition parameters identical to 

that of CIS3, but changing the heating rate \vhile annealing at 40QoC. The heating rate 

was reduced to 1.2°C Iminute ti'om 2.5°C Iminute. These samples were named as ClS4. 

Crystallinity of the sample also improved slightly. But these were stiiJ showing porous 

nature. Fig 4.3 reveals the XRD pattern of samples CIS3 and CIS4 which clearly showed 

that CIS3 was a better polycrystalline sample compared to CIS4. 
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Fig 4.3: CIS3 X-ray diffractograms of and CIS4 

The deposition process was further modified by depositing 'In' first at a substrate 

temperature of 100°C, followed by Se at 50°C and Cu at room temperature. Such samples 

[named as C1S5] exhibited better crystallinity without the porous nature. This might be 

due to the enhanced surface mobility of the adsorbed In atoms which tilled the voids. 

Grain size increased to 60 nm even though this value was less compared to that already 

reported. Only three prom inent peaks were observed corresponding to planes (112) at 29 

= 26.6°, (220)/(204) at 44.10 and (116)/(312) at 52.30 respectively (fig 4.4). The 

characteristic chalcopyrite peaks were absent in these samples. 

JII 2U '" 4" 5" 00 7!1 BU 

Angle (29) degree. 

Fig.4.4: X-ray diffractograll1 of CIS5 
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I 
: Following the same deposition process as that of sample CIS5, deposition was repeated 

without keeping the samples at 150°C for one hOllr during the annealing process. These 

were named as CrS6. Fig 4.5 shows the XRD spectra of these. The sample sho\ved the 

same polycrystalline quality as that of CIS5, with grain size of 57 nm. This is almost 

equal to that of CISS. Hence it was concluded that, when 'In' was evaporated at a 

substrate temperature of 100°C, intermediate annealing at 150°C was not required. This 

could save time during deposition, making this method easier. Hence this method was 

followed for further fabrication process. This process was repeated to check consistency 

in the results and the properties of the repeated sample showed negligible variations. 

----------

CIS6 

~ 
Q 

I:!. :;:.. 
:;l 
I:!. 

~ 
0-

to 20 30 40 50 60 70 80 
Angle (20) degrees 

Fig.4.5: X-ray diffractogram ofClS6 

To evaluate the degree of crystallinity of these samples, Preferred Orientation Quality 

(POQ ilkl) in the (hkl) direction was calculated lIsing the formula 11; 

POQ = . 111kl 
ilkl ~ 

~ llIkl (FWHM HI Ri hkl ) 
(4.1 ) 

"'d 

where I Ilk I is the actual intensity of the diffracting line hkl, FWHM ilk! is their full width at 

half maximulll and Ri ilk! is the relative intensity of that particular line. ill a p(mder 

sample. POQ was calculated for all samples and the values are given in table 4.1. 
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Table 4.1: POQ values of the samples CISl to CIS6 

Sample name POQ 

CISI 1.8 

CIS2 1.5 

CIS3 2.5 

CIS4 2.2 

CIS5 2.2 

CIS6 2.4 

From the table, it could be seen that POQ was maximum for CIS3 which showed that it 

was more crystalline. But the sample was visibly porous. For CIS 1 and CIS2, POQ was 

below 2 and for samples CIS4 and CIS5, the POQ value is more or less the same. 

Considering the visual appearance, XRD peaks as well as the POQ value, CIS6 could be 

taken as the best sample in this group. Compositional, optical, electrical and 

morphological analyses of this sample were carried out. 

4.4 Characterization of Optimized sample 

4.4.1 EDAX analysis 

Atomic concentration of the constituent elements of CIS6 was detennined using EDAX 

by applying an acceleration voltage of 20kV. The EDAX spectrum is shown in fig.4.6. 

EDAX spot analysis across the entire sample revealed high degree of compositional 

unifonnity with typical values around 29.01 at%. 17.95 at% and 53.54 at% for Cu. In and 

Se respectively. This very well indicated that sample was homogeneolls. Even though the 

masses evaporated were for stoichiometric with a ratio I: I :2, the sample was ClI-rich. As 

the melting point of In is only 150°(', there is a high probability for Indilllll getting lost 
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during the annealing process at 400oC.This could be the reason as to why the films where 

eu-rich. 

Sja:fnml 

Cl ., 

Cl 

~ ~~'1. Cl 
LA... 

J 
". 

"s 8 10 
f.JSc8lel07m CIlS«OI.OOkeV ~ 

Fig.4.6: A typical EDAX spectrum of CuInSe2 

4.4.2 XPS analysis 

FigA.7 shows the result of the 'XPS depth profile' analysis of CIS6. The results reveal 

that Cu and Se diffused into the 'In' layer due to annealing and this resulted in the 

formation ofCuinSe2' 

IleA NGI"lLl 101l/0! 1U&1W2. DD-JZ 1 .,...2 
nU:.QI22J1 CZ CUlftWftto./Gl ... 

no 9254'0 .uooo ~05U 5212112 2201114 

Fig.4.7: XPS depth profile ofClllnSe~ 

.. 
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The binding energy values of Cu, In and Se were in agreement with the standard values 

rep011ed earlier 12 and these are given in the table 4.2. A slight shift in BE of Cu, In and 

Se near the interface of film and the substrate was observed which could be due to the 

presence of oxygen in the sl1bstrate. 

Table 4.2: Binding energies for the different elements in CIS 

Element 
Binding Energy 

(eV) 

CU2P3i2 952.4 

CU2pli2 932.8 

In3dsi2 452.8 

In3d3/2 445.2 

Se3d 54.8 

Mo 231.3 

Mo 229 

0 531.1 

0 530.4 

From XPS analysis, we could conclude that, even with the Cu-rich composition, film 

existed in single phase, which is an indication of its large structural tolerance to off­

stoichiometry. However, Mo diffused from the substrate up to the surface of the film. 

Two different binding energies were obtained for Mo, [231.3 and 229 meV]. These 

values were corresponding to two different phases of Molybdenum oxide namely, MoO] 

and MoO). Binding energies of oxygen also supp011ed this assignment. Binding energy of 

Oxygen was 531.1 eV in MoO] and 530.4 cV in MoO.l. 
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4.4.3 Thickness measurement 

Film thickness and sample surface roughness were determined from the one dimensional 

scan carried out by means of Dektak32 stylus profilometer. Thickness of the sample was 

found to be 0.79 I.un while the average roughness was 93.6 nm. Thickness can be 

increased by multi layer deposition, if required. 

4.4.4 Optical absorption 

Absorption spectrum was recorded in the wavelength range 500 nm to 1500 nm for all 

the samples. Fig 4.8 shows the plot of (ahv)2 versus hv for sample CTS6. 

[ ~lJ.97 e\' , 
1.11 

O.II+------_""""'~--......,---...J 
i I 

Fig.4.8: Absorption spectra of ClI] nSe2 

Band gap obtained, by extrapolating the linear portion of the (ahv)2 versus hv graph to 

hv axis [0.97 eV], was close to the reported value for Cu-rich films \3. In all the films, 

there existed a second absorption edge at energy ~ 1.1 cV. This absorption is attributed to 

the 'valence band splitting', a phenomenon commonly 

sem iconductors. 

occurrill" ill b 1-llI- VI 2 

The valence band of CIS consists of three sub-bands. i\t the top. there is a hroad band 

built up from Sc-4p and ell-3d states. Next is a nalTO\\Cr band formed from Ill-SS and Se-
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4p bonding states. f inally, well-separated from the first two bands. there ex ists the Se-s s

band. The uppe rmost valance band is lifted due to simultaneous influence of spin-orbit

and crystal field interactions (tetragonal distort ion). This splitting is owing to the

following reasons.

( 1) Ordering of the metal cat ions relative 10 one another such that the unit cell IS

doub led along the opt ic axis

(2) In the chalcopyrite structure, each cation (Cu and In) has four anions (Se) as

nearest neighbours. The anion usually adopts an equilibrium posit ion close r to

one pair of cations than to the othe r. Thai means. the anions are not located at,

positions like (1/., Y•• Yo ); instead these are placed at (1/4, 1/4, 1/8) which make

the In-Se and Cu-Se bond lengths unequa l and

(3) The cbalcopyrite lattice is slightly compressed a long the z-axts." :"

- - --...... I
I
I
I:../"'

~ i
\ I

I

Fig 4.9: Splitting of the uppermost valance band in CulnSc2

Fig 4.9 shows the va lence-band splitting due to crystal field and spin-orbit interactions.

The 3d or 4d electrons of the noble meta l (Cu ) hybridize with the p-like va lence band due

10 proxim ity of the ir levels. Thi s hybridization p-d resonance cause anion p-state and Cu­

d band splitt ing. Tran sition can take place between co nduction band and split va lance

hands which create additional absorption edge. as observed in the present case.
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4.4.5 Electrical characterization 

Hot probe measurement confirmed the samples to be p-type. Generally p-type samples 

are eu-rich 18 and this was consistent with EDAX measurement. Resistivity of the sample 

was found to be 3 Qcm, from the dark I-V characteristics. For fabrication of solar cells, 

resistivity of the order of 10 Qcm is usually preferred. The resistivity could be varied by 

varying the composition in the tilm. 

4.4.6 Temperature dependant conductivity measurements 

Defect levels were identified lIsing temperature dependant conductivity measurements. 

Measurement was performed in the temperature range 100oK- 4000K under 'dark 

condition'. The Arrhenius plot of conductivity (fig.4.1 0) indicated two distinct slopes of 

activation energies 30 meY and 130 meV. These values agreed with the activation 

energies of CUln- and V ln- respectively.2O, 21 Since the film was Cu-rich, the probability of 

formation of these defects was high. These are the acceptor levels contributing to p-typc 

conductivity. 

.1-10 

.145 

-l~> 0 

-1 r.e '~-r'·t-l···~· . Y··-··;-·-··'--!···-~r"-"j"· I~""''''''' -·r--,.,........"'l 
2 ~ ~ HI;1 

100QfT (I< ) 

Fig 4.10: Temperature dependant conductivity ofCulnSe2 
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4.4.7 Morphological analysis 

Morphological analysis of CIS6 was carried out using Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy(AFM). The image of the sample obtained ·from 

SEM analysis is given in fig.4 .11 which shows that tne film surface was smooth and 

unifonn . It could also be seen that the sample was free of pinholes and micro-cracks. 

Fig 4.11: Scanning electron microscopic image ofCulnSel 

Fig 4.12 shows three dimensional AFM image ofCIS6. From AFM, pyramidal structure 

of the grains could be seen, which is a characteristic of Cu·rich CuinSel thin films. This 

kind of surface structure can be used to increase light trapping.l~ Sample roughness was 

calculated from an area of I ~ x 1 ~ . The RMS roughness was found to be 26 nm 

which was comparable to that obtained from the stylus profilometer(93.6nm). 

The two dimensional AFM image (fig.4.I3) showed that the grain size varied in a wide 

range. from 75 nm to 200 nm and was different from the grain size obtained using 

Debye·Scherrer fonnula. From XRD analysis. the average grain size was calculated as 57 

nm. Muller et al assigned the value calculated from this fonnula as "domain size" and 

one grain contains several domains.1J From AFM study, we could get grain size of the 

order of200 nm and also sub.particles of size - 75 nm which can be cal led a s: doma;n .. 
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Fig.4.12: 3D AFM image in I x IJlm area 
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Fig. 4.13: 20 AFM image in O.S x O .5~ area 

4.4.8 Inference 

Slacked elemental layers of Cu, In and Se were deposited at moderately low substrate 

temperature. The deposition process was optimized as follows: 

(I) Structure of the film : GlassllnlSe/Cu 
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(2) Indium evaporation at 100°C 

(3) Selenium evaporation at 50°C 

(4) Copper evaporation at room temperature 

(5) Annealing this layer at 400°C 

All these processes were carried out at a pressure Of 2 x 10-5 mbar. On analyzing the 

characteristics of the sample, we could infer that this procedure can be followed for 

further deposition. The samples were again deposited at the same condition to ensure 

repeatability and the film characteristics showed nearly the same values. 

Films were characterized by varying the concentration ofCu, In and Se, one at a time. 

4.5 Effect of variation of Cu 

CuInSe2 thin films were prepared by varying the concentration of Cu keeping In and Se 

concentrations constant at 110 and 170mg respectively. Concentration of Cu was varied 

from 40mg to 80mg. These samples were named as CIS7, CIS8, CIS9 and CISI0 

depending up on concentration of Cu. 

