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Preface

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 clegant 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 film technology has
emerged. Among the candidates for thin film solar cells, CulnSe; is known to be the
ideal one as the absorber layer. CulnSe,-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 CulnSe, based solar cells. Thin film solar cells, made from Copper Indium
Gallium Diselenide (CIGS) absorbers, exhibited great promise in achieving high
conversion efficiencies (approaching 20%) and these devices were fabricated vsing
co-evaporation lechniques. CulnSe; has now entered into the market and the

efficiency of CulnSe; module has reached 13.4%.

The key issues in the field of CulnSe; solar cells are developing simpler
techniques for CulnSe, preparation, reduction of thickness of absorber layer and
replacement of CdS with non-toxic butfer layer. The present work was focusing on

these issucs.

In this work. sub-micrometre thick CulnSe; {ilms were prepared using two

different techniques. In the first case. chemical bath deposited Selenium was used and



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 CulnSe, 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 2-3pm. Thinning of the absorber
tayer 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 <1pum. Here [,S; 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 cxhaustive review on CulnSes 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 CulnSe; thin films
from chemical bath deposited Selenium. CulnSe; films were deposited using two
techniques, viz, stacked elemental tayer technique and thermal diffusion of Cu into
In,Se;. Structural, compositional, optical and electrical characterizations of the films
were carried out with the help of X-Ray Ditfraction {XRD), Raman spectroscopy, X-
ray Photoelectron Spectroscopy (XPS), Energy Dispersive X-ray Analysis (EDAX),
resistivity, photosensitivity, optical absorption and transmission. Surface analysis was
done using Atomic Force Microscopy (AFM). Comparison between the two methods
was performed and best samples were selected for trial on device fabrication. Even
though the films prepared using the two techniques showed similar variation in
crystaltinity, grain size and band gap with Cu to In ratio, the photosensitivity was
found to be higher tor those samples prepared using thermal diftusion ot Cu into
In;Ses. Hence this was considered to be suitable for solar cell applications. The films
had good crystallinity with sphalerite steucture as confirmed trom XRD and Raman

studies. Information on stoichiometry of the samples was obtained from EDAX



measurements. These CulnSe, films were free from voids and pinholes. Defect
analysis was also performed using photoluminescence and temperature dependant
conductivity studies.

The matin advantage of this technique was that, highly toxic Se vapor or H,Se
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 0.25um. 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 (0.5-1pm)
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 in
CHAPTER 4, in which CulnSe;, thin films were prepared using sequential elemental
evaporation. In this technique Cu, in and Se were 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-
cvaporation. Moreover control of stoichiometry could easily be achieved.
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 characterization
using XRD and Raman scattering, structure of CulnSe, prepared using this method,
was identified as “chalcopyrite” which is the most suitable and favourable structure
for solar cells. In the earlier method of preparing CulnSe, (using chemical bath
deposited Se), 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. This lead to increase in the
number of grain boundaries which, in some cases. has beneficial effects on CulnSes

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



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 from 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 film
could also 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%, Tn: 24,98% and Se

50.10%.

CHAPTER S5 describes the attempt for device fabrication using optimized samples.
For this 1n,Ss prepared by Chemical Spray Pyrolysis was used as the buffer layer.
This is a new bufter layer for CulnSe,. CulnSe, layer (absorber) had a double layer
structure with a highly conductive (p") bottom layer and a resistive (p) top layer.
Total layer thickness was 0.85um. Here the bottom layer acted as an “electron
reflector™, thereby reducing back surface recombination. The junction characteristics
were studied by varying thickness, In/S ratio and post deposition treatments of In,S;.
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 CulnSe,
solar cells, in the present study, these two factors were taken into account. In,S;
seems to be a good buffer layer instead of CdS for CulnSe; solar cells.

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

and the future scope of the work ts added.
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Chapter 1

Photovoltaics: Energy for the Next Generation

1.1 Introduction

Development of clean energy sources has become the most important task assigned to the
science and technology in the 21% century and photovoltaics has emerged as the most
promising candidate of the future energy technology. The tmportance of alternative
energy sources has increased in significance both for energy supply and ecological
couservation reasons. In spite of limitations due to short-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 started with coal
as the main energy source, and later, it was shifted to oil and gas (LPG, LNG), owing to
the mass-production technology, case of transport as well as storage and also the [less]
environmental issues in comparison with the coal. Today, electrical energy is identified
as the most convenient form of energy and it is non-pollutant also. Everyday the Sun
supplies energy to the Earth, which is several thousand times our requirement. The
quantity of energy supplied by the Sun is more 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 well as clean technology.

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

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

Local (1) Solar PV power generation  Clean sustainable energy sources
(2) Cleaning of polluted air Ashing of pollutant gases by glow
discharge
Environment  (3) Cleaning of water Electrochemical processing by PV
(4) Generation of Hydrogen Electrolysis of water by PV
(5) Stopping desertification PV water pumping at plantations
Global and

{(6) Greening of deserts

Table 1.2: Pollutant emission factors for different energy sources

Energy Source CcO, NO, SO,
Coal 3228 1.8 3.400
Oil 2585  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
Geothermal 51.5 Trace Trace
Wind 6.7 Trace Trace
Solar thermal 33 Trace Trace
Hydropower 5.9 Trace Trace

Coal. oil and natural gas were/are still continuing to be the main sources of energy. [From
table 1.2, it is clear that Photovoltaics is a clcan energy source.! However. a large barrier
impeding the cxpansion of the photovoltaic systems 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 Alexandre 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 Sclenium 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 Selenium 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 equilibrium minerity-carrier levels, but typically less than the equilibrium majority
carrier concentrations. It is these 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
barricr 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 n lavers,

and reach the junction by diftusion.
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Fig 1.1: Article published in naturc 1876 by Smith after the

discovery of photovoltaic action in Sclenium
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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
(1 gradient in the vacuum level or work function
(i) gradient in the electron affinity
(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.”’
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 n-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 n-type side after being created there.

1.6 Equivalent circuit of a solar cell

Fig 1.2: Equivalent circuit of a solar cell
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%

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 figl.2. Also shown (fig].3) is the schematic representation of a solar cell for use

in circuit diagrams.
1.7 Solar cell efficiency factors
L.7.1 Maximum-power point

A solar cell may operate over a wide range of voltage (V) and current (1). 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, V4 x I,, = P,; in watts.

The quickest way to determine 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
will be the optimal value of the load for maximum 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 cnough to justify the exira expensc (sav. ~1 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 (n) 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 term is calculated using the ratio of P,,, divided by the input
light irradiance under "standard” test conditions (E, in W/mz) and the surface area of the
solar cell (A, in m?).

7™ Ex,

At solar noon, on a clear March or September equinox day, the solar radiation at the
equator is about 1000 W/m’. 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 1 m? of surface area in full sunlight at solar noon at the
equator during either the March or September equinox will produce approximately 120

watts of peak power.
1.7.3 Fill factor (FF)

Another defining term in the overall behaviour of a solar ccll is the ‘Fill Factor (FF)'.
This is obtained by dividing the maximum power point by the product of open circuit
voltage (V,.) and the short circuit current (I ):

!)m _ 1 X 1'1.. K3 fl"
p;"f x I-‘-*’C 1'(:)17 x I e

FF =
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1.7.4 Quantum efficiency (QE)

*Quantum efficiency [QE]" 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 Comparison 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 Indium 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.

J.:}uagl_ Best Research-_Ce_II _E!I_fi_t:_ie_rl_cies
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Fig.1.4:.Reported timeline of solar cell energy conversion efficiencies

(from National Renewable Energy 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 = 1000 W/m?

Solar reference spectrum = AMI1.5

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 1 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 development.

1.9.1 The First

The first generation of photovoltaic devices consists of a large-area. single layer p-n

Junction diode, which is capable of generating usable clectrical energy from light source
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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-
crystalline Silicon, Cadmium Telluride and Copper Indivm Selenide/Sulfide. Even
though the efficiencies of thin-film solar cells are lower than that of crystalline 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 support is
needed for placing panels on rooftops and this 2.1“0\\'5 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-n junction
to separate photogenerated charge carriers. These new devices mainly include
photoelectrochemical cells, polymer solar cells and nanocrystal/ 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 developed a record-efficiency Cu(ln,GGa)Se»/CdS cell.

which possess the maximum among single junction, thin film solar cell of 19.9%."
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Spectrolab fabricated 40.7% tandem cell with GalnP/GalnAs/Ge triple-junction. The
efficiency was measured under the standard spectrum for terrestrial concentrator solar
cell at 240 suns (24W/cm?). © Organic solar cells have now reached an efficiency of 6% ’

and Dye sensitized cell an efficiency of 11.1%.}

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, [i.e.Thin Film Technology] gained
prominence. Thin film solar cells use layers of semiconductor materials having only a

few micrometres thick.
Thin film technology has many advantages like,

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

10. Weight of the modules becomes less

Thin film technology has made it possible to have solar cells functioning as rooftop
shingles, roof tiles and building facades. The solar cell version of items such as shingles

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

l.

The band gap of thc absorbing material must be small enough to allow absorption of
an appreciable portion of a solar spectrum and at the same time large enough to

minimize the reverse saturation current density J,

The diffusion length of minority carriers must 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 carrters Ly, is given by

142
Lmin = (Dmmz-min)“:2 = —k__(;: (JU Z‘)mm

where Dy, is the diffusion constant, T,,, is the life time, w,, 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.

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

In an ideal solar cell, series resistance R, should be equal to zero and shunt resistance
R, 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 [FF]. Contributions to the series resistance can arise from the resistance
of the semiconductor bulk and from contact resistance to the semiconductor to
complete the circuit. The parallel resistance can be reduced by grain boundaries or
other defects that enhance forward junction cuirent and contributes to an increase in
Jo and a decrease in the voltage @,.. In polycrystalline thin film solar cells, grain

boundaries at the junction interface can critically affect junction transport propertics.



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 ftlm solar cell so as to
b

maximize the efficiency.’
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 cell
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 lpum to Imm are available.
The cost of single crystal Si solar cells is greater than thin film 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 properties 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 multicrystalline 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.'
1.12.2 Amorphous Silicon (a-Si)

Amorphous 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 defects(dangling bonds)
corresponding to departures from the local tetrahedral coordination between four Si
atoms. They act as recombination centres to greatly reduce the carrier lifetime, carrier
diffusion and drift lengths. This also helps to pin the Fermi encrgy in such a way that the

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



incorporation of 10% of Hydrogen reduces the density of defects from 10" cm” to
10'%cm™. 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 1 - 2pm thickness of a-Si:H is required to absorb virtually 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 multijunction 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
cﬁampion modules (1 square foot) have stabilized efficiencies of over 10%. The use of
multi-band gap multijunction 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.
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 2um. The
carrier mobility of this material is higher than that of Si and it forms a varicty of lattice-
matched ternary 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, Ge
and C as shallow acceptors. The dopants from column IV-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 Centegrade. GaAs has better radiation hardness than Si. These
factors mean that GaAs cells have been developed primarily for use in space. The most

likely terrestrial application is for power generation under concentrated light. The



multijunction 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 E, 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’ are
much more efficient. InP based cells are more radiation resistant than GaAs cells.
Hydrogenation of n"-p InP 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 < 2pm were made. CdS/[nP junction prepared on polycrystalline

InP have shown an efficiency of 5.7%.
1.12.5 Cadmium Telluride (CdTe)

CdTe is again a direct band gap material, having an E, of 1.44¢V, 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
heterojunction 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 of CdTe solar cells is 27.5%.
1.12.6 Copper Indium Sulfide (CulnSy)

CulnS,; 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-111-V1; type semiconductors that crystallize in chalcopyrite structure. Wider band
gap of CulnS, compared to other widely used chalcopyrites, such as CulnSe;, has an
advantage of potentially higher open circuit voltages. Theoreticalty predicted efficiency
of the homojunction of this material ranges between 27 and 32%. Recentty Culn$S; based

cells has reached an efticiency ot 11.4%.
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1.12.7 Copper Indium Selenide (CulnSe,-CIS)

With an efficiency of 19.9% on the laboratory scale and 13.4% for the power modules,
CulnSe; has become the most efficient thin film technology today. The favourable

properties of this material are listed below
1.13 Properties of CulnSe;

1.13.1 Tetragonal chalcopyrite structure

@ In
® Cu

Fig.1.5: Structure of CulnSe,

Stable crystal structure of CIS is a subset of adamantine class and is named after the
mineral chalcopyrite, CuFeS,. 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 (8
phase) above 1073K. 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

Waurtzite structure). CIS is obtained from the cubic Zinc blende ctructura of 11-VI
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materials like ZnSe by occupying the Zn sites alternately with Cu and In atoms. Each
](Cu) and Ili(In) atom has four bonds to the VI (Se) atom. In turn, each Se atom has two
pbonds to Cu and two to In. Because the strengths of the I-VI and III-VI bonds are in
general different, the ratio of the lattice constants c/a 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 portion
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(In,Ga)Se;, or Cu(In,Al)Se] and Se by S [Culn(S,Se;)], 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 absorption co-efficient of 10°cm™

CIS has an absorption co-efficient (o >10° cm™) which implies that 99% of the incoming
photons are absorbed within the first micrometre of the material. As a result, only 1-2um
of this material is sufficient to effectively absorb the incoming photons compared to bulk

Si, where at least 300pum of material is required.
1.13.4 Large structural tolerance to off-stoichiometry

A noticeable feature of CulnSe,, 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 Cu,Se and In,Se; 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 CulnSe;+Cu,Se has been reported for

Cu-rich material."’
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1.13.5 Excellent stability and high 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 of substrates

CulnSe; thin films are now prepared on light weight flexible substrates which improves
its suitability in space applications. CIS cells were already fabricated successfully on

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

Ni-alloys, Plastic and Polyimide foils.'*'®

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 polycrystalline

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(In,Ga)Se; 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 laboratory 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 thermal, flash and electron beam gun evaporations, sputtering,

laser ablation, rapid thermal 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 thermal 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 epitaxial layers by single-source evaporation and found that
source temperatures above 1400K were necessary for the deposition of single-phase and
nearly stoichiometric CulnSe;, films."” 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 1.02-1.04eV. Thickness was in the range 0.15-1um.'® 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."” 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.?

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
formation of Cu and In selenides with well defined crystalline microstructures.”' Guillen
et al prepared CIS by sequential evaporation of stacked Cu and In layers and subsequent

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

These tilins 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.” Mario Gossla et al. developed a new
five-source PVD for the deposition of Cu(In,.Ga,)(Se,.,S,), 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%.” Sung Chan Park et al. studied the electrical
properties of CIS films prepared by evaporation of Cu>Se and In;Sey compounds. CIS
film grown at 680°C had a smooth and dense microstructure with the grain size of 2 -3
wm. Hs post annealing was conducted to control the electrical resistivity and composition
of CIS 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. %

T Schlenker et al. reported the initial growth behaviour of Cu(InGa)Se, prepared using
co-evaporation on Molybdenum substrates. It was observed that the growth on
polycrystatline 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 Me, 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 spectroscopy.”’ Akhlesh Gupta et al. carried out studies on Cu-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°C and 150°C, respectively. While the annealing of the precursor up to 200°C
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produced an alloy in the interface region of Cu and In laycrs, annealing at 500°C

completely changed its n’lorphology.28

A Moharram et al. studied the optical and structural changes of thermally co-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.” O Rodriguez et al, 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.! A. Ashour et al. studied
polycrystalline CIS thin film 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 >1h** C.
Guillén et al. studied the Structure, morphology and photeelectrochemical 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 co-evaporated Cu—In layers in Se/N; 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 € before the reaction starts. During the selenization processes it
increased to more than 10 k€2, indicating the conversion of metals into CIS. The
resistivity curve indicated the start and end point of the chemical reactions and identified
three different stages of conversion.” A. G. Chowles ct al. carricd out in situ RBS

analysis of CIS prepared by sequential evaporation of the constituent elements onto Mo-
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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 performed after various anneals revealed
that the Cu—In layer mixed with the Se layer to form a number of binary phases. For
Cuw/Se/lIn it was found that the Cu and Se had intermixed at room temperature. In both the
structures the Cu—Se and In—Se binary phases formed below 200°C and upon annealing
above this temperature interdiffused to form chalcopyrite CIS.”> A. Brummer et al.
studied the formation of CIS by the annealing of stacked elemental layers. CIS
crystallized from the direct precursors Cu,Se (Cu;-Se, respectively) and InSe within a
melt rich in selenium. Both, Na and Ga promoted the crystallization of Cu;Se, the direct
precursor phase for CIS. A comparison of the crystallographic structures of Cu,Se and
InSe showed that epitaxial growth of InSe (0001) on Cu,Se (111) lattice planes was
feasible.’® R. Caballero studied CIS formation 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/Cu/In seemed to be the best. An
energy band gap above 0.95eV and an absorption coefficient near 10°cm™ were
obtained and similar optical properties were observed for all the prepared sequences.” In
the highest efficiency cell (Contreras et al.), CIGS was prepared by thermal 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 formation of a smooth surface and to facilitate the formation of a Cu-poor defect

chalcopyrite that exist at the surface of CIS films.*®

Flash evaporation and electron beam gun evaporation were also used to deposit CulnSe;
films. Joseph et al. prepared CIS using flash evaporation and samples were p-type.
Activation encrgy of 75meV was obtained for room temperature deposited (non-

annealed) film. which was attributed to Se interstitials acting like acceptors. Activation
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energy of 15 meV observed in film annealed at 50°C, was attributed to Ing, defect level
while value of around 30meV observed in other films annealed up to 200°C, was
attributed to Cuy, defect level.”” Akl et al performed structural study of flash evaporated
CIS thin films.*” M. Klenk et al. studied the properties of flash evaporated chalcopyrite
absorber films and solar cells.* 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