4.5.1 Structural characterization 

;- M 

... ~ i 
.)l •• ~ al ~ 
~ .... ClSIO 

1 CIS9 

1 C1SR 
J.. 

1 C1S7 

~ 

211 .10 411 ~8 Ml 
"n!ll~ (20) del!r£1.'S 

Fig.4.14: X-ray diffractograms of samples CIS7 to CIS 10 
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Fig.4.14 shows the X-ray diffraction pattern of the samples CIS7, CIS8, CIS9 and CIS 10. 

All the films were preferentially oriented along the (112) plane. Peaks were 

corresponding to planes (220)/(204) and (312)/(116). In addition, CIS4 showed a peak at 

13.14°. The calculated d value of this peak was 6.73A, corresponding to (030) plane of 

Cu~Se. Formation of this binary phase could be due to the higher Cu concentration. 

POQ,kl factor and the grain size were calculated for all samples and the values are given 

in Table 4.3. 

Table 4.3: Grain size and POQ values ofCu varied samples 

Sample Dame POQ Grain size om 

CIS7 2.2 58 

CIS8 2.6 58 

CIS9 2.4 33 

CISIO 2.3 57 

From the table 4.3, it could be seen that, POQ increased to 2.6 for CIS8 and then 

decreased with further increase in Cu. Grain sizes of the samples were comparable except 

CIS9 for which it decreased drastically to 33nm. But on considering POQ values, this 

sample can be considered to be more crystalline than CIS7 and CIS I O. However, the 

grain size obtained through this deposition technique was smaller compared to other 

reported results obtained using evaporation techniques. Smaller grain size lead to an 

increase in grain boundaries which cause grain boundary scattering. This degrades 

conductivity of the samples. Also grain boundaries create potentia Is which are known to 

hamper the device performance. Controversial arguments exist about the role of the 

'grain boundary potential'. According to some reports, grain bounual) potential has 

beneficial effects in CulnSe2 solar cell. even though conclusive evidence in this direction 

is still missing. 13-25 
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The calculated values of lattice constants a, band c are given in the table 4.4 and these 

values were comparable with the reported ones.26 Among these, 'a' was high tor CIS9, 

which had the lowest grain size. In the CIS lattice, tetragonal distortion occurs due to the 

excess and def1ciency of bond charge in the In-Se and Cu-Se bonds respectively. This 

results in shortening of the In-Se bond, compared to the Cu-Se bond with a cOITesponding 

shift in the anion (sub-lattice displacement). The In-Se tetrahedron is consequently more 

rigid and shows little distortion, while Cu-Se tetrahedron is considerably dist0l1ed. The 

bond charge distribution also results in the tetragonal compression because the Cu-Se-In 

bond-bending force constant is not equal to the average of the corresponding Cu-Se-Cu 

and In-Se-In force constants and bond-bending energy is lowered by compression. IS The 

values of tctragonal distortion, [ 2a - I] is also shown in table 4.4. With decrease in 'a', 
c 

tetragonal distortion becomes negative. 

Table 4.4: Lattice constants and tetragonal distortion of the CuInSe] lattice 

Sample name 
Lattice parameters in A Tetragonal 

a, b c distortion: (2aJc)-1 

CIS7 5.84 11.52 0.014 

CIS8 5.76 11.61 -0.007 

CIS9 5.94 11.48 0.035 

ClSIO 5.74 11.63 -0.012 

4.5.2 Thickness measurements 

Thickness measurement using stylus profilolllcter revealed that single layer CulnSe] was 

- 0.55 ~lm thick. Fig. 4.15 shows the stylus graph depicting a thickness of 0.55 J.1m for 

the single layer CIS. There "vas no variation in thickness with composition in the present 

samples and all the samples were nearly O.55~lm thi{;k. 
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Fig. 4.15: Sty lus graph sho\\ ing single layer thickness of O.55p m 

Thickness could be increased to 0 .85 ~lIn by depos it ing a second layer o f CulnSc~, 

following same steps as fo r the first layer: this can be fUlther increoscd by giving a third 

layer, if necessary . Since C IS possesses a vcry strong absorpt ion coeffic ient ( - 1 OS cm·1 
). 

thickness of about I 'till is sufficient fo r absorpt ion of the full intensity of s \l111 igh l till ling 

on Ihe specimen as these direct band gap semiconductors opcrate th rough tield ass isted 

carrier collection (carrier 'drii1' ) rather depending on dill usion. as in hi gh purity sin gle­

cryst<ll region. It is bener to have bi - Iayer slnu; lu rc fo r the absorllcr in photovo lta ic 

dcvices, as back contact recombination can be reduced by makin g the bottom layer highly 

conducti ve . In the pr~sent stUlJy. Ihis requi rement can he achieved by making Ihe back 

laycr slightly Cu-rich. Increase in Cu concentration cllhallct.!s th t.! condu!; ti vily by for11lillg 

a p- layer. Th is p ' bottom layer can create "Back Surface Fie ld (HSF)" \\ hich nss isls in 

ho le co llection and serves as an electron rc llector thus reduc ing the rcco mbination. 

4.5.3 EDAX measurements 

Deviation in Ihe ,,!;Iual I.;omposition lI'om Ih~ ideal formula !;:J.n bt! (Ic:-;!; ribed by 1\\ 0 

parameters. viz .. de\·ialion fi'olll l1l o l ccll la r il ~ 1 \111 1 :Hld the d..:vialioll fr,1m ~ !t'il.; h i\'!lIC lr~· 

( t\ S ). rhese paralll l' h.:r ... :If!: ddincd as. 1; · 1' 
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Cu 
!:J.m=--1 

In 

and 

!:J.s = 2 [Se ] -1 
[ClI] + 3[/n] 

If t-.m>O and t-.s>O the sample will be p-type and if t-.m<O and !:J.s<0, the sample will be n­

type. 

Atomic concentration of the constituent elements was determined using EDAX, at 

different points along the entire length of the sample. Samples CIS I 0 was spatially non­

unifonn in composition. In CIS I 0, Cu was found to be agglomerated and hence the 

composition was different at different points. Average composition is given in table4.5. 

Also formation of CU2Se phase was identified from the XRD studies, probably due to the 

increased concentration of Cu. Mass of Cu evaporated was greater for CIS 10 than CIS9. 

But due to the spatial non-unifonnity in CISIO, EDAX analysis showed nearly the same 

composition for both the samples. Typical values are given in table 4.5. With increase in 

Cu concentration in the solution, the atomic concentration of Cu in the sample (as per the 

EDAX results) was also increasing. 

Cu-rich films should be dominated by antisite (CUIn) acceptor defects, yielding strongly 

p-type layers. However, in all cases, auto-compensation may be expected at high intrinsic 

defect levels in order to maintain overall valence neutrality. CUln antisite defects move a 

Cu +1 atom onto a nominally In +3 site, resulting in a net charge of -2. This can be 

compensated for by the creation of a Se vacancy (net change in charge of +2) with a 

resulting decrease in Se concentration as the Cu concentration increases as observed. 
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Table 4.5: Atomic percentage and deviation from stoichiometry and molecularity of the 

samples with different Cu concentrations. 

Sample Atomic concentration in percentage Cu/In 
~m ~s 

name Cu In Se ratio 

C1S7 20.67 23.38 56.05 -0.12 0.23 0.88 

CIS8 23.89 21.44 54.67 0.11 0.24 1.11 

CIS9 27.25 19.28 53.47 0.41 0.26 1.41 

CISIO 27.15 21.71 51.14 0.25 0.55 1.25 

4.5.4 Optical absorption 

Fig 4.16 shows absorption spectra of samples CIS7 to CIS 1 0, recorded in the wavelength 

range 500 nm to 1500 nm at room temperature. The band gap increased from 0.95 eV to 

0.99 eV with increase in Cu concentration even though the variation was not regular. 

CIS8 had lowest Eg ofO.95 eV and CIS10 had the highest band gap of 0.99 eV in this set 

of samples. The crystallinity and grain size were high for CIS8, which caused the band 

gap to decrease. This increase in band gap for CIS 1 0 can be attributed to the presence of 

CU2Se phase in CISIO. The absorbance was found to be larger for CIS8. Table 4.6 gives 

the band gap variation in the samples. 

-: 2 

,," .. 
! 

.. 10 

'v(~') 

Fig.4.t6 Absorption spectra of samples 

Table 4.6: Band gap variation 

Sample name 

CIS7 

CIS8 

CIS9 

ClSIO 

Band gapeV 

0.97 

0.95 

0.97 

0.99 
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I naIl the films. there existed a second absorption edge at energies near 1.1 e V as obtained 

in the earlier case which could be attributed to the valence band splitting. 

4.5.5 Electrical characterization 

Table 4.7 gives the type of conductivity, photosensitivity and resistivity of the samples. 

Type of conductivity was detennined to be p-type using hot probe method for all the 

samples, except CIS7. Interestingly, CIS7 was the only In-rich sample in this series. 

Excess 'In' might have created donor levels like Inj, Incu, Inse etc in CulnSe2 which 

converted the conductivity type to n. For CIS7, the deviation from molecularity was <I 

and hence the stoichiometry supported the n-type behaviour. For all other samples, 

deviation from molecularity and stoichiometry was> I, and hence were showing p-t}'pe 

conductivity. 

Table 4.7: Type of conductivity and resistivity for the Cu varied samples 

Sample name Type of carrier Photosensitivity Resistivity acm 

CIS7 n -0.78 10.37 

CIS8 P 0.17 76 

CIS9 P 0.1 3 

CISIO P -0.045 1.8x 10-3 

For the n-type sample, the resistivity was 10.37 Ocm while resistivity of p-type samples 

decreased with increase in Cu. Thus highly conductive (p -10-3 Ocm) as well as resistive 

samples (p-76 Ocm) could be prepared using this method. 

For device fabrication, usually slightly resistive samples (resistivity of the order of 10· 

Ocm) are preferred, whereas the highly conductive films are used as the bottom layer of 

the absorber near the electrode. This low resistivity CIS layer incorporated on the 

contact-side lowers the series resistance R, of the device. Photosensitivity of the n-type 

sample was negative and for the remaining samples its value was fractional. For the 
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highly conductive sample. ClS IO. the photosensitivity aga in showed negative value. The

negat ive photosensitivity may be due to recomb ination of light generated minority

carriers with holes (electrons) at the top of the valence band (bottom of the conduction

band ).

4.5.6 Morphological analy<";<~

Morphological analys is carried out using AFM is shown in (Fig.4.17 (a}-(d» . The 3

dimensional AFM image showed that in CIS7 (i.e. the n-type sample). the grains were

agglomerated. These agglomerations might be due to the unreacted binary phases which

were not revealed in XRD analysis. These grains were separated indicating the reason for

low conductivity of this sample. There " as a distribut ion of grain size in the films. Grain

size ..-aried over a wide range. (from 61 nm to 202 nm).

(.)

( c) (d)

Fig. 4.17 Three dimensional AFM images of samples

(a l CIS7 (b) CIS8 (c) CIS9 (d ) CIS10
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With the increase in ~u concentration, the geometry of the grain changed from spherical 

to pyramidal. Pyramidal shape could be clearly seen in the case of CIS 1 O. Here the grains 

were densely packed and hence this could lead to increase in conductivity as observed in 

the films. The nns value of surface roughness also increased with increase in Cu 

concentration and this was calculated from AFM for a sample area of 250nm x 250nm. 

The roughness values are given in Table 4.8. 

Table 4.8: Roughness variation in the samples 

Sample name Roughness in om 

CIS7 7.64 

CIS8 11. 75 

CIS9 16.87 

CISI0 14.32 

Roughness increased as we go from In~rich to ClI-rich samples even though variation was 

negligible. Generally it was observed that Cu-rich films have roughness greater than In­

rich films. 

4.5.7 PL measurement 

PL measurements were taken for the n~type sample CIS7 and the p-type sample CIS 1 O. 

Fig 4.18 shows the temperature dependence of PL in CIS7. The signal was very noisy as 

seen in the figure. The highest PL emission in CIS7 was centered at 0.991 eV at 12 K. 

This emission shifted to lower energy side, as temperature was raised, and this emission 

was not detected above 50K. This shift indicated that this transition was a 'donor -

acceptor pair' (OAP) recombination. The activation energy of the shallow center among 

the OAP was calculated by fitting the plot of log (PL intensity) vs 1000/'f as shown in 

Fig. 4.19 using the equation (3.6). 
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Fig. 4.18: Temperature dependence of PL spectra of sample CIS7 (CulIn=O.88) 

133 

The activation energy was obtained to be 13 meV which agreed with the activation 

energy of the In~II donor level. Neglecting the Coulomb term and using ED = 13 meVand 

Eg = 1.042 eV in equation (3.5) EA was obtained as 38 meV which agreed with the 

activation energy of the VCII acceptor level. Hence this emission could be assigned to the 

In~" - VCII OAP recombination. 