precursors. 2
(ii) Sputtering

I Martil et al. prepared CIS films by rf sputtering in Ar/H, atmosphere.
Measurements of resistivity at various temperatures indicated a hopping conduction
mechanism through gap states for films grown at low temperature (100-250°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 °C).* P Menna et al. 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 Cu/In ratio ranged
between 0.8 and 1.2.- As the copper content was further lowered, Selenium decisively
increased up to almost 51% when Cu/In 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 Culn;Ses(OVC).* Sang Deok Kim .characterized
CIS thin films grown by selenization of co-sputtered Cu-In alloy layers, which consisted
of only two phases, Culn, and CuyIny. The CIS films selenized in vacuum had large grain
sizes, smooth surfaces and dense microstructures.** J. Schmidt et al. prepared thin films
of CIS by selenizing co-sputtered Cu-In films with selenium vapour. The conductivity
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.* 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 pm. Film resistivity varied from 107-10® Q cm. The films
had compositions with Cu/In of 0.40-2.3 and Se/(Cu+In) of 0.74-1.35. All CIS films
with the exception of very Cu-rich ones contained high amount of Se (>50%)."” Tooru
Tanaka et al. studied the effect of substrate temperature on properties of thin films
prepared by RF sputtering from CIS target with Na,;Se. 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 Culn;Ses 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 3x10' cm™, were
epitaxially grown on a GaAs(0 0 1) substrate by RF diode sputtering. No significant
change in the electrical properties was observed under the electron fluence <
3x10ecm™. As the electron fluence exceeded 10' ecm™, both the carrier
concentration and Hall mobility slightly decreased. The carrier removal rate was
estimated to be about 0.8 cm™', which was slightly lower than that of I1I-V compound
materials.”®* J. Miiller et al. studied the composition, structure and optical properties of
sputtered thin films of CIS. Results of EDAX analysis revealed that the sputtered films
were near to stoichiometry for substrate temperatures Ts, not exceeding 200°C XRD
patterns indicated that the films exhibited some pattern similar to that of bulk crystals of
tetragonal chalcopyrite, predominantly (112) oriented. The band gap E,. estimated from

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

(> 10* cm™") were found.”
(iii) Laser ablation

Yoshida et al. prepared CIS thin films with large grain by XeCl excimer laser ablation on
glass substrates. The deposition was carried out at 550°C and the target-substrate distance
was changed from 15 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.’’ V. V. Kindyak et al. studied the
optical transitions in laser-cvaporated 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 effects, and four optical transitions from the Copper d levels to the
conduction bands.’® S. Kuranouchi et al. 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 (Cu,Se)-solid (CIS) growth
mechanism was suggested and the CIS grain growth was enhanced.” A. Tverjanovich et

al. prepared CIS thin films by UV laser ablation !
(iv) Rapid Thermal Processing (RTP)

W Ried] et al. analyzed the surface microstructure of CIS thin films produced by rapid
thermal 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- 10 n-type were observed as a function of
the overall Cu/In ratio. The dominant current flow direction in slightly Cu-rich thin film
bulk material was associated with p-type conduction, whereas In-rich samples exhibited

largely n-type conductivity at the surface.” V Alberts ¢t al. studied the material
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properties of CIS prepared by rapid thermal treatment of metallic alloys in H,Se/Ar.
Selenization at temperatures around 400°C resulted in a sharp increase in Cuw/In atomic
ratio due to the loss of Indium from the samples. Homogeneous and dense films were
formed without Cu-rich binary phases in the case of samples which were rapidly heated
and selenized at temperatures around 400°C.>® J. Keranen et al. studied the effect of
sulfurization on the microstructure of chalcopyrite thin-film absorbers. Rapid thermal
processing in H,S atmosphere with processing temperatures fanging from 350 to 550°C
was used to sulfurize the absorber. A non-uniform 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,
Culn(Se|_S)2, where x varies. In order to improve the device performance, the formation

of two distinct phases should be avoided during the sulfurization processing.”’
(v) Monocrystalline 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
T, = 450-500°C and the effects of annealing under various atmospheres. An epitaxially
grown In,O; phase was found both in Cu-rich and In-rich films annealed at T, =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 In;O; to be the most stable phase
in good agreement with the experimental results.’® 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
T,, = 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 films could be obtained up to room
temperature. the PPA measurements were quite effective to obtain the optical

. . - ~ .. . . 5
characterizations, especially for the non-radiative recombination processes.”” A. N.
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Tiwari et al. carried out a review on heteroepitaxy of Culn,Se,. Molecular beam epitaxy
has been used to grow heteroepitaxial Culn,Se, layers on Si and GaAs substrates. Layers
of different Cu/In ratios have been grown to study the formation of different phases such
as CIS chalcopyrite (a-phase) and defect-chalcopyrite/stannite phases (B-phase) in this
material system. An interfacial CuSe,Siy layer is formed during the growth of Culn,Se,
on Si. In the case of GaAs substrates, Ga from the substrate diffuses into the Culn,Se,
and a quaternary compound Cu(in,Ga),Se, is formed at the interface.*® James H. Ely et al.
characterized epitaxial Cu-In—Se thin films using Raman spectroscopy. Epitaxial
chalcopyrite alloys (CIS (001) and Culn;Ses (001)) 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 A,(I,*" [W,]) non-polar
optical mode at 172 cm™ for CIS and 152 cm™' 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.®’ Tooru Tanaka et
al. prepared CIS by epitaxial growth and studied the effect chlorine ion implantation on
electrical properties. The conductivity type in all implanted films was n-type and the
carrier concentration was increased with increasing Cl concentration in the films. Cl acts

as a donor in CIS.%?

A. Zegadi et al. performed photoacoustic study on the effect of Se content on defect
levels in CIS single crystals.*> Champness et al.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.* H. P. Wang et al. reported studies on monocrystalline CIS and
Culn;Ses in photovoltaic cells using monocrystalline CIS as a substrate. Pre-annealing
the substrate in argon at 350°C for about 2 h improved photovoltaic performance.
Measurements of Auger profiles in the first 200A or so of annealed and unannealed
monocrystalline samples indicated no evidence of the formation of an OVC near the

surface during the heat-treatment process.”” Champness et al. also studied the effect of
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annealing of monocrystalline CIS samples. In monocrystalline p-type CIS samples, with

a room temperature hole concentration of approximately 10" cm™

, 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-layer in the original p-type material, as
determined by hot probing and etching, increased approximately as the square root of the
annealing time.®® K. Timmo et al. 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 growth of crystals was E4 = 0.25 + 0.05 eV, and the power of
time dependence of the crystai growth was I/n = 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.”’
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 .**
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

deposition process.”’
(ii) Electrodeposition

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

films from seleno-sulphate solution. The films deposited at a deposition current density
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of J= 1.1 mA/cm? with InCL(15.12mM) content in the bath mixture and at J=
0.8mA/cm’® with InCl, (18.6 mM) content have a stoichiometric chalcopyrite structure
with ¢/a - 1.97. Electrical measurements showed that deposited films were p-type and had
a resistivity of about 5 x 10’ Q cm.”® N Khare et al. studied the photoelectrochemical,
electrolyte, electroreflectance and topological characterization of electrodeposited CIS
films. n-type CIS thin films were obtained by electrodeposition from a chloride bath
containing SeO, and annealed at different temperatures in N; plus either 5% H, or a few
parts per million O,. When the heat treatment temperature was increased, the band gap
decreased from about 1.07 to 0.98¢V.”' 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 chalcopyrite structure with strongly oriented (112) planes.72 A. N. Molin et
al. prepared CIS thin flms by electrodeposition from citric aqueous solutions containing
Cu, In and Se. It was shown that the chemical reaction determining the common rate of
electrodeposition was SeO”"; reduction by metallic copper.” H. P. Fritz et al. developed
a novel method for the electrodeposition of the metallic grey hexagonal modification of
selenium using the system. Se{(EtO),PS;},/n—BusNBF,/chlorobenzene with simultaneous
illumination of the cathode.”® R. Pal examined the variation of trap state density and
barrier height with Cuw/lIn ratio in CIS films. The density of trap states in the
intercrystalline region of the 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 boundary charges are depleted by sub-band gap photons resulting in the
reduction of the barrier height with increase of illumination level.”” S. Jost et al. 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 crystal structure with a high degree of cation disorder.
Laser annealing did not lead to unintentional selenium loss during the semiconductor

formation process.™ S. Nakamura et al. studied the electrodeposition of Cu-In-Se films
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with an aqueous solution containing CuCl;, InCl; and SeQ,, in terms of composition

control of deposited films for the preparation of CIS.”

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,Se,l, transition layer and a semi
conducting p-CulSe; window.” 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.” P.P. Prosini et al. carried out electrodeposition of Copper-Indium alloy
under diffusion-limiting current control. The relationship between the ratio of Cu®” to In**
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-Indium alloys was
controlled by electrodepositing them under diffusion-limiting current.® S.N. Qiu et al.
carried out the diffusion length measurements on electrodeposited CIS cells. The

3 was not

diffusion length of the CIS with an acceptor concentration less than 2 x 10 '®em”
very sensitive to the variation of concentration. The diffusion length of the order of 0.52
pm was obtained at 1.2 um wavelength which was closer to the value 0.6 pm for
evaporated CIS® A. M. Fernandez et al, performed the characterization of co-
electrodeposited and selenized CIS (CIS) thin films. 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.*

A M. Fernandez et al characterized co-electrodeposited and selenized CIS thin films. The

- - . . .. B 83
films were formed with a mixed composition of binary as well as ternary phases.* 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’,
In®", Se*" 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.” N. Stratieva et
al. 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.’® R. P. Raffaelle et al. carried out
scanning tunneling microscopic analysis of electrodeposited CIS nanoscale multilayers.
Alternating layers of two different compositions based on the Cu,In;-Se, system were
potentiostatically deposited. These nanometer-scale layers were used to form reduced-
dimensionality structures such as superlattices that could be used in concentrator solar

% A. M. Fernandez et al. on the characterization of electrodeposited and selenized

cells.
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.» A.ALAI-
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 chalcopyrite structure with grain sizes of the matter of
0.06pum.** L. Zhang et al. studied the formation of CIS and Cu(In,Ga)Se; 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.®®

JL.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
electrodeposition was proved to be useful method to prepare polycrystalline CIS films for
solar cell application.”” M. E. Calixto et al. performed the Depth profile analysis of CIS

thin films grown by the electrodepuosition technique. The electrodeposited CIS film had a
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Cu-rich bulk region and an In rich surface, which led to the formation of an n-layer
(Culn;Se; 5) on the top of the p-type CIS phase.”’ R. Ugarte prepared CIS polycrystalline
thin films by electrodeposition on titanium and conducting glass substrates from an
aqueous solution containing CuCl,, InCl, SeO, in a glycine acid medium, pH around 2
adjusted with HCL”> M. C. F. Oliveira et al. performed a voltammetric study of the
electrodeposttion 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 (CuyIn,Se or In,Se) were not the same. The presence of these nucleation sites was
responsible for the non-reduction of Cu,Se on the electrode. The effect of the CIS
substrate on the reduction potential of Cu®’, In** and Se'* in separate citrate solutions was
examined. Evidence was given for the copper and indium deposition by a surface-
induced deposition mechanism and for the Cu,Se formation by a co-deposition
mechanism.” 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
short 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.”® 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 Culn,Se; s ternary phases.” J. Huang et al. studied
the Formation of CIS thin films on flexible substrates by electrodeposition (ED)
technique. Ternary compounds were co-deposited on Au coated plastic substrate from an
aqueous acidic solution containing 1 mM CuCl,, 5 mM InCl; and 1| mM SeO; adjusted to
pH=1.65. It was found that the film stoichiometry improves when the growth solution
consisted of 1 M triethanolamine (TEA) and 0.1 M Na-citrate. The optimal ED-CIS film

was obtained after anncaling at 150°C for | h in a nitrogen (N;) atmosphere. Optical
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absorption study showed that the energy gap of the annealed material was 1.18 eV. Good
and reliable quality ED-CIS film was grown with the potential use in fabricating flexible
solar cells.”. 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 for 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.”” 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 crystalline
In,O; phase which remains in the film near-surface region and a poor crystalline Cu,Se
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.” 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 Cu®'/In’". At the same time, the
concentration of Indium in the films obtained was determined both by the deposition

potential and the ratio of Se(IV)/Cuz" in the solution.”
(iii) Electroless deposﬁion

P. J. Sebastian et al. studied the Formation of CIS thin films by selenization, 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 of Cuy,Iny atloy. Selenization of the
alloy at 400°C resulted in the formation of cubic CIS with alpha-Cu,Se as the secondary
phage '® Philip A. Jones et al. carried out the plasma enhanced chemical vapour
deposition of CIS. Thin films with compositions around the Cu:In:Se stoichiometric ratio

1112 were grown using a glow discharge enhanced CVD process.'”' B Ghosh et 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.!®
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 HCl. The Mo substrate was short-circuited with the

aluminum counter electrode for the electroless deposition.'®
(iv) Ink coating

G. Norsworthy et al. prepared CIS film by metallic ink coating and selenization. The
technique used an ink formulation containing sub-micron size particles of Cu-In alloys.
A metallic precursor layer was first formed by coating this ink onto the substrate by
spraying. The precursor film was then made to react with Se to form the CIS
compound.'® 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(in,Ga)Se, 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 um) were obtained with metal precursors.'®
(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 (0.54<In/(Cu+In)<0.78)
prepared by chemical spray pyrolysis (CSP) on glass substrate were systematically
studied in terms of In/(Cu+In) ratio. Lattice constants a and ¢ of the films decreased with
increase of In/(CutlIn) ratio. The films exhibited a characteristic Raman peak shifting

higher frequencies as the In/(Cutln) ratio increases. Optical band gap energy was
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approximately 1.22 eV for 0.54<In/(Cu+In)<0.67, but increased from 1.22 to 1.36 eV
when the In/(Cu+In) 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.'” 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 °C, 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 Ts<420 °C, but n for Ts>420 °C." It is obvious that, in this technique band gap can
be increased upto 1.36eV without alloying Al, Ga or Sulfur.

(vi) Metal Organic Chemical Vapour Deposition (MOCVD)

Seok Hwan Yoon et al. prepared CIS thin films through MOCVD using di-p-
methylselenobis(dimethylindium) and bis(ethylisobutyrylacetato) copper(ll) precursors.
First, phase pure InSe thin filin was prepared on molybdenum substrate by using a single-
source precursor, di-u-methylselenobis(dimethylindium). Second, on this InSe/Mo film,
bis(ethylisobutyrylacetato) copper(I) designated as Cu(eiac), 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 of carbon and oxygen impurities in the prepared CIS films.'®
(vii) 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 chalcopyrite 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
O, Cl impurities decreased. The direct band gap increased from 0.94 10 0.98 eV and

resistivity showed a big decrease with the increase of annealing temperature.'”” Jingxia
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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 triethanolaming) and In’'~CitNa (Indium chloride and
sodium citrate) chelating solutions with weak basic pH as well as Na,SeSOs solution at
70 °C. Well-crystallized, smoothly and distinctly particular CIS films could be obtained

after annealing in Ar at 400 °C for | h by using the mixed cationic solution mode.""®

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, 0.99¢V 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
0.99¢V due to In vacancy. Acceptor ionization energy was 33%2 meV and donor
jonization energy was 10+2 meV.'""' S Zott et al. identitied the observed luminescence as
due to the donor-acceptor pair transition including the acceptor V¢, and two donors Vg,
and Tng, from excitation-intensity and temperature dependant measurements.''> J. 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 ¢V, and 0.89 eV. The observed spectra are
explained by considering the formation energies 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 1o a much sharper peak around 0.985 ¢V 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 [Cup,—Cui]pair band, as evidenced by
the 2.5 meV/decade shift of the peak-energy and the temperature-dependence of the
photoluminescence signal.''* 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 al! 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.'”

Shigeru Niki et al. measured the photoluminescence of CIS film prepared using
molecular beam epitaxy. PL spectra of Cu-rich CIS epitaxial films showed well-defined
emission lines. A broad peak at A =1.45 um became dominant in In-rich films, and
excitation power dependence of such 4 broad emission indicated a pair-type radiative
recombination, most likely the emission due to donor-acceptor pair or their complex.'”®
K. Timmo et al. studied the effect of sodium doping to CIS monograin powder properties.
Sodium was added in controlled amounts from 5 x 10 em™ to 1 x 10 em™. 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

3

were observed if added sodium concentration was 1 x 10" ¢m™ . This material had the

highest carrier concentration 2 x 10" cm™’,

In the <case of stoichiometric CIS
(Cu:In:Se = 25.7:25.3:49.0), Na doping at concentrations of 3 x 10’ em * and higher
avoided the precipitation of Cu—Se phase. Solar cells output parameters were dependent
on the Na doping level. Sodium concentration 3 x 10" em™ resulted in the best open-
circuit voltage.'” K.Puech et al determined minority carrier lifetimes in CIS thin films.

Luminescence at two distinet 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.''®

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 meV respectively. These were

" Wasim et

attributed to an acceptor level due to In vacancies or interstitial Se.
al.prepared CIS from vacuum fusion of the stoichiometric mixture of highly pure
elements. Both n and p-type samples were prepared. Three donor levels at 8, 80 and
180meV were attributed to Inc,, Vs. and In; respectively. The acceptor levels around 30,
80 and 400meV were due to Vg, Vi, or Cuy, and Fe’'), respectively.|20 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 10> Qcm.'?!

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 (Vs.), 70 meV below the
conduction band, the acceptor levels of the copper vacancy (Vc,), 40 meV and 85 meV
above the valence band, the In vacancy (V,,) 40 meV above the valence band and copper
on the antisite at indium (Cu), 40 meV above the valence band.'” J. H. Schén et al.
carried out a comparison of point defects in CIS and CuGaSe; single crystals grown by
chemical vapour transport. V¢, and Vg, showed similar properties and activation energies
in both materials. Gac, levels in CuGaSe; are much deeper than Inc, in CIS, and
furthermore, the formation of In¢, is much easier compared to Gac,.'? A. V. Mudryi et
al. carried out optical characterization of high-quality CIS thin films synthesized by two-
stage selenization process. For ncar stoichiometric films, intense band-to-band
recombination generated a room temperature PL peak at 1.028 eV with full width at half

maximum (FWHM) of approximately 50 meV. At 78 K, the A and B free exciton peaks
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commas—

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.'?