• experimental 
Filling 

1000lT IK') 

Fig. 4.19: Plot of 1000/T vs log (integrated PL intensity) of 

CIS7 fitted using equation (4.2) 
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Fig.4.18 shows a shoulder on the lower energy side centered at 0.983 eV whose position 

did not change with increase in temperature. But this was quenched, at a much faster rate, 

compared to the peak due to the DAP transition. Hence this emission could be assigned to 

the (DO ,h) transition. From our previous work, it was well established that the 0.983 eV 

line is representing ell; -VB transition. For verification, we used equation 

E PL (4.2) 

(where EpL is the emission energy, Eg the band gap and Eo the donor activation energy) 

and obtained ED = 59 meV, which is comparable to the activation energy of ionized 

ell; donor level.30
, J I Figure 4.20(a) reveals the PL spectra of sample CIS I 0 (CulIn= 1.25), 

which was Cu-excess in composition. The film stoichiometry indicated that this film was 

highly Cu-rich. In CISI0, the highest PL peak position was at 1.032 eV and was very 

weak compared to the other emissions in the sample. Also it was not observed above 12 

K. Thus this emission could be assigned to the free exciton (FE) line in this sample. 

C\S!O 
CU-lIlCess liJm 

U32tV 

! 
09« 0.96 09& 100 ICl 104 

Energy(eV) 

(a) 

I~,,,,,,,,,,,, , l
"'~-_. ~ ----~--",;l. 

X7 ~ 

; I I 
j--lO!j 

i 

XI 

O~ O~ O~ O~ 1~ 1~ 1~ 

£Mf9Y1'V) 

(b) 

Fig. 4.20:(a) PL emission from sample CIS I O(Cu/ln=1.2S) at 12 K and 

(b) Temperature dependence of PL emission in the sample 
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Multiple Fit for spectrum at 20 K 
Mulllple Fit for spedJum at 80 K 

.... 
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(a) (b) 

Fig. 4.21: Multiple curve fitting of the PL spectra obtained from sample CISIO at 

(a) 20 K and (b) 80 K. 

Figure 4.21 (a) and (b) depict the temperature dependent PL of this sample. As the 

temperature increased, the PL spectra broadened, with the peak position shifting to 0.979 

eV. Multiple fitting of the spectra at higher temperatures showed that the broad spectra 

contained emissions at 0.983 eV and 0.972 eV (Fig. 4.21 a & b). Thus it could be 

concluded that the two emissions merged, resulting in spectral broadening and shift in 

peak position. In the de-convoluted spectrum, since there was no change in peak position 

of the emission at 0.981 eV, it was assumed that this was the CUi - VB free-to-bound 

(Do,") transition was observed in Cu-rich samples. 

Figure 4.22 represents the plot of ratio of the intensities (CUi - VB (Do,h) to 0.972 eV 

transitions) versus I ooorr fitted using the equation 

(4.5) 

where IOh is the intensity of the (Dil,1!) emission while I is the intensity of the 0.972 eV 

emission. It could be realized that the intensity of the emission at 0.983 eV increased 
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relative to the emission at 0.972 eV. The activation energy, ~E, was obtained to be - 5 

meV, which agreed with the exciton binding energy in CuInSe2.32
.
34 Hence it was 

concluded that the emission at 0.972 eV was the 'bound exciton emission' in this sample. 

Rincon et al had observed emission at 0.973 eV and had assigned it to the transition of 

exciton bound to the acceptor CUln (BX2: CUln).3S Presently it can only be speculated that 

this may be the same BX2 transition as the film stoichiometry supported the assignment. 

The absence of this emission line in In-rich samples once again, supports the assignment. 

I 

• 

.\E- 5 meV 

• 
10 20 30 <10 50 60 70 80 90 

1000/T (K") 

Fig. 4.22: .Ratio of the intensities of the emission (lDh(0.983 eV) :I( 0.972 eV» as a 

function of temperature fitted using equation (4.3) 

4.6 Effect of variation of In-concentration 

From the above series of samples, CIS7 to CIS 1 0, we could not obtain a sample having 

reasonable photosensitivity. CIS8 (Cu-50, In-l1 0 and Se-175mg) and CIS9 (Cu-60, In-

110 and Se-175mg) were of comparable photosensitivity [0.17 and 0.1 respectively]. 

CIS9 had low resistivity and hence the eu concentration was fixed at 60-rng and Se at 

170mg: In concentration was varied from 11 Omg to 130 and 150mg and the samples are 

named as CISII, CISI2 and CISIJ respectively. 
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4.6.1 Structural Characterization 

Fig 4.23 shows the X-ray diffraction pattern of the samples in which concentration of In 

was varied from 110 to 150mg. 

CISI3 

CISll 

ClSII 

10 711 

Fig 4.23: X-ray diffraction pattern of In varied samples 

Samples CIS 11 and CIS 12 showed single phase CuInSe2, while CIS 13 showed In2Se3 

phase in addition to the CIS phase. All the samples were preferentially oriented along 

(112) plane. The peak intensity increased drastically for CISI2 in which case, all the 

three peaks were clearly visible. With further increase in 'In' concentration, secondary 

phases like In2Se3 appeared and the CIS peak intensity decreased with the onset of In2Se) 

phase. The grain size Of these samples, calculated using Debye-Scherrer fonnula, and the 

POQ values are given in table 4.9. Even though the sample CIS 13 possessed secondary 

phases, grain size and POQ value were very high for this sample. The peak intensity was 

greater for CIS 12. But the full width at half maximum (FWHM) was lowest for CIS 13 

and hence the highest grain size. 



Modified technique for deposition of CulnSel thin films using... 138 

Table 4.9 Variation in grain size and POQ values 

Sample name POQ 

4.6.2 EDAX measurements 

CIS11 

CISl2 

CIS13 

3 

4 

5 

Grain Size 

nm 

35 

42 

65 

Table 4.10: Atomic concentration and deviation in molecularity and stoichiometry 

Sample 

name 

CIS 11 

CIS 12 

Atomic concentration in percentage 

Cu 

27.25 

17.12 

In 

19.28 

31.48 

Se 

53.47 

51.39 

~m 

0.41 

-0.46 

0.26 

-0.08 

Table 4.10 clearly indicates that, C IS 11 was Cu-rich and CIS 12 was highly In-rich. The 

table also gives the deviation from molecularity and stoichiometry. For the ell-rich 

sample, both these values are positive and for the In-rich sample the values are negative. 

4.6.3 Optical Absorption 

Absorption spectra were recorded in the range 1500 to 500nm. Fig 4.24 shows the 

absorption spectrum of the In-varied samples. From the table 4.11, it was found that band 

gap varied slightly. 
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I.' Table 4.11: Band gap variation 

Sample name Band gap (eV) 

CISII 0.97 

CISI2 0.96 

CIS13 0.965 

O.O+--~----r------!~"---~ ... 
Fig 4.24: Absorption spectra of In varied samples. 

4.6.4 Electrical Characterizatioll 

Hot probe analysis proved p-type nature of sample CIS 11. This sample was found to be 

Cu-rich from the EDAX analysis; more over, deviation from molecuIarity and 

stoichiometry was >0 in this case. But samples CIS 12 and CIS 13 were n-type, since In­

concentration was high in these samples. CIS 12 showed negative values for ~m and ~s. 

Table 4.12 shows the electrical parameters of samples CIS 1 I-CIS 13. 

Table 4.12: Type of conductivity and variation in resistivity and 

photosensitivity of samples 

Sample Type of Resistivity, p 
Photosensitivity 

name conductivity (ncm) 

CISI1 p 3 0.09 

CIS12 n 0.005 -0.60 

CIS13 n 1.03K -0.01 

Resistivity was 3ncm for CIS 1I and photosensitivity was 0.09. In the case of CIS 12, the 

resistivity decreased and the photosensitivity became negative. In the normal case, there 

should be an increase in resistivity with increase in 'In' concentration. But in the present 

case. there occurred Cl type conversion and the increased 'In' concentration in this sample 
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gave way to decreased resistivity. With further increase in 'In' concentration, [Le. for 

CIS 13], the resistivity again increased. This increase can be attributed to the presence of 

binary phase in this sample. 

4.6.5 Discussion 

'In' concentration was varied in the samples. The samples CIS12 and CISJ3 were n-type 

while CISII was p-type. Also, on increasing mass of 'In' evaporated to 150 mg. there 

occurred In2Se3 phase in addition to the CIS phase. Hence it was concluded that 'In' 

concentration of 110 or below should be used in the present work. However, this n-type 

layer can be made use of for the fabrication of homo junction solar cells. 

4.7 Minute variations of Cu and In concentrations 

From the characterizations carried out above, only CISS (Se-170, In-IIO and Cu-50) 

exhibited reasonable photosensitivity. Minute variations in Cu and In concentrations were 

made to achieve better photosensitivity in the samples. However concentration of Se was 

fixed in all the cases. Samples were prepared with masses In-112mg and Cu-

5Img(CISI4), In-I IOmg and Cu-46mg(CISI5), In-112 and Cu-50(CISI6), In-114 and 

Cu50mg(CIS 17), In-liS and Cu-50mg(CIS IS). Table 4.13 shows the photosensitivity 

and resistivity of these samples. 

Table 4.13 Electrical parameters of the samples CIS 14 to CIS IS 

Sample Resistivity 
Photosensitivity 

Type of 

name nem Conductivity 

CIS14 0.019 0.02 p 

CISI5 0.114 0.02 p 

CISI6 0.011 -0.02 P 

CISI7 2.6 -0.07 P 

CISI8 9.3 0.1 n 
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from the table, it is clear that the photosensitivity of the p-type samples was very low and 

conductivity changed to n type, when In-concentration was increased to 118mg. 

4.8 Optimization for solar cell fabrication 

In order to get ideal samples for device fabrication, further variation in stoichiometry was 

carried out. Concentration of Se was fixed at 175 mg and that of Indium at 100 mg and 

mass of Cu was varied from 20 to 50 mg in steps of 10 mg so that Culln ratio was 2.37, 

1.48, 1.13, and 0.98 respectively, as obtained from EDAX. The samples were named as 

CISO.2, CISO.3, CISO.4 and CISO.5. These samples were fully characterized to find the 

suitability for device fabrication. 

4.8.1 Structural Characterization 

Structural characterization was perfonned using X-ray diffraction and Raman analysis. 

(i) XRD: Fig 4.25 shows the XRD pattern of the samples. Peaks were observed in the 

(112), (220)/(204) and (116)/(312) planes with preferential orientation along (112) 

dir~ction as observed earlier. As Cu concentration increased, the crystallinity also 

increased. Cu-rich films are generally more crystalline than In-rich films. In the case of 

Cu rich films, there occurs a liquid phase of CuxSe which enhances the grain growth. 

Crystallinity was better for CISO.4 and decreased with further increase in Cu­

concentration. In the case of CISO.5, for which Cu concentration was the maximum, 

secondary phase of CU3Se2 was observed. However grain size and POQ value were high 

for CISO.4 and the values are listed in the table 4.14 

The XRD profile contained only the common peaks corresponding to sphalerite and 

chalcopyrite structures as obtained earlier. To confirm the structure of the CulnSe2 films, 

Raman analysis was carried out on these samples. 
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Fig. 4.25: X-ray diffractogram of the samples 

Table 4.14: Grain size and POQ values 

Sample POQ Grain size 

name value nm 

CIS 0.5 3 51 

CIS 0.4 4 63 

CIS 0.3 4 60 

CIS 0.2 3 49 

(U) Raman analysis: Raman analysis was performed in the 'back scattering mode' at 

room temperature using micro Raman system [Jobin Yvon Horibra LABRAM-HR] in 

visible region (400 -1100 nm) with a spectral resolution of I cm' I. Argon ion laser of 

wavelength 488nm was used as excitation source. The chaIcopyrite structure is a 

tetragonal body centered lattice and belongs to the space group 142d, i.e. to the point 

group D~~ . On the basis of the character table of the group D2d , the general vibrations for 

the primitive cell, involving optic and acoustic modes are distributed as, 

If we take into account that the symmetry of the acoustic modes is B2+E, then for the 

optic modes in the crystal, 

Therefore there are 19 Raman active vibrations (A1+3B 1+3B2+6E), nine infra red active 

(3B2+6E). and two silent modes (2A 2 ).11> The observcU modes ill CulnSc2 are listed belo .... 

ill Table .. L 15. 
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Table 4.15: The different vibrational modes observed in CulnSe2 

Frequency(cm-1
) 

Approximate relative 
Assignment 

strength (%) 

259 15 E 

231 8 B2,E 

215 22 B2,E 

206 10 E 

174 100 AI 

124 20 BI 
, 

76 35 BI 

61 30 B2 

Figure 4.26 shows the Raman spectra of the samples. All the samples showed a 

prominent peak at 174 cm-I, which is the characteristic peak of chalcopyrite structure. 