M. V. Yakushev et al. studied the effects of deviation from stoichiometry on excitons in
CIS single crystals. The Cuw/lIn 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 Cu/In=1 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 uppermost valence band A."”’ 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
Erx=1.032 eV indicating a band gap of E,=1.038 eV at 10 K. These results could be
combined in a defect model for CIS containing two acceptors states with 40 and 60 meV
and a compensating 6 meV donor state.'® A. V. Mudryi et al. studied the free and bound
exciton emission in CIS New values were determined for the band gap energy
E,=1.0459 eV and for the excitonic binding energy 5.1 meV in CIS at 4.2 K.'"”” 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 of air
annealed samples 40.5meV and 103meV were obtained due to Cu vacaney.'”® lochen

Kiais et al. performed calculation and experimental characterization of the defect physics
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in CIS. This led to the assumption that the single defects Vg., Vcu, Cui, and the defect

pair (2Vc,~Ing,) occur in the investigated specimens in considerable concentrations.'?

Table 1.4: Defect activation energies

Defect ?:et:vgayﬁ(::w)
Vin 33,40

Inc, 8

Vse 80,70

Ini 180

Veu 30, 40, 85
Cuy, 80

Fe?',, 400

Table 1.4 gives a summary of the activation energy of the defects mainly

observed in CulnSe; thin films, derived from the above review.
1.15.4 Effects of Na and O

Incorporation of Na and O was found to produce beneficial effects in CIS solar cells, by
passivating grain boundaries and increasing conductivity. Hence the effect of Na and O

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

CIS. It was showed that the main effect of sodium, either via direct substitution Na,, ~or

via the release of oxygen radicals and the subsequent Oy, occupation, was to reduce
intrinsic donor defects in CIS. When Na concentration was small, Na first eliminated Inc,
defects, thus increased the effective hole densities. As the Na concentration increases to
the level that most of the In¢, defects have already been eliminated, it will start to remove
the acceptor Vc,, therefore reduces the hole density.'”’ David W Niles et al., observed the
Na and O impurities at grain surfaces of CIS. It was proved that Na and O reside at grain

surfaces and not in the grain interiors of CIS and improved the efficiency of CIS solar
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cells.”” Ryuhei Kimura et al. studied the photoluminescence properties of sodium
incorporation in CIS and Culn;Ses thin films. Enhanced grain growth and preferred
(1 1 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."*? Yoshinori Nagoya, studied
the role of sulfur incorporation into the surface of Cu(InGa)Se; 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.'”*

Tablel.5: Properties of CIS."!

. Formula CulnSe,
Molecular weight 336.28
Density 5.77¢g/cm’
Colour Grey
Transition to sphalerite structure 810°C
Melting temperature 986°C
Symmetry Chalcopyrite
Space group 142d-D;}
Lattice parameters

a 5.789A

c 11.62A
Thermal expansion co-efficient(at

273K)

(a axis) 832x 10°K"
(c axis) 7.89x 10°K"
Thermal conductivity 0.086 W cm 'K’

Specific heat

Cl 7.67x 10° K
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C2 4.06 x 10°K?
C3 43x10°K”
Debye temperature 221.9K
Microhardness(112 face) 3.2 x 10° N/m?
Compressibility 1.4x 10" m® N
Dielectric constant

Low frequency 13.6£2.4

High frequency 8.1£1.4

Sound velocity (longitudinal) 2.2 x 10° cms™
Electrical resistivity(polycrystalline

films)

Cu-rich 0.001Qcm
In-rich > 100Qcm
Mobility

Electrons (n = 10" - 10" cm™)

Holes (p=8 x 10" =6 x 10" cm®)

100-1000(at 300K ))em’V's!
50-180 (at 300K)em’V''s™

Effective mass

Electrons 0.09 m,
Holes (heavy) 0.71 m,
(light) 0.092 m,
Energy gap (In-rich polycrystalline 102 eV
films)
Temperature dependence of ga

P P gap -2+1x10™ eVK®
dE,/ dT (77-300 K)
Pressure dependence of ga

P gap 2.8x10" eV Pa’

dE,./dP
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Chapter 2

Theory and Experimental Techniques

2.1 Techniques for CulnSe; (CIS) deposition

A wide variety of techniques has been employed in the preparation of CulnSe, (CIS)
right from the year of 1953. Sputtering', Co-evaporation’, Chemical Bath Deposition
(CBD)’, Chemical Spray Pyrolysis (CSP), Electrodeposition °, Metal Organic Chemical
Vapour Deposition (MOCVD) °, etc are some of the preparation techniques used in the
deposition of polycrystalline CIS, meanwhile Molecular Beam Epitaxy(MBE)’, Pulsed
Laser Deposition®, Bridgeman Growth technique etc are used for preparing single
crystalline CIS°. Recently a low cost 3D TiO,/CIS nanocomposite solar cell has been
fabricated using electrodeposition with some photovoltaic effect'®. Mcan while
TiO,/CulnS, nanocomposite solar cell has achieved an efficiency of 5% ''. CIS flexible
foil solar cells are also available in the markct now ">, ISET devcloped a non-vacuum
processing technology for CIGS fabrication in the commercial scale. Process uses water-
based inks, made from tiny nanoparticles of Copper, Indium and Gallium oxides as the

precursor materials .

The greater efficiency of the solar cells fabricated using polycrystalline CIS has resulted
in intensive research works on polycrystalline cells. The most successful method is co-
evaporation, through which the record-breaking devices were fabricated. Photovoltaic-
grade Cu(In,Ga)Se; (CIGS) films have slightly Indium-rich composition. Copper-rich
CIGS shows the segregation of CuySe phase, preferentially at the surface of the absorber

film. Metallic nature of this phase does not allow the formation of cfficient
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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 1pm 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
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. '*

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. One 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 dcposition and
compound formation into two different processing steps. High efficiencies are obtained
from absorber prepared by selenization of metal precursors using H,Se 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 IS¢,
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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 chalcogen bearing compound, precipitation of the chalcogenide
occurs under certain conditions. When precipitation is controlled, the compound 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 being
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 substrate surface to form the film. The other is the cluster
by cluster process in which colloidal particles of the compound tormed in the solution
gets adsorbed at the substrate surface to form thin layers. There are many factors, which
influcnce the deposition process viz. nature of reactants, temperature, pH value and

concentration of ions, nature of the substrate 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 107 Torr to get deposited on the substrate. At a steady state of evaporation
these vapour atoms or molecules will have an equilibrium vapour pressure (p), which is

given by the relation

b NAT
7 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.' These atoms or molecules in the gaseous state will however
collide with one another after a certain mean free time (7) and the average distance of

travel before suffering a collision with another can be expressed by the relations
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l= (%mlﬁj- (2.2)

kT

/= 2.3
(p_—)zro-zﬁ (2.3)

where 1 is the mean free path (mfp) in cm of the vapour species and o is the conductivity

of the film .

From the above relations, it is seen that the lower the equilibrium vapour pressure; the
more will be | and when p is very low vapour atoms or molecules will travel a long
distance without encountering any collision i.e. 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
5 .

/== (in cm) 2.4)
p

where p is expressed in micron pressure. Thus in an evacuated system if the residual air
pressure at steady states are say 10~ and 10™ torr, then corresponding / 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 / and if / 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:
N.=3.513810?2P./(MT)"? molecules cm? 5™ (2.5)

where P, 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 form

a thin film. With increase in substrate temperature, the surface mobility of the adsorbed
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/’

s increases and they interact among themselves resulting in well-defined large

specie
grains .

2.2 Technique for deposition of In;S; films

In,S; is one of the ideal candidates to replace the toxic CdS in CIS solar cells. Atomic
layer epitaxy (ALE)"", physical vapour deposition'®, chemical bath deposition'’, chemical
spray per]ySiSZO, MOCVD?' and sputtering ** are used for the preparation of In,S; thin

films. In the present work, In,S; 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 uniformity. It
involves spraying a solution, usually aqueous, containing soluble salts of constituents of

the desired compound, onto a heated substrate.

1 A Compresior

2. Gas flow conirol valve

3 Mamometer 0= feecmceccmccccmcemc-ar
4. Solution reservorr 8 Temperadire Conltoller

5. Solution flow contrel walve 9 Substrate Healer

6. Spray Head 10 Dinmerstas

7. Subswae 11 Exhsust Fan

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 varicd 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 of Cu-In
alloy using chemical bath deposited Selenium and sequential evaporation. In,S; films

were prepared using chemical spray pyrolysis.
2.3.1 Cleaning of substrates

Substrates used were well-cleaned micro glass slides of dimension 2.5x3.75x0.13 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 followed 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 0.2M Sodium Selenosulphate (Na;SeSOs) is
prepared by adding 3.2g of Se powder to aqueous solution of 0.1M excess sodium
sulphite (Na,SO;) kept at 363K with constant stirring. The chemical reaction can be

written as;

Se+Na,SO; = Na,SeSO; (2.6)
or
Se+S0;7 (=) SeSO:™ 2.7

pH of the as prepared solution is ~10. The ‘as- 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.