This peak corresponds to Al mode in which Se atoms vibrate in the x-y plane with Cu 

and In atoms at rest. Hence frequency of this mode is associated with Se mass and the 

cations-Se bond stretching forces, describing the interaction between nearest neighbors. 

The frequency of the Al mode is given by 

( 
k )11 Z 

V = -­
M Se 

where k is the force constant and Msc, mass of Se atom.36 Dependence ofv on these force 

constants can be expressed as 

1 2(a,... ~ + at s') 
Ir (AI) = L 11-.'" ll-d 

Ms,. 
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where Clcu-Se and Uln- Se are the bond-stretching constants between the corresponding

atoms." Because of the dependence on force constants, position of this mode directly

depends on the atoms surrounding Se.

AI mode appears even for non-stoichiometric composition, if the chalcopyrite structure is

not distorted. Intensity of Raman peak is directly proportional to crystallinity of the

sample which can be verified using X-ray Diffractogram. XRD proved that crystallinity

was better for CISO.4 and Raman peak also showed maximum intensity for this sample.

CISO.2 showed additional modes at 212 cm-I and 231 cm" which were due to the

transverse optical (TO) and longitudinal optical (La) phonon mode with B2 or E

symmetry respectively. 8 2 type are excited for light polarized parallel to the optic axis

and E type are excited only for light polarized perpendicular to the optic axis. These

modes reflect the vibration of In-Se atoms in anti phase. Remaining samples showed weak

peaks for these modes, as In and Se concentrations were low compared with CISO.2.
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Fig. 4.26: Raman spectra of the samples CISO.2 to CISO.5
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With the increase in Cu concentration (CISOo4), B2 mode showed a slight shift to 226 cm­

I and this may be due to vacancy of Indium or stress in the sample_ For CISO.3 and 

CISO.4, an additional mode at 260cm-1 could be seen. This peak is assumed to be the 

highest frequency mode in CulnSe2' This mode is reported to be due to Cu,Se binary 

phase by many authors.38
,39 In the present case, this peak disappeared for the Cu-rich 

sample CISO.S which contained CU3Se2 phase. Hence it was concluded that this peak was 

not due to any CuxSe phase and could be attributed to B2+E mode. Intensity of the AI 

mode was better for CISOo4 which also shows that it is the most ordered stnlcture. 

Raman spectra 0 f Cl SO A showed a shoulder at ISO cm -I. wh ich corresponds to the 

highest frequency BI mode. This peak showed a slight decrease from the original value of 

160cm- l
_ This may be due to stress in the sample_ The BI mode corresponds to the 

frequency of vibration of Cu and In atoms in antiphase. In this case, the polarizability 

changes during the vibration due to the stretching of the Cu-In bond are partially 

compensated by the compression of the In-Se bond and hence this mode is very weak_ 

Frequency of this mode is given bi6 

k(M +M )112 
Y = Cu In 

( )
11' 

M CI/NIIII -

Mode at 150cm-1 is also reported to be due to In-Se compounds. As the composition was 

Cu-rich, in the present case, this possibility could be avoided. 

From the Raman analysis of the samples, we could confirm that the structure was 

chalcopyrite which was the most favorable stnlcture for solar cell fabrication. The 

compositional variation was reflected in the Raman spectrum also. Intensity of the AI 

mode was directly linked with the crystallinity. Hence from the FWHM of the Raman 

peak, one could have an idea about the crystallinity of the films. 
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4.8.2 Compositional analysis 

(i) EDAX measurements: Elemental concentrations were determined using EDAX and 

depth-wise analysis of the sample was carried out using XPS measurements. The atomic 

concentrations in percentage are given in the table 4.16. CISO.5 has Cu concentration of 

32.79% for which CU3Se2 phase was observed. From the table, it is clear that on 

decreasing Cu concentration, In and Se concentrations increase correspondingly. On 

reaching CISO.3, the concentration of In remained almost steady and hence for CISO.2, 

Se concentration increase sharply to 60.04%. 

Table 4.16 Atomic concentration and deviation from stoichiometry and molecularity 

Sample Atomic concentration in percentage ~m ~s 

name 
Cu In Se 

CIS 0.5 32.79 13.82 53.39 1.37 0.44 

CIS 0.4 27.04 18.29 54.67 0.48 0.33 

CIS 0.3 22.84 20.19 56.97 0.13 0.37 

CIS 0.2 19.75 20.21 60.04 -0.022 0.49 

The deviation from molecularity (~m) and stoichiometry (~s) of the samples were also 

listed in the table. CISO.2 showed a slight negative value for ~m. 

(ii) XPS analysis: XPS analyses were performed for the samples CISO.2 and CISO.4. 

Depth-wise XPS analysis was done, employing argon ion sputtering. Figures 4.27-4.28 

show the XPS profile of CISO.2. The shift in the binding energy (BE) of In and Se at the 

surface layers could clearly be seen. On comparing the binding energies it was observed 

that In1SeJ was formcd at the surface. After two layers, the formation of CuInSe2 was 

evident from the binding energy shift. In the case of CulnSe2, binding energies of Cu, In 

and Se are Se-54.6 eV and In-444.7 eV respectively. From EDAX, the sample \vas 

identified as highly Se-rich. This may be the reason fix thc flmnation of In2ScJ. However, 

(i·om the XRD analysis. we could get only the CulnSe2 phase. 
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Fig. 4.27: XPS depth profile of (a) Cu in CISO.2 (b) In in CISO.2 

Figure 4.27(a) shows the depth-wise analysis of Cu concentration. It can be seen that, Cu 

was absent in the surface layers of the sample. The peak intensity was high after two 

cycles of etching. Binding energies of 932 and 952.2eV were corresponding to CU2Pl12 

and CU2P3/2 states in CulnSe2 respectively. 

The depth-wise analysis of In (Fig. 4.27(b» shows a shift in binding energy for the two 

layers at the surface. The binding energies of 445.5 and 453.5eV were corresponding to 

that of In in In2Se3 phase. The shift in the first two layers was also observed in the Se 

depth analysis (Fig 4.28(a». The binding energy of these layers was 55.5 eV, which was 

nearly equal to the BE of Se in InzSe3' Hence it was concluded that In2Se3 was fonned at 

the surface layers or-the sample. Since sample stoichiometry contains 60.04% of Se, the 

formation of In1Se3 is possible. 

The inner layers in the 'In' depth profile [with binding energies of 444.7 and 4S2.1eV] 

were corresponding to In3d3l2 and In3ds/2 respectively which was the BE of In in CIS. The 

selenium present in the inner layers was having BE of 54.6eV, which was corresponding 

to the BE of Se in eIS. 1n Hence it could be concluded that ClS was formed in the interior 

of the sample. At the surface layers, fOl1l1ation of In,se; was prominent. Fig 4.28(b) 

shows the depth-\vise analysis or OXygL'J1 in the sal11pk. It could be seen that oxygen was 
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absent in the bulk of the sample. Oxygen occurred as a surface contamination at the top 

layer of the sample. 

55 60 65 70 525 510 535 540 545 
BINDING FNERGY(eY) BINDING ENERGY (cV) 

(a) (b) 

Fig 4.28: XPS depth profile of (a) Se in CISO.2 (b) of 0 in CI~0.2 

Figs 4.29-4.30 show the XPS depth profile of the sample CISOA. The binding energies of 

Cu, In and Se were corresponding to the BE of tpese elements in CIS. Hence it may be 

concluded that single phase CuInSe2 was fonned. No shift in the peak was observed 

throughout the depth of the sample. 

9)0 1)40 9~O 960 440 445 450 455 460 
BINDlNG Fi'iERGY«V) BIf)(NG ENERGY (cV) 

(a) (b) 

Fig. 4.29: XPS depth profile of (a) ClI and (b) In 
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The BE of 933eV corresponds to Cu2Pln state and 9S2.6eV corresponds to CU2P3/2' BEs 

445.5 and 4S2.5eV correspond to In3d3i2 and In3dsI2 respectively. The BE of Se was 

found to be S4.SeV. All these values correspond to the standard values of these elements 

in CIS. Fig 4.30(b) shows the depth profile of oxygen. Oxygen was present only at the 

surface of the sample as the sUlface contamination. 

50 55 60 65 70 525 530 535 540 5·15 
BINDING ENERGY (cV) BINDING ENERGY (e\') 

(a) (b) 

Fig. 4.30: XPS depth profile of (a) Se and (b) 0 

4.8.3 Optical characterization 

Table 4.17: Band gap 

!.~ 

Sample Name 

1 .• 

.~ 
CISO.S 0.94 

.. 
I.~ 

~ CISO.4 0.94 
~ I.D .. 
. ~ 

i I •. ~ 

CIS 0.3 0.92 

...• 1 CIS 0.2 0.93 
•.. 'tt~·I.\ I 

I.u 

Fig. 4.31: Absorption spectra of the sample 
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Optical absorption of the sample CISO.2-CIS 0.5was measured in the range from SOOnm 

to IS00nm. [Fig 4.31 ].There was no significant variation in the band gap of the samples. 

However, there was a visible change in the value of the absorbance of these samples. 

CISO.3 showed higher absorbance and CISO.2, the least. The Eg values are listed in table 

4.17 

4.8.4 Electrical characterization 

All the samples showed p-type conductivity. Even though there was deviation from 

molecularity [tlm<O] for CISO.2, the sample showed p-type conductivity. This may be 

due to the increased Se concentration. Resistivity and photosensitivity were high for 

CISO.2. The photosensitivity of the sample gradually changed from positive to negative 

on increasing the Cu concentration. The high resistivity for CISO.2 may be due to the 

presence ofIn2Se3 phase as observed in XPS analysis. 

Table 4.18: Resistivity and photosensitivity variation in the samples 

Sample 
p(ficm) Photosensitivity 

name 

CIS 0.5 3.2 X 10.3 Negative 

CIS 0.4 SX 10.2 Negative 

CIS 0.3 8X 10.2 0.001 

CIS 0.2 8X 102 4 

For device fabrication, both high and low resistivity CIS are needed as Copper cones will 

be formed at the junction, when low resistivity CIS is used throughout. This will provide 

shunting paths. destroying junction properties. 
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4.8.5 Discussion 

Highly resistive and highly conductive CuInSe2 samples could be prepared using the 

technique developed in the present work. CISO.2 was the most photosensitive sample. 

However, this sample contained secondary phase of In2Se3 which made it unsuitable for 

solar cell fabrication. CISO.3 can be used as the conductive bottom layer of the solar cell 

because of its low resistivity. For device fabrication, a slightly resistive layer should be 

used at the junction. To find this Se concentration was varied slightly. 

4.9 Variation of Se concentration 

Concentration of Se was varied slightly, keeping the concentrations of Cu and In fixed at 

20 and 100 mg respectively. 165 and 185 mg of Se were evaporated for further 

optimization. These samples were named as CIS 165, CIS 175 and CIS 185 with masses of 

Se as 165, 175 and 185 mg respectively. 

4.9.1 Structural Characterization 

XRD analysis of CIS J 65, CIS 175 and CIS 185proved the existence of single phase CIS 

preferentially oriented along (112) plane [Fig.4.32]. (220)/(204) and (312)/(116) planes 

were also identified from XRD, as in the earlier case. 

I CISI85 , ... ,-~'-----".-'.--"-,-------
"; 
" of 
~ 

N i =-i ... 
:r .., 
c s;: ... 

:! C1S175 t! 

nS16$ 

-~~-----""----.-------' 
la lit 70 

Fig. 4.32: X-ray diffractogram of the Se varied samples 
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Among these, crystallinity was high for Se concentration of 165mg and it decreased 

sharply for CIS 185. The grain sizes together with the quality factors are given in the 

Table 4.19. Maximum grain size and POQ were obtained for Se concentration of 165mg 

and it decreases with increase in Se concentration. 

Table 4.19 Grain size and POQ variation 

Sample name 

CIS165 

CISI75 

CISl85 

4.9.2 EDAX measurements 

POQ 

4.6 

4.5 

3.8 

Grain size (nm) 

54 

51 

45 

Atomic concentration was determined using EDAX analysis. Table 4.20 gives the atomic 

concentration and deviation from molecularity and stoichiometry. CIS 165 was In-rich, 

which had a suitable value for device fabrication. In CuInSe2 based solar cells, the layer 

used near the junction ha~ In concentration -26%. Hence the layer of CIS 165 can be used 

in solar cells. With the increase in mass of Se, the atomic percentage was also found to 

increase. For CIS 175, the Se concentration reached 60.04%. 

Table 4.20 Atomic concentration and deviation from molecularity and stoichiometry 

Sample Atomic concentration in percentage 
~m 

name Co In Se 

CIS165 21.55 26.21 52.24 -0.18 0.043 

CISI75 19.75 20.21 60.04 -0.022 0.5 

CISI85 18.62 27.13 54.25 -0.34 0.085 

On increasing Se concentration to 1 85mg, the EDAX results did not show the same trend. 

A n:ductioll in Se concentration was observed in this case. Rc-evaporation of Se may be 
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the reason for this reduced Se concentration. In all the cases, deviation from molecularity 

showed a negative value, since Cu concentration was less than the In concentration in 

these samples. Still, ~s was greater than zero for all the samples. 

4.9.3 Optical characterization 

The band gap of the film showed a slight variation with change in Se concentration. The 

band gap was found to be least for the Se-rich sample (0.93eV). [Table 4.21 ] 

Table 4.21: Band gap variation with Se concentration 

Sample name Band gap eV 

CIS 165 0.95 

CIS 175 0.93 

CIS185 0.95 

The rest of the two samples showed same band gap of - 0.95 eV. In CISI65 and CISI85, 

In concentration was also high, which leads to the increase in band gap of the films. 

Figure 4.33 and Fig. 4.34 shows the absorption spectra of the Se varied samples. The 

absorbance was high for CIS 185. 

o.~ 

tI.O+---....---.....--:=--,....-,'-+-.----~ 

1.0 

Fig. 4.33 Absorption spectra of C I S 175 and Cl S 185 
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Fig. 4.34 Absorption spectra of CIS 165 

4.9.4 Electrical characterization 

Hot probe measurement proved that all the samples were p-type. Electrical resistivity and 

photosensitivity are depicted in Table 4.22. With increase in Se concentration, the 

resistivity shows a decrease. Increase in Se will increase acceptor concentration making 

the conductivity also high. The photosensitivity increased to 7.7, on decreasing the Se 

concentration. 

Table 4.22 Resistivity and photosensitivity variation in the samples 

Sample name Resistivity p (Gem) Photosensitivity 

CIS165 7916 7.7 

CISI75 SOO 3.7 

CISIS5 720 2.S 

From the above analysis, it could be concluded that CIS 165 possessed suitable resistivity 

and photosensitivity for device fabrication and hence this layer could be lIsed near the 

junction. The sample CIS 165 was prepared repeatedly to ensure consistency in the 

prope11ies. 
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4.10 Stoichiometric CuInSez rtIms 

One of the advantages of this deposition technique was that highly stoichiometric films 

could be prepared without using ultra high vacuum. We could obtain typical 

concentrations as Cu: 24.92%, In: 24.98% and Se 50.10%. For this, the quantity of 

elements taken was Cu-25mg, In-I05mg and Se-175mg respectively. XRD pattern (Fig. 

4.35) shows the highly crystalline nature of this sample with grain size of 44 nm and 

POQ of2.6. 

1-
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..\"111. 211 D.,.r •• 

Fig. 4.35: X-ray diffraction pattern of stoichiometric sample 
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Fig. 4.36: Absorption spectra of stoichiometric sample 
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Band gap (Fig 4.36) of this ideal sample was 0.98 eV and thickness was 0.58 J.1m. The 

sample was p-type in nature and had a resistivity of 2 Qcm. The sample exhibited very 

poor photosensitivity of 0.024, probably due to low resistivity of the sample. 

PL spectra of this sample (Fig. 4.37(a» showed very sharp emission, centered at 0.97 eV 

at very low temperature (-12K). The intensity decreased with the increase in temperature 

and completely quenched above 90 K. This emission had a high energy shoulder at 0.976 

eV. The FWHM of the emission at 0.971 eV [~ 2 meV] was the smallest among the 

samples studied in this work. The emission at 0.971 eV shifted to higher energy, as the 

temperature was increased, at the rate of 1.1 x 10,5 e V IK which was much smaller than 

the shift of 4 x 10,5 eV/K expected for a(e.Ao) free-ta-bound transition. Hence this was 

classified as a 'bound exciton emission'. 

• 
12 K • 
40 f S 60 
80 J • i - • Experimental 

~ r. - Theoretical • I c E =20meV 

~ 
. 

.J I (L 

~ 
..J 

• 

0.966 0.969 0972 0975 0978 10 20 30 40 50 eo 70 80 90 

Energy (eVI 10001T(K') 

(a) (b) 

Fig. 4.37: (a) Variation ofPL intensity with temperature and (b) Plot of 1000rr vs 

log (Integrated PL intensity) fitted using equation (4.2) 

0 

When excitons are near the defects. the defects can either increase or decrease the 

binding energy of the exciton. When the defects reduce the total system energy of the 

exciton. excitons will be trapped in the defects. which lead to the formation of 'bound 
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excitons'. This gives rise to PL emission at lower energy than that of free excitons. TIlis 

could be the reason to the absence of FE line was not observed in this sample. Bound 

exciton emission lines exhibit narrower line-widths than free exciton emissions due to 

increased localization. This supported our observation as to why the emission at 0.971 eV 

exhibited very low FWHM. Since most semiconducting materials contain significant 

amount of impurities and/or defects which can trap excitons, the identification of the 

bound exciton states provides an important characterization of impurities, which control 

the electra-optic properties of semiconductors. Neutral and ionized donors and acceptors 

can trap excitons and form bound excitons. 

The bound exciton emission from the sample was quenched above 80 K. In order to 

calculate the PL quenching energy, a plot between logarithmic value of integrated PL 

intensity versus 1000rr was fitted (Fig. 4.37(b» using the equation (4.2). The activation 

energy (6E) of the impurity was obtained to be 20 meV. TIlis was in good agreement 

with the reported activation energy of the doubly ionized In~,: donor level.42
. 43 As 

temperature was raised, the localization decreased due to the thermal ionization of the 

defect center. This caused the bound exciton to become free, resulting in increase of 

FWHM and PL peak energy. Thus it could be concluded that this was the 11(,: donor 

bound exciton (BX:D2 (Illcu» emission in this sample. 

4.11 DoubJ.e layer CulnSel 

As the thickness of single layer was nearly 0.55 ~un, a double layer CIS was prepared 

for cell fabrication. For this, a highly conductive bottom layer and highly resistive top 

layer were selected. From the above optimizations, CIS 0.3 with a resistivity of 0.080cm 

was ideal for the bottom layer and CIS 165 with a resistivity of 7916 Qcm was ideal as the 

top layer. The thickness of this double layer was 0.9 J,l.ITI. X-ray diffractogram (Fig. 4.38) 

proved the existence of single phase CulnSe1' Grain size was calculated to be 52 nm. 
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Fig. 4.38: X-ray diffractogram of double layer 
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Fig. 4.39: Absorption spectra of CIS double layer 

Fig 4.39 shows the absorption spectrum of the sample recorded in the wavelength range 

SOO-ISOOnm. Band gap of this double layer was O.93eV. The absorbance of this sample 

was greater as the thickness was also greater. 

Figure 4.40 shows the cross-sectional image of double layer CulnSe2' The two layers 

were clearly distinguishable from the SEM image. 
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Fig 4.40 Cross-sectional SEM of the double layer 

The double layer thickness was also verified using the SEM image and was in agreement 

to that obtained using stylus measurements. 

4.12 Conclusions 

CulnSe2 thin films were prepared using sequential elemental evaporation at moderately 

low substrate temperature. Indium. Selenium and Copper were evaporated at a substrate 

temperature of 10O"C. 50"C and room temperature respectively. Annealing this stacked 

layer at 400 "C resulted in the fonnation of CulnSez. Single layer thickness was 0.55 ~m 

which could be increased up to 0.9 J.Utl through double layer deposition, adopting simi lar 

steps. This technique was selected for further deposition. 

The composition was widely varied to find the suitability in device fabrication. For this 

Cu and Se were varied, one at a time, keeping the others constant. Both p- and n·type 

films could be prepared using this technique. From the structural characterizations using 

XRD and Raman scanering, the structure ofCu lnSe2 prepared using the present method. 

was identified as chalcopyrite which was the most suitable and favorable structure for 

solar cells. The grain size varied from 35 nm to 63 nm in these samples. However this 

grain size was still lower than the reported values. obtained through other techniques of 

CulnSez fabrication . This lead to increase in the number of grain boundaries which, in 
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some cases, has beneficial effects on CulnSe2 devices. Interestingly, the grain size of the 

samples prepared using this technique was three times larger than that prepared using 

CBD Se(as described in chapter4). 

The band gap varied from 0.93 to 0.99 eV in the samples with variation in elemental 

concentrations. The AFM analysis of the sample showed that the geometry of the sample 

changed from spherical to triangular on going from In-rich to Cll-rich. The resistivity 

varied in the range of 0.002 o.cm to 7916 Qcm, from which highly conductive alld highly 

resistive samples could be selected for the device fabrication. The sample with resistivity 

of 0.08 Qcm can be used as the conductive bottom layer and sample with a resistivity of 

7916 Qcm can be used as the resistive top layer for device fabrication. The 

photosensitivity of the highly resistive sample was 7.7. Highly stoichiometric tilm could 

be prepared without using ultra high vacuum which is still a major challenge for many 

researchers working in ternary chalcopyrites. Typical concentration of the stoichiometric 

sample is Cu: 24.92%, In: 24.98% and Se 50.10%. Hence this technique was proved to be 

useful for the fabrication of solar cells. 
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5.1 Introduction 

Chapter 5 

Fabrication of CulnSezl1nzS3 Junction 

CuInSe2(CIS) based solar cells have now entered into production field with a module 

efficiency of 16.6% on 16cm2 mini-modules I and 13% on 60x 120cm2 modules.2 The 

CIGS/eelS solar cell has demonstrated the highest efficiency [of 19.9%J among thin film 

solar cells (NREL, USA). The first commercial CIGS modules 'were available in 1998. 

Nowadays CIS solar cells on flexible substrates are also commercially available and this 

increases its suitability for space applications. The eff0l1s are going on to produce CIGS 

solar cells on substrates like stainless steel, polymidc etc. The conversion efficiency has 

reached 15.2% for CIGS solar cell on light weight metal toil..] CllS is known as the best 

counterpat1 of the CIS layer. As this material is highly toxic, work is going on for the last 

decade to replace CdS \vith some other non-toxic compounds. 