For the above reaction (2.60), equilibrium constant of this reaction is given by,
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I:SeS o :|
Kosotr = [ SO ]

Where [SeSO;”] and [SOs*] are equilibrium concentrations of SeSO;* and SO,*
respectively. Considering hydrolysis of sodium sulphite, the fractional concentration of
$0,%, a SO5” is given by,

[ 507 ]

(XS:SO}' = [[H2503]+ [HSO;] + [SO;-]:I (2.8)

K 1,80,

[T +K[H ]+ K

(2.9)

where K, is the first dissociation constant of the reaction, H,SO; <= HSO, + H' is

given by
_ lH o [H ' ]
. [HZ SO? ]

and KH2S03 the total dissociation constant is given by

KHZSO] =KiK, (2.10)
Where K; is the second dissociation constant of the reaction,

Hy, < SO +H"

and is given by,

X, - [s0,][# "]
[H50; ]

Itis clear that as a result of hydrolysis of Na,SO;. concentration of [SO5”| ions is defined

not only by concentration of sodium salt in the solution, but also based on the value of
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pH. It was found that the concentration of SO:¥ is equal to that of Na,SO; in the solution,

only at pH > 10. Hence if pH of the Na,SOs solution is < 9, the concentration of SO;* is,

(SO |=atye x| Na,SO;" @.11)

From the known amount of Na,SO; the equilibrium constant of eqn (2.6), [which

expresses the precipitation of Se] , becomes,

[ses0]
o : 2.12
S50 [Na, S0, ]-[SeSOX] (2.12)

From the above equation, the equilibrivm concentration of SeSO,” can be calculated as,

o xK .
[ SeSOF | = —2%— 59— 4[Na,S0,]
I+ aso,:‘ ® KSesc)f‘

This equation gives the solubility of Se in Na,SOs solution of the given concentration. >
From the above discussion, it can be concluded that the value of pH of the medium to be
employed in the synthesis of Na;SeSO; solution should be > 10. 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 Na,SeSO; solution. 0.0125M solution was prepared
from the 0.2M 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 after a

period of three hour.

In the present work, the sample was subjected to two dips of three hours and then a third
dip of two hour. Deposition was carried out in 25ml beaker. At a tune, two substrates
were kept in the bath with a distance of 2.2cm between them. Films obtained after eight
hour deposition were found to be uniform having orange-red colour. Thickness of the

tilm was approximatcly 2500A°.>



Theory and Experiment Techniques 59

—
% [S 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 ~2x10™ mbar) at 400°C for one hour. The rate of heating was
2.3°C /min. The second méthod (i.e. thermal diffusion of Cu into In,Se;), 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 100°C for one hour to form In,Se;. The

second step was to deposit Cu over the In,Se; and anneal in vacuum at 400°C for one

hour to get CIS.
2.3.3 CIS using sequential evaporation of elemental layers

CIS films were also prepared by sequential evaporation of Cu, In and Se at a pressure of
10° mbar. Indium was evaporated first at a substrate temperature of 100°C, followed by
deposition of Se at 50°C and finally Cu at room temperature. Rates of deposition were 0.5
nny/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” mbar resulting in the
formation of CIS. Here, the heating rate was 1.5°C The concentration of Cu, In and Se

were varied one at a time for optimization.
2.3.4 In,S; using Chemical Spray Pyrolysis

In,S; thin films were deposited by spraying aqueous solutions of Indium chloride (InCls)
and thiourea (CS(NH,),), using compressed air as carrier gas. Thiourea was chosen as the
source of sulfur ions in spray solution because it avoids precipitation of metallic sulfides
and hydroxides.”” The aqueous solutions of these salts were prepared in distilled water.
Indium to sulfur ratio in the solution was varied by varying molar concentration ot InCl;

and CS (NH,),. Formation of In,S; results from the chemical reaction:
2InCly + 3 CS(NH, )+ 6 HyO — ImS; +3 CO,+6 NH,Cl (2.13)

. R . .20
Characterization of S5 was donce carlier.”™ In the present work the substrate temperature

Was held constant at 300°C + 5°. The substrate was kept at this temperature for on¢ 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 In,S; was varied for device

fabrication.
2.4 Characterization tools Used
2.4.1 X-ray Diffraction (XRD)

X-ray diffraction 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 8 between the incident beam and the sample changes.
Whenever the Bragg condition is fulfilled, X-rays are reflected to the detector. The
detector is connected to the specimen table and geared in such a way that when the table
rotates through 0 degrees, the detector rotates through 26 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 26
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 information 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,
2dsin@ = nl (2.14)

where 0 is the Bragg angle, n is the order of the spectrum, A is the wavelength of X-rays

which is equal to 1.5405 A°.

Using d values, the plane (hkl) can be identified and lattice parameters are calculated

using the following relations:

For the tetragonal systems,
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2 2
1 _ +2k +L2 (2.15)
d? a c

and for hexagonal systems,

1 4(h2+hk+k2)+L

(2.16)
d? 3a’ c?

where a and ¢ are lattice parameters.

The grain size ‘L’ can be calculated from the Debye-Scherrer formula,

kA

= 2.17
L pcosf @17

where k is a constant equal to 0.9 and 3 is the full width at half maximum (FWHM)

measured in radians.”’

In the present work, XRD measurements were taken using CuKol (A=1.5405 A°)
radiation and a Ni filter operated at 30 kV (Rigaku (D.max.C) X-ray diffractometer).

2.4.2 Raman Scattering

Raman spectroscopy is a non-destructive and non-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 different 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 acoustic
phonon is called Brillouin scattering.” If the incident photon imparts 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-shifted 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 properties 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 sent through a monochromator. Wavelengths close to the laser
line (due to elastic Raleigh scattering) are filtered out and those in a certain spectral
window away from the lascr 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

‘.- r 128
Raman spectral acquisition much more rapid.

Recently micro Raman spectroscopy has emerged 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 1pum. Hence it is very useful in the study of chalcopyrite

compounds where large single crystals are not available.

In the present work, Raman analysis was performed in the back scattering mode at room
temperature using micro Raman system from Jobin Yvon Horibra LABRAM-HR visible
(400 -1100 nm) with a spectral resolution of 1cm™. Argon ion laser of wavelength 488nm

was used as excitation source.
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24.3 Optical absorption studies

Most of the semiconductors generally absorb strongly in the visible region of the
spectrum, having absorption coefficients of the order of 10° em™. The characteristic
feature of semiconductors in the pure state is that at a certain wavelength, generally in the
pear or intermediate infra-red, the absorption co-efficient drops rapidly and the material
become's 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 thermal energy (about 0°K), 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,

@=Ahv-E )" (2.18)

Where p has discrete values like 1/2, 3/2, 2 or more depending on whether the transition is
direct or indirect and allowed or forbidden. In the direct and allowed cases, the index
P=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 more. Thus a linear graph when o is

drawn against hv will suggest a direct but allowed transition whereas a lincar one with o~
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against hv indicates an indirect transition. The magnitude of p can also be estimated from

the slope of the graph of log o vs log (hv) and hence it can suggest the type of transition.

It is well established that, CIS is a direct band gap semiconductor with the band extreme

located at the center of the Brillouin zone.'®

For the present work, the equation (2.18) becomes,

a=A(hv-E,) (2.19)

A plot of (ahv)'”? 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 wusing 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 100A. 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 vertically. Electrical signals corresponding to
stylus movement are produced as the core position of the LVDT changes. The LVDT
scales an AC reference signal proportional to the position change, which in turn
conditioned and converted to a digital format through a high precision, intcgrating,

analog to digital converter.
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In the present work, thickness measurements were carried out using a Dektak 6M surface

proﬁlometer.
24.5 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
Juminescence. In the case of photo-excitation, this luminescence 1is called
‘photoluminescence’. The intensity and spectral content of this photoluminescence is a
direct measure of various important material properties. In the present study PL. is used to
determine 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. In 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
information by minimizing thermally activated non-radiative recombination processes
and thermal line broadening. The thermal 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>E,, generating electron-hole pairs which recombinc by one 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 radiative.
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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
hv=E, -FE, (2.20)

where E; is the excitonic binding energy. In the case of donor-acceptor recombination,
the emission line has an energy modified by the Coulombic interaction between donors

and acceptors
hv=E,~(E,+E,)+e o (2.21)

where r is distance between donor and acceptor. The full width at half maximum
(FWHM) for bound exciton transitions are typically < kT/2 and resemble slightly

broadened delta functions.”

In the present work, PL measurements were carried out in the temperature range 12 to
300 K with a closed cycle liquid Helium cryostat (Janis Research Inc.). The temperature
was maintained with an accuracy of + 1 K using a temperature controller (Lake Shore

Model 321). The 632.8 nm line ol a He-Ne laser (5 mW. Mclles Griote) was used as the
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excitation source. The laser beam was focused onto the samples with a beam diameter of
{mm. Emission spectra were analyzed using spectrophotometer (Ocean optics NIR 512)

having 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 vusually much of the energy is

emitted in the form 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
I(x) = I, expl- (7 p)px] (2.22)

with (W/p), the mass absorption co-efficient, p the detector material density, I(x) the X-ray
intensity in the detector, and I; 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 Beryllium window onto a Lithium drifted
Si detector, which should be cooled at times. L.iquid Nitrogen cooling prevents Lithium
diffusion and also reduces the diode leakage current. Each absorbed X-ray creates many
electron-hole pairs which are swept out of the diode by high clectric filed in the space-

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 ISM-5600).
2.4.7 Atomic Force Microscopy (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 sampie 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 Si;Ny 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 reflective 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 cither a constant force or constant height above
the sample. In the constant force mode the piezo-electric transducer monitors real time
hetght deviation. In the constant height mode, the deflection force on the sample is
recorded. The latter mode of operation requires calibration parameters of the scanning tip

to be inserted in the AFM head during torce calibration of the microscope. In 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 (XPS), 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, such 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, hv, and the electrons of binding
energy (BE) E, are ejected, where E, < hv. These electrons have a kinetic energy E; which

can be measured in the spectrometer, and is given by
E,=hv-E, ~-D, (2.23)

Where Dy, is the spectrometer work function, and is the combination of the sample work
function, ®,, and the work function induced by the analyzer. The work function teroy can

be Compensated electronically, hence
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E, =hv-E,
or
E,=hv-FE, (2.249)

Thus by measuring the KE of the photoelectrons, the above equation can be used to

translate this energy into BE of the electrons.”