As CIS based solar cells have now entered into the production phase, the next goal is to 

reduce the cost and processing time. On comparison with Silicon, the cost reduces from 

$2.00/Wp to $O.SO/Wp for CIGS cell. The cells on the flexible substrates costs $3.S0/Wp 

tor Silicon, while it is $l.OO/Wp for CIGS cell. Major CIGS module producers include 

Shell SolaI', Wurth Solar and Global SolaI', 

5.2 Review of research work on CIS based solar cells 

CIS \\as synthesized ft)1' the first time by Hal1l1 ill 1953. and its photovoltaic effect was 

disclosed in 1974 \\ith a conversion efficiency uj" 12% for single crystal. In 1976. 
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Kazmerski et al. reported 5.7% efficient polycrystalline CIS/CdS junction.4 Tell and 

Bridenbaugh of Bell Telephone laboratories, studied the photovoltaic properties and 

junction formation between p and n-CIS (n-type conversion through annealing in Zn or 

Cd pressures. 5 RusseI et al. studied the Mo/CIS interface and identified the existence of a 

Schottky barrier at the interface.1i During 1983-84, Boeing Corp. reported efficiencies in 

excess of 10% for thin polycrystalline tilms obtained from 'three source co-evaporation' 

process. M.Eron and A.Rothwar presented a model for heterojllnction solar cells in which 

interface recombination was detailcd.7 EBIC measurement was conducted on 

CIS/Cd(ZnS) solar cells by R.K.Ahrenkiel and RJ.Matson.8 In 1985, Poolla Raja Ram et 

al. fabricated 3% etIicient all sprayed CIS/Cd(Zn)S solar cel1.9 Rommel Noufi and John 

Dick performed compositional and electrical analysis of the multilayers of CIS/CdS solar 

cell, demonstrating a P-S-N configuration of the cell, where S stands for semi-insulating 

CIS layer.IO R Herms et al. anlayscd the capacitance of CIS/CdS heterojunctions. II 

In 1986, R.E.Hollingsworth and J.R.Sites studied the effect of annealing temperature on 

els/CelS and found that the cell efficiency improved by annealing up to SOOK and 

degraded aftcr tha1. I2 The role of oxygen in CIS thin films and CdS/CIS devices was the 

topic of study for R.Noufi et al. The oxygen incorporated into the CIS films increased the 

aecertor concentration. 13 RJ.Matson et [11. analyzed the CIS/CdS junction activity using 

ERIC and the role of oxygen in thcse devices. 14 Alien Rothwarf performed solar cell 

Illodeling and analysis on CIS/CeI(ZnS) solar cells. 15 R. W.Birkmirc et al. fabricated 

cls/eelS hcterojllnction with cfticiencics ranging from 7 to 11.5% and studied the effects 

of air annealing and CdS thickness on the dcvice performance 16. J.D.Meakin et al. 

fabricated tandem solar cells based on CIS. I
? J.M.Stewart analyzed health and safety 

problems in the production of CIS/Cd(ZIl)S solar cells. IS 

In 1987, "Area Solar" (now shell solar) achieved a long-standing record efficiency of 

14.1 % for eIS/CdS solar cell. David Cahen and Rommel Noufi (1989) explained the 

improvement in the CIS/CdS device perf()I"llHlIlCe on air annealing by introducing the role 

of dclectS.i" In 1989. N.Christoforou et aI., studied the deep levels in 9% efficient 

eIS/C'dS \\ith the help or DLTS measuremcnt on els/CelS solar cells and electron and 
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hole traps were identified.20 Brian J Brown studied the effect of substrate temperature on 

the morphology of CIS thin films prepared using chemical spray pyrolysis?l 

W.N .Shaferman et al.( 1991) \\iorked on the CIS/(CdZn)S solar cells for increasing the 

open circuit voltage of the cell 22 while Ji-Beom Yoo et al. (1991) analyzed the effect of a 

thin intermediate Zinc Selenide layer on the properties of CIS solar cells.23 Lars Stolt et 

al. (1992) reported the ZnO/CdS/CIS solar cell with improved performance. An active 

area efficiency of 14.8% was obtained in this work.24 J.S.Chen et al.(1992) determined 

the microstructure of CIS/Cd(Zn)S heterojunction solar cells.2s D.Schimd et al. analysed 

in detail, the chalcopyrite/defect chalcopyrite heterojunction on the basis of CIS. This 

model predicted a p-n junction formed between CIS and 'Ordered Vacancy chalcopyrite' 

Compound (1993).2() M.Nishitani et al. fabricated a homojunction CIS solar cell by 

nitrogen implantation(1993). n-type CIS was prepared for this work and the surface of 

this layer was convel1ed to p-type by nitrogen implantation. Efficiency of 0.35% was 

obtained in this work .27 

Chung Yang et al. rep0l1ed the effect of Cu-Mo contacts to CIS and devices lIsing this 

Cuo "Moo 7 back contacts showed improved perfonnance (1994 ).1X Gabor et aI., (1994), 

fabricated a 15.9% efficient CIGS solar cell Illade from (InxGal_xhSe3 precursor films. 

The precursors were then converted to CIGS by exposure to Cu and Se flux. The films 

had a grading of Ga content along the depth which helped in carrier transport, outside the 

depletion region?9 G.E.Hassall et al. in 1994, analyzed the performance of CIS/CdS solar 

cells fabricated with sandwitch structure. Great improvements were achieved after the 

device was subjected to a short heat treatment in an environment with a small quantity of 

oxygen. Conversion efficiency lip to 5.2% was obtained.30 M.Nishitani et al., (1994) 

fabricated substrate type CIS/CdS, CIS/ZnO and CJGS/CdS solar cells with 10.5%, 6% 

and 11.7% respectively.>l Tokio Nakada et al. (1994) prepared CIS based solar cells in 

which selenization was achieved using Se-vapor from Se containing precursors. Addition 

ofGa into CIS resulted in an efficiency of 12.6% for CIGS/CdS cel!.32 W_N.Shafarl11an et 

al. (19()6) characterized CI(JS solar cells with increasing band gap. With a band gap of 

1.3eV_ Voc il1crca~cd to 788IllV."A.M.rernandez et al. reported (1996) an 8% ellicient 
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CIS/CdS solar cell formed from an electrodeposited precursor film. The electrodeposited 

films were selenized at 550°C.34 Bulent M Basol fabricated CTS/CdS solar cells on 

flexible substrate for the fist time. Substrate was polymide sheet and the CIS was 

deposited using selenization of evaporated Cll-In alloy using H2Se vapor. An active area 

efficiency of9.3% was obtained fOl' this cell35 

Katsumi Kushiya et a!. (1997) fabricated a graded band gap CIGS thin film modules with 

a Zn(O,S,OH}~ butTer layer. A thin Cu(Tn,Ga)(SeS)} layer was formed at the CIGS 

surface. The module demonstrated an efficiency of 14.2% for the first time for this 

absorber -buffer combination.36 S.N.Qui et al.(1997), fabricated CTS/CdS solar cells 

having an efficiency of 6.3%.37 V .Alberts( 1997) et aI., analyzed the device 

characteristics of In-rich solar cells. Film with CulT n ratio 0.5 was selected for device 

fabrication and conversion efficiency of 1.2% was obtained for this cell.'s M. Topic et al 

(1997) examined the blocking current-voltage behaviour through defect chalcopyrite 

layer in CdS/CIGS solar cell. Acceptor-like defect states, either in a defect-chalcopyrite 

layer or at the CdS/dcfect-chalcopyrite interface, caused different trapping under red light 

or white light.39 T.Nakaua( 1997) et al reported the improvements in CIGS solar cell after 

surface sulfur treatments. After sulfurization, sulfur atoms were substituted for Selenium 

atoms at the surface layer of CIGS films to form a Cu(Tn,Ga)(S,Seh absorber layer. The 

cell efficiency in the range 8-11 % before sulfurization was improved to ] 4.3%.40 

Nawalage F Cooray et al.(1997) optimized large area ZnO films for graded band-gap 

CIGS based thin film mini modules. CTGS solar cells of efficiency 14% were obtained 

for an active area of 3 .2cm2 and an efficiency of 11 % for an apeliure area of 50cm~ .41 

In 1998, Siham A Al Kllhaimi calculated the electron affinity difference in CIS/edS solar 

cells from the variation in Voc with temperature. This difference (in the range 0.2 and 

O.3eV) was found to be independent of process of cell fabrication. The use of CdZnS in 

the place of CdS reduced the value to slightly less than 0.1 eV.42 R.Herberholz et aI., 

made a distinction between bulk and interface states in CIS/CdS/ZnO by space charge 

spectroscopy. A lype inversion at the surface of the absorber. held responsible for the 

suppression of interface recombination in efficient chalcopyritc based solar cells. \\a5 
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confinned through this 43 Vidyadharan et al., fabricated a 3.1 % efficient CIS/CdS cell. In 

this work, all the layers were prepared using chemical bath deposition. Flourine dopped 

Sn02 and In were used as bottom and top electrodes respectively 44. Y.Hashimoto et al. 

investigated the deposition CdS buffer layer for crGS solar cells. The reaction leading to 

the formation of CdS was controlled by the pH of the solution and most stoichiometric 

films were obtained for a pH of 11.8 which showed best performance 45 M.C.Artaud et 

al., deposited CIS by MOCVD and fabricated the first solar cell using MOCVD CIS46 Se 

Han Kwon et al. fabricated an In2Sej/CIS cell as an alternative to CdS/CIS cell. A thin 

layer of Culn,Se5(ordered vacancy compound), which was intrinsic or slightly n-type, 

was deposited on the CIS to form a pseudojunction with largely p-type CIS. This 

improved the performance of CIS/In2Se3 cell to reach an efficiency of 8.46%47 

R.N.Battacharya et al. fabricated CIGS based solar cells from electrodeposited and 

chemical bath deposited precursors. The device fabricated from electrodeposition resulted 

in an efficiency of 13.7% and that from chemical bath deposition showed 7.27% 

ffi . 4B e IClency 

In 1998, Lam et al. investigated the trap properties of CIGS/CdS/ZnO cell using Deep 

Level Transient Spectroscopy (DL TS). No minority carrier traps were observed in the 

CrS/CdS/ZnO cell, but both majority and minority carrier traps were observed for the 

CrGS/CdS/ZnO ce1l49
• M. Nishitani et al. analysed the temperature and illumination 

dependencies of CIS cell performance. The 1so and Voc were linearly changed with the 

tcmpcrature in the range of IO"C to 70°C and the 1sc was propOltional to the illumination 

intensity 50 Y Hashimoto et al. fabricated CIGS/CdS solar cell having 17% efficiency. 

Stoichiometric CdS layer deposited through CBD was lIsed in this cell 51 Takeshi Koj ima 

et al., perfonlled the stability evaluation of CIGS/CdS solar cells using C- V 

characteristics. Under irradiation, the test samples showed a little increase in efficiency 

and open-circuit voltage which shO\ved their electrical durability to light irradiation. But 

the diode quality factor and series resistance showed large changes in value. After 4SlJN 

irradiation, t\\O salllples in the same fabrication-lot shO\ved new light absorption in the 

lower-energy gap range than Slln of CIGS ,~ Tokio Nakada et al. fabricated sllperstrate-
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type CIS/lnxSey ceIls by a low temperature process using sodium compounds. Na2S was 

incorporated during film growth at a substrate temperature of 350°C. Even at relatively 

low substrate temperature, sodium compounds enhanced the (112) preferred orientation 

of the chalcopyrite structure and improved the cell performance. Efficiency of 7.5% was 

obtained for this cell 53 Yasunori Okano et al. analysed CdS/CIS heterojunctioll using 

XPS measurement. An In-excess layer, which may form an ordered vacancy compound 

(OYC), was present at the surface and it remained even after chemical bath deposition of 

a CdS layer. The CIS solar cells fabricated with n-OYC surface layer exhibited higher 

cell efficiencies (8.7%) than those fabricated with p-surface layer 54 Alien M Hermann 

(1998) et al tried low cost preparation ofCIS films for CdS/CIS solar ceIls, by depositing 

CIS layer using electrodeposition. The precursor tilms were then loaded into a physical 

evaporation chamber and additional In and Se were added to the film (at 550°C) to adjust 

the final composition to CIS. The efficiency of this cell was 12% 55 Y Hashimoto et al. 

(1998) fabricated CIGS/CdS solar cell with an efficiency of 17%. CIGS was prepared 

using thermal evaporation and CdS lIsing CBO 56 R N Bhattacharya et al.(1998) 

fabricated 13.7% etlicient CuIn'.xGa,Se1(CIGS) based devices from electrodeposited and 

chemical bath deposited pre-cursors57 Takayuki Negami et al. fabricated large area 

CIGS/CdS on 10 x 10 cm2 with efficiency over 14% 58 K Ramanathan et a/'(2003) 

fabricated the cell having the structure CdS/CulnGaSc2 with world record efficiency of 

19.2%. Here CrGS was fabricated using co-evaporation 59 

In 2005, C-S Jiang et al. carried out the electrical modification in CIGS thin films by 

chemical bath deposition process of CdS films. Kelvin probe microscopy analysis 

revealed that, the potential peak on the grain boundaries becomes sharper after the sample 

is rinsed in high purity water, and the height of the potential peak becomes smaller after 

chemical treatments in a solution similar to that llsed in CnD of CdS films. This is 

expected to bendit the device perfol1nance 6°0 AbOll-Ras carried out structural and 

chemical investigations o1'C80 and Physical Vapour Deposited CPYD) CdS buffer layers 

and interraces in CIGS-based thin film solar cells. PVD-CdS layers show lllllch larger 

grain sizes than CBD-edS layers and also a higher defect density at the ClCiS/PYD·CclS 
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interface, owing to a larger lattice mismatch. In CIGS-CBD-CdS layers, the Cu and In 

interdiffusion provide an indication of an inversion of the near-interface region ft'om p­

type CIGS to lHype. The probable absence of this inversion in solar cells with PVD-CdS 

buffer layers is a possible reason for their lower efficiencies compared wit the solar cells 

with CBD-CdS buffer layer 61 

The key issue in CIS based solar cell is reducing the absorber layer thickness and 

replacement of CdS. Here an attempt was made to achieve this. In the present work, CIS 

films of thickness O.85~lIn were prepared by thermal evaporation. 1n2S3 prepared using 

chemical spray pyrolysis was used as the buffer layer. 

5.3 Experimental 

CIS thin films were prepared using sequential elemental evaporation and the structure 

was glass/ln/Se/Cu. In and Se were evaporated at a substrate temperatures of lOO°C and 

50°C respectively. Cu was evaporated at room temperature. The sample was annealed at a 

temperature of 400°C in vacuum at a pressure of 2x 1 0.5 mbar for one hour. Two layers of 

CIS were prepared; the bottom layer with a resistivity of O.08Qcm and a top layer with a 

resistivity of 7916Qcm. 

Tn2S3 thin tilms were prepared using chemical spray pyrolysis. In this, the films were 

deposited by spraying aqueous solutions of Tndium chloride (InCh) and Thiourea 

(CS(N~lz)2) using compressed air as carrier gas and the substrate temperature was 

300nC±5°. The substrate was kept at this temperature for one hour before the deposition 

for stabilization of the temperature. The volume of the solution was varied to get different 

thicknesses. The top electrode, Ag, was deposited using thermal evaporation at a pressure 

of 2xl 0-5 mbar. After deposition of electrode, all the samples were annealed at lOO°C for 

30 minutes at a pressure of 2x 1 0.5 mbar. This annealing was to make the contact between 

electrode CA,,) and In2S; smoother, by decreasing the contact resistance. The I-V 

characteristics of the cell were measured under AM 1.5 condition. The T- V characteristics 

of the cell were measured lIsing Keithley 236 SOllrl:c Mcasure Unit interf,Kcd by GPIB 
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card and ICS software. The junction analysis was performed by varying the thickness of 

the buffer layer, sample stoichiometry and post deposition treatment. 

5.4 Layer properties for the device fabrication 

5.4.1 Bottom electrode 

(a) Molybdenum: Molybdenum was used as one of the bottom electrodes for the cell, as 

Mo has Ohmic contact with CIS. The Mo film in the present work had a thickness of 

0.2~m and a sheet resistance of IO/cm2
• Mo is known to be the best contact to CIS solar 

cells. 

(110) 

18 20 )8 .IQ !'ill 

Anllle 10(degrees) 

Fig 5.1: X-ray diffractogram of Molybdenum 

(b): Imlium Tin Oxide (ITO): ITO used in the present work had a thickness of 0.2~m 

and a sheet resistance of 10 O/cm 2
• Fig 5.2 shows the X-ray diffractograrn of the ITO 

with preferred orientation along (222) plane. 
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ITO 

• 

Fig 5.2: X-ray diffractogram ofIndium Tin Oxide (ITO) 

5.4.2 Absorber layer 

CIS double layer of thickness O.9Jlffi was used as the absorber layer. A highly conductive 

layer of resistivity O.OSncm was deposited as the bottom layer to act as a p' layer thus 

reducing back surface recombination. 

CB 
Electron _____ ~~~~------

~ ------~ 

p 

+ p 

----------------------------------------------------------------------.--. Er 
~~ VB -------

Fig.5.3: The p' layer acting as an electron reflector 

The top layer ,""as more resistive with a resistivity of 7916ncm. The cross-sectional SEM 

shows the layered structure of this Jouble layer_ 
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Fig 5.4: Cross-sectional SEM of the double layer 

Detailed characterizations of the absorber layer using XRD. optical absollltion, EDAX. 

XPS. Raman spectroscopy. Resistivity measurement,. Photoluminescence and Stylus 

profiler are given in the last chapter. 

5.4.1 BujJerlllyer 

In2S3 was used as the buffer layer. The optimization of the sample was reported earlier by 

our groUp.Sb In the present work. In2S3 with InlS ratio of 218. 1.2/8 and 215 were mainly 

used for the junction fabrication. 
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Fig 5.5: XRD of In2S3 with InlS ratio of (a) 2/8 (b) 1.218 
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Fig 5.5(a) and (b) show the X-ray diffractogram and absorption spectra of In2Sl with InlS 

ratios 2/8 and 1.118 respect ive ly. The d values coincided with that of p-ln1S] in standard 

JCPDS data card (25-390) with preferential orientation along the (220) plane at 2!l = 

33.45°. The crystallinity was better for InIS} with JnlS ratio of 2/8. The grain size was 

35nm for In2S] with InlS ratio 2/S. The absorption spectra of the sample were shown in 

the inset of the XRD and the band gap of the sample was found to be 2.65eV. TIle grain 

size of the sample with InlS ratio 1.2/S was 37nm and band gap 2.SeV. 

5.4.4 Top electrode 

For the junction with Mo as bottom electrode, Aluminium (A I) was used as the top 

electrode. AI electrode was made in the form of grids with I mm spacing between them. 

Silver was used as the top electrode for the ce ll s with ITO as the bottum electrode and 

this was made in the fonn of blocks. AI and Ag were deposited using thennal 

evaporation. 

S.S Structure of tbe cell 

els· 0.91.l. 1ft 

MoIJ"l'O _ 0 .21.l. In 

Fig 5.6: Structure of the cel l 
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Fig 5.6 shows the structure of the cell. The structure consists of a 0.2~lm thick 

Molybdenum/ITO as bottom electrode. CIS double layer with a thickness of 0.9,.uTI was 

fabricated over this. The n-type In2S3 having different ratios of In/S( 1.2/8. 2/8 and 5/8) 

layer was sprayed on top of the CIS layer to form the junction. The thickness ofIn2S) was 

varied from 0.1 Jlm to 0.45 J.UTI. Ag/ Al was used as the top electrode. in all the cases. 

5.6 Variations on Window layer 

The thickness and In/S ratio of the buffer layer was varied for optimization of the 

junction. 

5.6.1. Effect of thickness of tire bllffer layer 

To study the effect of variation of thickness, the In/S ratio was first fixed at 2/8. The 

volume of the In2S3 solution was varied to get different thicknesses. The variation in 

thickness with different volumes is given below. 

Table 5.1: Variation ofln2S3 thickness with volume of the solution 

Volume of In2S3 Thickness (Ilm) 

25 0.10 

50 0.25 

80 0.35 

100 0.45 

The CIS/In2SJ junction was subjected to post deposition annealing treatment at 300°C for 

30 minutes in air. In all the cases the sample was etched by ion beam before depositing 

the top electrode. This process removed the impurities and dust particles over the film 

surface. 
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(i) In2SJ with a thickness ofO.l,...m 

0.111 
2~ml 

0.82 

lJI 1.5 
V (volb) 

-8.82 

Fig 5.7: I-V Characteristics of the junction with 11l2S) thickness of 0.10 ~lIn 

The I-V characteristics of the junction with In2S) thickness of 0.1 0 ~m is shown in Fig. 

5.7 under the dark and illuminated condition. The volume of the sprayed solution was 25 

ml. The graph showed a pure resistive behaviour which indicated the absence of an active 

junction for this structure. The forward resistance of the structure was lowered upon 

illumination which indicated that the structure had some response to illumination. This 

kind of behaviour might be due to the diffusion of the In2S] buffer layer fully into the CIS 

layer so that there was no free fn2S) layer in this cell. Hence it was concluded that the 

thickness of the buffer layer should be increased 

(ii) In2S3 with a thickness of O.25,...m 

Thickness of the In2S) layer was increased to 0.25~m by increasing the volume of the 

solution to 50ml and the deposition process was repeated. 
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Fig 5.8: I-V Characteristics of the junction with In2S3 thickness of O.25~m 

The 1-V characteristics (fig 5.8) showed the nature of p-n junction diode, even though the 

junction was not perfect. The resistance and diode quality factors were calculated from 

the I-V characteristics in the first quadrant of the plot. The series resistance R. of the cell 

is measured from the inverse of the slope of the dark I-V characteristics. This parameter 

is an indication of the quality of the bulk material. The series resistance arises from the 

resistance of the cell material to the current flow, particularly through the front surface to 

the contacts and from resistive contacts. Shunt resistance is obtained from the inverse of 

the slope of the I-V characteristics in the third quadrant of the plot. The shunt resistance 

(Rmunl) is a measure of leakage through the cell, around the edges of the device and 

between contacts. Very low shunt resistance reduces V QC, but does not affect Ise. The cell 

parameters obtained are given in the table 5.2. 
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Table 5.2: Cell parameters 

Cell area 0.48cm2 

Jsc 1.05 mA/cm2 

Voc 36mV 

Rs 19.0 

Rsb 1142.0 

Diode quality 
3.8 

factor, A 

·1 

-3 

.... 

. ~ . ........ 
] . 

-6 . 
~ 
• 

-1 

-8 

-9 
0.11 11.5 1.0 I.~ 2.0 

\' (volts) 

Fig.5.9: InJ vs V graph 

Fig 5.9 shows InJ vs V graph, from the slope of which diode quality factor A was 

calculated. For a highly idealized junction, the series resistance will be < 0.5 and A 

between I and 1.5.57 The increase of A from 1 to 2 is attributed to the increase in density 

of recombination centers. An ideality factor of 2 is an indicative of recombination, 

mainly in the depletion region: \vhereas an ideality factor close to 1 means that the 

recombination takes place mainly in the bul". High valucs or /\>2 llIay be duc to the 
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various phenomena such as shunt resistance effects or non-uniformities in the distribution 

of recombination centers.58 In the present case we obtained a value of 3.8 for diode 

quality factor. 

(iii) Io2S3 with a thickness of 0.3Sllm 

The thickness of the buffer layer was increased to 0.3Sflm by increasing the volume of 

the solution to 80ml. Fig S.IO shows I-V characteristics of the junction. 

0.01l 

0.010 

'" ~ 0.11011 .. 
~ 
Co e O.OOb « 

0.00" 

0.002 

-O.!' 10 0.5 1.0 I.!I 

"'1.002 V(volts) 

Fig 5.10: J-V Characteristics of the junction with In2S3 thickness of 0.3SflITI 

Table 5.3 Cell parameters 

Cell area O.IS cm2 

lsc 0.32 mA/cm2 

Voc 80mV 

Rs 12760 

Rsh 3222 n 

Diode quality 4.3 
f~lctor. A 
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The short circuit current decreased to 0.32mA/cm2 while the open circuit voltage 

increased to SOnN. This may be due to the increase in shunt resistance. As the thickness 

of the In2S3 layer was increased, the intensity of light reaching the junction may be low 

and this lead to the decreased lse. 

(iv) Io2S) with a thickness of O.4S~m 

Thickness of the fn2S3 layer was increased to 0.451lID by using 100ml solution. 

Fig 5.11 shows the I-V characteristics of the junction. 
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Fig 5.11: I-V Characteristics ofthejunction with fn l S3 thickness of0.45llm 

With increase in In2SJ thickness. the junction was getting deteriorated. The shunt 

resistance decreased drastically to 306. 

The cell parameters are given in the table 5.4. Both lsc and Voc decreased with the 

increase in thickness. The reduced intensity of the light reaching the junction and the 

del:reascd shunt resistance could have led to this decrease in cell parameters. 

rrom the above analysis. it was found that the 1n2S1 layer \vith a thickness of 0.25 ~lm 

was having better property 
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Table 5.4: Cell parameters 

Cell area 

Voc 

Rs 

Diode quality 
factor, A 

5.6.2 Effect of variation in InlS ratio 

(i) IOIS) layer with In/S ratio of 1.2/8 

0.06 mA/cm2 

27mV 

148 n 

3060 

4.7 

The In/S ratio in In2S3 was changed from 2/8 to 1.2/8. The thickness of this sample was 

also varied from 0.1 0 ~m to 0.450 ~ • as in the earlier case. With In2S) thickness of 

100nm, the I-V plot was linear as in the case of In/S ratio of 2/8. The thickness was 

further increased to 0.25~m by increasing the volume of the solution. Fig 5.12 shows the 

I-V characteristics of this junction. 
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Fig 5.12: I-V Characteristics of the junction with In/S ratio of 1.2/8 
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Table 5.5: Cell parameters 

Cell area 0.12 cm2 

Jsc 1.72 mA/cm2 

Vex:. 90mV 

Rs 74 kn 

Rsb 464 kn 

Diode quality 
5.7 

factor, A 

The short circuit current increased to 1. 72mAlcm2
• The Voc also increased to 90m V. 