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 100-1200eV, 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=k, cosO where 6 is the angle of emission to the surface normal. Thus electrons emitted
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-ULVAC-PHI Unit, Model: ESCA 5600 CIM),

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 terms of material dimensions through resistivity or
resistance (p or R). If L and B are the length and breadth of a rectangular shaped

specimen and d is the thickness then,

oL . o
R= -; ; where p is the resistivity in chm-cm
[
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p and o are constant for any particular bulk material at a fixed temperature but not for
films, since these are dependent on thickness unlike the bulk material.

£=%§=s (2.26)
d

where Rqis known as the ‘sheet resistance’ which is expressed in ohm per square.

If we assume L=B, then £ R = R, which means that the resistance of one square of a

film is its sheet resistance Ryand it is independent of the size of the square but depends
only on resistivity and film thickness. It the film thickness is known then resistivity is

given by,
p=d.R, "
(ii) Photosensitivity

Photosensitivity is a measure of the minority carriers in a semiconductor produced on

illumination with light. It is calculated as

where T, is the current under illuminated condition and I is the current under dark
conditions. In this work, samples are illuminated using a tungsten halogen lamp of

intensity 100mW/cm? 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 E, to the conduction band or to accept electrons by the
acceptor levels E, from the valence band respectively for n and p-type materials. This

Corresponds to the cnergy height difference(F.-E)) and (E,-L,) respectively. [t can be
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experimentally measured from the variation of p or o with increase or decrease

temperature.

E{l
o =0, exp(—ﬁ (2.28)

where E, = activation energy (or enthalpy) of the process

A plot of log(c) against 1/T {Arrhenius plot) will be linear with its slope equal to the
activation energy. If the slope changes at different regions of temperature, it indicates a
variation of activation process i.e. activation energy due to thermal 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 using 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 n

and p-type materials are

J, =—qnu P, a7 and
dx

dT
J,=—qpu P, E (2.29)

Where P,<0 and P, >0 are the differential thermoelectric power.
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Fig 2.3: Hot probe method

In fig 2.3, dT/dx>0, and the electron current in an n-type sample flows from left to right.
The thermoelectric power can be thought of as a current gencrator. A part 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 up 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 107 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 determines the ny, or the pu, product. With p,> ,, intrinsic or high
resistivity material is measured n-type if n = p. In semiconductors with n,> n or n,>p at
Toom temperature, it may be necessary to cool one of the probes and let the room

temperature probe be the hot one »*.
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Chapter 3
CulnSe; 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,
CulnSe, today is the supreme nominee for thin film solar cell.’' However 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, apart from thin film solar cells A wide
variety of methods has been employed in the deposition of CulnSe, thin films like co-
evaporationﬁ, flash evaporatioxf, electro-deposition 8 chemical bath deposition ’
sputtering '°, selenization of Cu-In alloy ', spray pyrolysis ', molecular beam epitaxy ',
screen printing '* etc. In many of these cases, selenization is done either using H,Se gas

or Se vapor, which is highly toxic.

As an alternative to these toxic approaches, a method which is simple, ecofriendly and
capable of giving large area samples with uniformity was proposed and standardized by
Bindu et al."”. The technique involved a combination of Chemical Bath Deposition
(CBD) and Physical Vapor Deposition (PVD) techniques to yield CulnSe, thin films. In
this method Selentum layer was deposited using CBD while Indium and Copper layers
were deposited using PVD. CulnSe; thin films were prepared through two different
processes using CBD Sc. In this, the first process, named as ‘technique A’, involved
deposition of Copper and Indium using thermal evaporation over the Se film prepared

through CBD and successive anncaling of this stacked layer containing Se/Cu/ln in
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yacuum at 400°C, resulting in the formation of CulnSe;. In the second process, named as
stechnique 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 In,Se;. This was

then converted it into CulnSe, by thermal diffusion of Cu into In,Se;, with further

annealing in vacuum at 400°C.

Improvements were made in these two techniques to get better stoichiometric CulnSe,
films with better crystallinity, grain size, uniform thickness and increased
photosensitivity. For this, the ratio of Cu 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 ditfusion of Cu into
In,Se; was better than the stacked elemental layer (SEL) deposition, for getting good
quality CulnSe; films consistently. One of the main advantages of both these techniques
is that Se film for selenization was prepared using CBD at room temperature, avoiding
the usage of highly toxic H;Se or Se vapour. It was possible to prepare Cu-rich, In-rich
and nearly stoichiometric films by the two techniques. A detailed study of CulnSe; 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

CulnSe; films were prepared using two different techniques as detailed earlier. In order to
standardize a route for the preparatton of stoichiometric CulnSe; thin filims,
concentrations of Cu and In were varied, keeping thickness of the Se layer constant
(0-25um) in ail the cases. When the thickness was increased beyond 0.25pum, 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- was 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 Cu and In was evaporated on to the Se
film, Similarly for CIS24 —Cu 20 mg and In 40 mg, for C1826 -Cu 20 mg and In 60 mg.

for CIS28 —Cu 20 mg and In 80 mg and tor CIS210-Cu 20 mg and In 100 mg were 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 C1S38, 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 CIS210] are shown in tig.3.1.
Diffraction peaks were observed at angles 26.5°, 44.17° and 52° which were
corresponding to planes (112), (204)/(220), (116)/(312) respectively. The (204)/(220) and
(116)/(312) peaks were not resolved in the XRD.
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Fig 3.1: XRD pattern of samples prepared through technique A

Corresponding 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 CulnSe, phase in the thin films prepared using this technique. From the XRD
analysis, it was also observed that in sample CIS22, only two peaks cotresponding to the
planes (112) and (204)/(220) were prominent. It couid be expected that this film would be
Cu-rich because of the initial stoichiometry of the precursors. Moreover, there can be loss

of Indium due to the anncaling at 400°C. When 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
I_,,-ominent 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
C1S210) 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 CulnSe, 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 CulnSe, preparation.

CulnSe; thin films can exist in two different structures viz. chalcopyrite and sphalerite (a
disordered version of chalcopyrite). Some of the XRD peaks are common to both
Sphalerite and chalcopyrite structures and these common peaks were obtained from the
Present XRD studies. Hence the structure of the films could not be confirmed from the

XRD analysis alone. To confirm the structure, Raman analysis was performed 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™ 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 difterence between the CulnSe, films prepared using the two
techniques A and B films was in sample CIS210. CIS210 prepared through technique B,
exhibited In,Se; phase which may be due to the fact that loss of Indium was less in this
method, as ‘In” was in the compound form In,Se;, before annealing at 400°C. Fig 3.3
shows the XRD spectrum of CIS210, which clearly shows the existence of In,Se; phases

along with the CulnSe; phase in the sample.
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Fig 3.2: XRD pattern of samples prepared using technique B
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Fig 3.3: XRD pattern of C1S210

The variation in grain size for this set of samples is shown in the Table 3.2; sample CI1S22
which was Cu-rich, possessed the maximuin grain size and had a grain size identical to
that of CIS22, 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 A}, but the gain siz¢ decreased when In-content was

increased to 100 mg in CIS210.

Table 3.2: Variation of grain size for the samples prepared through technique B

Sample name Grain Size (nm)

CiSs22 18
CIS24 17
CIS26 16
CIS28 18
CI1S210 13

CIS210 was having the smallest grain sivze and hence could be assumed to be the one with

Mmaximum *In’ concentration. By direct comparison of the ditfractograms ot the films
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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 further, 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 [n 80 mg.

(1)
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Fig 3.4: XRD pattern of Cu-varied samples prepared using technique A

Fig.3.4 shows the XRD pattern of samples CIS28 to CISS58 prepared using this technique
A. As concentration of Cu increased, crystallinity increased, [with maximum for Cu= 40
mg -CIS48] and then decreased on further increasing the Cu- content. It is well
established that films with the stoichiometry 1:1:2 show maximum crystallinity and on
deviation from this, the crystallinity reduces. The improvement in crystallinity 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
three prominent peaks very clearly which was absent when the In-content was varied
from 80 mg. Also the growth of the planes was well affected when the Cu-content was
varied which strongly indicated that formation of the films was not in direct proportion to

the initial precursor masses. Had it been so. the improved crystallinity should be observed
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for jnitial precursor having Cu 20 mg and In 20 mg, where the stoichiometry Cu/In =1, as
per the requirement for ideal stoichiometry. Grain size was calculated for this set of
samples and results are as shown in Table 3.3. Grain size increased to 24nm 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
C1548 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.
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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 obscrved that the crystallinity increased to a maximum for sample CI1S48 and then

decreased with further increase in Cu. The additional diffraction peaks at (204)/(220) and
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(116)/(312) were absent in sample CISS8. The growth mechanism in this case was thus
similar to that for the films 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 C1S48, which was also

the most crystalline sample in the set.