Both the series and shunt resistance increased. h12S) with InlS ratio of 1.2/8 is more 

photosensitive than In/S 1.2/8 and this might have lead to the increased current. Figure 

5.13 shows the InJ vs V graph from which A was found to be 5.7. 
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Fig.5.13: In) vs V graph 

On increasing the thickness beyond this, the device performance deteriorated as observed 

in the case of In"S~ with In/S ratio 218. The parameters obtained for this thickness are 

giVl'1l bt:lllW. 
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Table 5.6: Variation of V oc and Jsc with thickness 

In2S3 thickness (J1ID) Jsc(mAlcm2) VD. (mV) 

0.10 0 0 

0.25 1.72 90 

0.35 0.02 24 

0.45 0.06 27 

From the above analysis, it is concluded that, the thickness of 0.25 ~lm was the optimum 

thickness for the present structure. The Molybdenum layer of some samples peeled off 

for which may be due to the heat treatments at 400°C (twice), 300°C (for InzS3 

deposition) and 100°C(electrode annealing). Hence we changed the electrode material to 

Indium doped Tin Oxide (ITO). 

(ii) in1S3 layer with InlS ratio of 215 

In2S3 layer was made more conductive by making the In/S ratio of 2/5. The I-V 

characteristics is shown in fig.5.14 and the cell parameters are given in table 5.7 
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Fig 5.14: J-V Characteristics of the junction with InlS ratio of 215 



Chapter 5 183 

Here the Voc increased to 162 mY, probably due to the increase in shunt resistance. But 

short circuit current decreased to 0.93 J.tA/cm2
• 

Table 5.7: Cell parameters 

Cell area 0.09 cm2 

lsc 0.93 ~cm2 

Voc 162 mV 

Rs 920 

Rsh 119 kO 

Diode quality 
3.8 

factor, A 

Table 5.8: Variation of cell parameters with variation in InlS ratio 

InlS ratio J.~ mAlcm2 A 

2/8 1.05 36 3.8 

1.2/8 1.72 90 3.44 

.2/5 0.93x 10-3 162 6.95 

Table 5.8, shows the variation in Vcc and lsc with variation in In/S ratio. On analyzing the 

table, it can be concluded that 1.2/8 was best suited for device fabrication and hence this 

ratio was used in the further fabrication process. 

5.7 In2S3 in the ratio 1.2/8 on ITO 

ITa of thickness 0.2 flITI and resistance of 10 !lcm1 was taken as the bottom electrode. 

11'0 Thickness ut" the InlS, which gave the best value fur J" and Vue ,vas again selected 

for the cell prepared on ITO also and the characteristics showed nearly the same values of 



Fabrication of CulnSe:/In zS3 junction 184 

Jsc and Voc' Fig 5.15 shows the I-V characteristics of the junction and table 5.9 gives the 

parameters of this cell. 
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Fig 5.15: I-V Characteristics of the junction with InlS ratio of 1.2/8 

Table 5.9: Cell parameters 

Cell area 0.03cm2 

Jsc 1.28mAlcm2 

Voc 35mV 

Rs 320.50 

Rsh 16280 

Diode quality 
5.4 

factor, A 

The fig 5.16 depicts the cross-sectional SEM of this CISlln2S3 junction. The total 

thickness of the cell was - 1 ~lm. The layered structure of CIS and In2S3 could be seen in 

the graph. 
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Fig 5.16: Cross-sectional SEM ofCIS/lnJS) junction 

5.8 Variation in the absorber layer 

5.8.1 Junction with Stoichiometric C1S 

The highly stoichiometric sample with resistivity 2 Ocm was used as top layer. Fig 5.17 

shows the I-V characteristics of this junction. In2S3 with InlS rat io of 1.218 was used as 

the buffer layer 
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Fig 5.18: IN chanlclcrislics oflhcjunctiolll:1bricatcd using stoichiometric sample 
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From the fig, it is seen that the junction showed almost linear behaviour. This may be due 

to the high conductivity of the CIS sample. 

5.8.2 Junction with single layer CIS 

Junction was fabricated using single layer CIS with In2S3. The layer having resistivity of 

7916Qcm, which was used as the top layer in the earlier cases, was used here. Fig.5.19. 

Voc was 25m V and Jsc was 0.3mAfcm2 in this case. 
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Fig 5.19: The I-V characteristics of the junction with single layer CIS 

5.9 Effect of post deposition annealing 

The analysis of the junction with variation in In2S3 stoichiometry showed that 

InlS ratio of 1.2/8 was found to be the better. The thickness was also optimized to be 

0.25/lm for the best performance. At this time, the effect of post deposition annealing was 

analyzed. The junction was analyzed by subjecting the sample to a post annealing of 30 

min in air at a temperature of 300°C, without post annealing and by quickly removing 

from the hot plate after deposition. The cell parameters obtained are given in table 5.10. 
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Table 5.10: Variation of cell parameters with post deposition conditions 

Post deposition treatments 

Quickly removed from the hot plate 

No post deposition annealing, kept 

the samples on the hot plate 

30 minutes annealed 

0.00012 

0.00009 

E 
l = 0.00006 ; 
0( 

0.00003 

.0.6 

Voc(mV) J sc (mA/cm2
) 

104 

245 

35 

. . . . . . . . 
...:­

Light .... 
Dark 

.; ..... 
... ~ .. 

.' .' 
l 

2.0 

0.03 

0.1 

1.28 

Fig 5.20: I-V Characteristics of the junction without post deposition annealing 
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Without post-deposition annealing, the voltage increased to 245 mY meanwhile current 

decreased to 0.1 mA/cm2
• The post deposition annealing caused the oxygen content in the 

tilm to increase, leading to an increase in the conductivity and hence a decrease in 

photosensitivity. Hence the film with less 0 content should have a better photosensitivity. 
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Table 5.11: Cell Parameters 

Cell area 0.09 cm2 

Jsc 0.1 mAlcm2 

Vac 245 mY 

Rs 14 kO 

Rsb 699 kO 

Diode quality factor A 4.9 

The diode quality factor was found to be 4.9. Both the series and shunt resistances 

increased in this case probably because ofthe decrease in oxygen concentration. 
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5.10 Conclusions 
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Fig.S.21: InJ vs V graph 

A trial for CIS/In2S3 was made with vacuum evaporated p-type CIS and spray pyrolysed 

n-type InISJ. The thickness and composition of In2S3 were varied in the films. We could 

achieve an observahle shift in the I-V characteristics on illumination under AMI.5 

radiation. This can he improved with fllliher studies. 
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Chapter 6 

Summary and Conclusions 

The mass consumption of fossil fuels, which is getting de'pleted and also leading to 

pollution, has led to an energy crisis. 'Solar Photovoltaics' has emerged as one of the 

leading solutions to the energy crisis. Photovoltaic is an almost maintenance free clean 

energy technology. This era started with first generation (Si) technology which does not 

satisfy the economical requirements. With the idea of fabricating cheaper solar cells, the 

second generation -'Thin Film' technology was developed. 

Among the candidates for thin film solar cells. CuInSe2 emerged to be one of the ideal 

absorber layers. Now, the key issues in the filed of CIS solar cells are the reduction of 

thickness of the absorber layer and replacement of CdS with another non-toxic buffer 

layer for this absorber. The main focus of this thesis is on some aspect of these issues. 

In the present work, Sub-micrometre thick CulnSel films were prepared using different 

techniques viz, selenization through chemically deposited Selenium and Sequential 

Elemental Evaporation. Among these two the first technique was economically viable 

and eco-friendly method; in deposited this, CulnSe2 thin films were prepared using 

chemical bath deposited Selenium films. However, in this technique, the stoichiometry of 

the films could not be controlled critically and the repeatabi Iity of the samples was poor. 

CulnSe2 films were then prepared through two different techniques (viz, Stacked 

Elemental Layer technique and Thermal diffusion of Copper into In2Se3 bilayer) using Se 

films deposited with the help of chemical bath deposition technique, as the bottom layer. 

Stoichiomctl)' of the sample was varied over a wide range by varying Cu andlor In 

content and a comparison of the properties of the samples prepared lIsing these different 
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techniques were made. Even though both sets of films showed same variation In 

crystallinity, grain size and band gap with Cu to In ratio, photosensitivity was found to be 

more for those prepared using thennal diffusion of Cu into In2Se) . Photosensitivity, 

being a measure of minority carrier generation, the method of thennal diffusion was 

found to be more suitable growth process for CulnSe2 thin films for solar cell 

applications. The films showed good crystallinity with sphalerite structure which could 

be con finned from XRD and Raman studies. These CulnSez films were found to be free 

from voids and pinholes. Defect analysis was perfonned using temperature dependant 

photoluminescence and conductivity studies. 

The main advantage of this technique was that, highly toxic Se vapor or H1Se could be 

completely avoided. An attempt to device fabrication was also made using vacuum 

evaporated CdS as buffer layer. But photovoltaic effect could not be observed at the 

junction. Even though this preparation technique was eco-friendly, it had the 

disadvantage that, the thickness of Se layer could not be increased over 0.25~m and 

hence the overall absorber thickness was limited to <O.SJ.lm. The problems with this 

lower thickness are reduced absorption of incoming photons and higher back surface 

recombination. As techniques like light trapping and back reflectors were not employed 

in this configuration, slightly increased thickness (0.5-1 ~un) should be used. In this 

technique, the overall absorber layer thickness was lower for getting considerable 

absorption of the photons. 

With the aim of fabrication ofCulnSe2 based solar cells, a modified technique of vacuum 

evaporation was developed in which CIS thin films were prepared using sequential 

elemental evaporation at moderately low substrate temperature. lndium, Selenium and 

Copper were evaporated at substrate temperature of 100°C, SO°C and room temperature 

respectively. Annealing this stacked layer at 400°C resulted in the fonnation of CulnSe2' 

Single layer thickness \vas 0.55 ~lIn \vhich could be increased up to 0.85~m through 

double layer deposition. adopting similar steps. This technique was selected for further 

deposition. 
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The composition was widely varied to find suitability in device fabrication. For this Cu 

and Se were varied, one at a time. keeping the other concentration constant. Both p- and 

n-type films could be prepared using this technique. From the structural characterizations 

using XRD and Raman scattering, structure of CulnSe2 prepared using this method, was 

identified as chalcopyrite which is universally accepted as the most suitable and favorable 

structure for solar cells. [In the earlier method, we could obtain only sphalerite structure]. 

The grain size varied from 35 nm to 63 nm in these samples. However this grain size was 

still lower than the reported values. obtained through other techniques of CulnSe2 

fabrication. This lead to increase in the number of grain boundaries which, in some cases, 

has beneficial effects on CulnSe2 devices. Interestingly, the crystallinity of these samples 

were better than that prepared using chemical bath deposited Se and grain size was three 

times larger than that prepared using CBD Se. 

The band gap varied from 0.93 to 0.99 eV with variation in elemental concentrations. The 

AFM analysis of the sample showed that the geometry of the sample changed from 

spherical to pyramidal on going from Tn-rich to Cu-rich. The resistivity varied in the 

range of 0.002 Qcm to 7916 Qcm, and hence, highly conductive and highly resistive 

samples could be selected for the device fabrication. The sample with resistivity of 0.08 

Qcm can be used as the conductive bottom layer and sample with a resistivity of 7916 

Qcm can be used as the resistive top layer for device fabrication. The photosensitivity of 

the highly resistive sample was 7.7. Highly stoichiometric film could be prepared without 

using ultra high vacuum which is still a major challenge for many researchers working in 

ternary chalcopyrites. Typical concentration of the stoichiometric sample was Cu: 

24.92%, In: 24.98% and Se 50.10%. Hence this technique proved to be useful for the 

fabrication of highly stoichiometric CuInSe2 thin films. 

A trial for CIS/In2S] was made with spray pyrolysed In2S3 as the n-type layer. Thickness 

and composition of In2S1 were varied in the films. We could achieve an observable shift 

in the I-V characteristics on illumination under AMl.5 radiation which can be improved 

.... ith further studies. 
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Future outlook 

CuInSez has been recognized as an important alternative to Si for solar cells and 

commercialization of this technology is being done in different parts of the world. CdS, 

which is known to be a good counterpart to CulnSe2 for solar cell fabrication, is very 

toxic and is banned in several countries. Tn2S) is a promising material as a non-toxic 

buffer layer in the place of CdS. There is a lot of work yet to be done for the optimization 

of the spray procedure (for In2S3 deposition) to obtain a CulnSeiln1S3 junction. The 

initial experiments just show that, it can successfully replace CulnSe2/CdS solar cells 

provided a systematic study is carried out on the spray parameters. The CulnSe2 layer has 

been optimized here and with future work on Tn2S] deposition, an efficient junction can 

be fabricated. Solar cell fabrication by the combination of these two techniques will make 

future thin film solar cells more economic and easy to fabricate. 
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