Table 3.4: Variation in grain size of Cu-varied samples prepared through technique 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 same stoichiometry. But no
large scale variations were there. Maximum grain size of 26mm was obtained for the
samples prepared using technique A while for the sample from technique B, it was 18nm

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 nm to 1500 nm. Band gap (E,) was obtained by
extrapolating the linear portion of the (ahv)’ versus hv graph to hv axis. Figs 3.6 (a) and
(b) show the absorption spectra of CIS22 and C1S210. The same trend in variation of the
band gap was noted with variation in Cuw/In 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) CI1S22 and (b) CIS210

It was observed that the band gap decreased with increase in Cu concentration. Band gap

was lowest for Cu-rich film CIS22 (0.79¢V) and largest for In-rich film CIS210 (0.95eV).

Table 3.5: Band gap variation samples prepared through technique A and B

Sample name

Band Gap E, (eV)

Technique A  Technique B

CIS22 0.79 0.82
CIS24 0.94 0.93
CIS26 0.85 0.89
CIS28 0.87 0.9

CiS210 0.88 0.95
CIS38 0.92 0.93
CIs48 0.91 0.92
CISs8 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 films [of the same composition] prepared using technique A.

In the case of 1-111-VI, compounds, the uppermost valence bands get strongly influenced
by the metal d levels (in the present case Cu-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.'® Hence an
increase in Cu content could increase the spread of Cu-3d orbital, which enhances the
possibility of interaction, leading to the reduction of the band gap. However a drastic
increase in Cu concentration will increase the number of donors and thus shift the Fermi

level to the conduction band (Burstein-Moss shift), thereby increasing the band gap."’
3.5 Electrical characterization

‘Type of majority carriers in the films deposited was identified using ‘hot probe method’.
All the samples showed p-type conductivity except CIS210, which showed n-type
conductivity. This could be due to presence of excess In. It was observed that In-rich
films showed n-type conductivity while near-stoichiometric and Cu-rich films
demonstrated p-type conductivity." The p-type conductivity is achieved by cation
vacancies or anion interstitials while n-type conductivity is due to anion vacancies or by

cation interstitials.

Sheet resistance and photosensitivity measurcments were carried out on all the samples
and it was observed that thesc were the highest for the In-rich sample [CIS210] and
minimum for the Cu-rich film [CIS58]. for the samples obtained from both the

technigues. 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 even

though there was not much variation in crystallinity, grain size and band gap for these

samples.
Table 3.6: Comparison of photosensitivity and sheet resistance of the
samples prepared through the two different techniques

Photosensitivity Sheet resistance M)

Sample

name Technique A Technique B Technique A Technique B

C1S22 0.05 0.9 0.643x10" 9

CIS26 2.90 7 325 385

CIS28 0.24 11 3 1378

CIS210 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 better for samples
prepared using technique B. 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 important role in the performance of a
solar cell. Hence it was concluded that. out of the two types of CulnSe; films, films

Prepared using thermal diffusion of Copper into In,Se: which showed better matcrial
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properties, were more suitable for photovoitaic 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 of Cu. CIS52, CIS48 and CIS210 were
selected for further studies so that the stoichiometry was Cu-rich, nearly stoichiometric

and In-rich respectively.
3.7 Compositional analysis

Atomic concentration of the constituent elements present in the samples was determined
using EDAX. A typical EDAX spectrum s shown in fig. 3.7 and the atomic

concentration for the set of ideal samples is given in table 3.7.
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Fig.3.7: A typical EDAX spectrum of CulnSe,

On analyzing the EDAX results, it was found that sample CIS52 was Cu-rich, CIS210
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 mass of Cu. for obtaining a nearly stoichiometric film (In-80mg and Cu-
40mg). This might be due to the fact that melting point of In was only 150°C and hence

. . . - 0
some quantity ol In 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
CIS52 41.24 16.28 42.48

3.8 Structural analysis

On comparing the X-ray diffractograms of the samples CISS52, CIS48 and CIS210
secondary phases were obtained for Cu-rich (Fig 3.8) and In-rich films (Fig 3.9) while
single phase CulnSe, was obtained for nearly stoichiometric film (Fig.3.10). For the pure
CulnSe, phase, planes were identified as (112) at 20 = 26.6°, (220)/(204) at 26 = 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 (Cu-rich), secondary phasecs such as CuSe, Cu,Se and Cu,.
«Se (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 boundaries in
polycrystalline 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

20

enhancing diffusion or through the use of a liquid phase epitaxy-like process.” In the
present study also the grain size was found to be increased for Cu excess sample CIS52
(24nm). However any excess Cu,Se phase is detrimental to CulnSe; devices due to its

highly conductive nature.
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Fig 3.8: X-ray Diftraction pattern of CIS52
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At the same time, In,Se; phase (JCPDS Card 20-0496) was found for In-rich films

CIS210 (Fig 3.9).
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Fig 3.9: X-ray Diftraction pattern of CIS210
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In-rich films possess high density of defect states, reducing the grain size. For the

fabrication of solar cells, slightly In-rich films (In concentration about 26%) wcre

preferred. It is reported that this In-rich stoichiometry helps to form a thin n-type layer at

the surtace (an ordered vacancy compound). which cnhances the efficiency of the solar
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cell.?! For nearly stoichiometric film CIS48 (Fig 3.10), only peaks of CulnSe, were

yisible. No binary phases were seen.
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Fig 3.10: X-ray Diffraction pattern of C[S48

3.9 Raman analysis

Raman analysis was carricd out on the samples CIS48, CIS52 and CIS210 to confirm the

structure and chemical state. Optical vibrational modes of CulnSe; thin films were

obtained from the analysis of the Raman spectra (Fig 3.11).
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In all the samples, a prominent mode at 233cm™ was observed which corresponded to the
sphalerite phase of CIS. Three modes of vibration were observed for CIS210 at 117, 176
and 233 cm™ with prominent one at 233 ecm™. The mode at 117 cm™ was assigned to the
B, symmetry. This B, mode corresponds to the frequency of vibration of Cu 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.*
V'—_k(MC" -‘FAlln)l/z(ﬂlCuMln)—”2 (3])

Vibrational mode at 176 cm™ was assigned to A, symmetry and this mode gave the
strongest line generally observed in the Raman spectra of I-1lI-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 A, mode is given by

k 142
J = 32
‘ (MSe) ( )

where k is the force constant and Mg, , mass of Se atom. Dependence of v on these force

constants can be expressed as

(a('u—Se + aln—Se)
MSC

vi(4,)=2 (3.3)
Here dc,s. and oy,.s. 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.” The A; mode was attributed to vibration of Se

. 24-26
atoms, with Cu and In atoms at rest .

In the present study. we observed the prominent peak at 233 cm’ and it was assigned to

B, or E symmetry. This peak was considered to be from sphalerite phase of CIS *' and
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related to the phonon mode of In-Se bond. ’8 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 CIS52 was slightly (168 cm™) less than that obtained from
the other samples. Since the force of interaction between selenium atoms and cation
atoms mainly determine the vibrational frequency, vacancies at anion site would
effectively reduce the A, mode frequency % In the case of CIS52, the small shift in peak
position of A; 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’’, which corresponded to the
sphalerite phase of CulnSe,. Combining the observations from Raman Analysis and
XRD, it was concluded that the CulnSe; film in the present study was having sphalerite

phase, which is a disordered version of chalcopyrite 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. It showed that both these films were free of void and pinholes.

Figure.3.12: 2D and 3D AFM micrographs of CIS52
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1000nm

Figure.3.13: 2D and 3D AFM micrographs of CIS210

In indium rich samples, grains were evenly distributed and spherical growth 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.” 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 stoichiometry itself without the use
of etching technique. In general, surface microstructure appeared to be influenced by

Cw/In ratio in the film.

The stylus surface profile for sample CIS52 and CIS210 are shown in Fig 3.14 (a) and
(b). The roughness was obtained using the stylus probe having a 5 pm 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 CIS210.
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(a) (b)

Fig 3.14: Surface Roughness profile for sample (a) CISS2 and (b) CIS210

3.11 Photoluminescence studies

0.966 eV 20

PL Intensity (a.u)

Energy (eV)

Fig 3.15: Temperature dependence of PL emission in sample CIS48.

PL measurements were carried out in the temperature range 12K-300K for the sample
CIS48. Fig 3.15 shows the temperature dependent PL. spectra of sample CIS48. Three

distinct PL. emissions could be obtained from the films. centered at 1.038 eV. 0.995 ¢V
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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 (Irs/ 1») versus 1000/T fitted

using the equation

Ipg /1, =exp(-AE/KT) (3.4)

For AE, a value of ~ 5 meV was obtained which agreed with the ‘exciton binding energy’
in CulnSe, .*""** 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 I, , 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

hv=E,~(E,+Fp)+¢ /o (3.5)
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where E, is the band gap, E, and Ep, are the acceptor and donor levels, € is the dielectric
constant and r is the separation of the DA pair involved in the transition.’* 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.
Dirnstorfer 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 [Cuj,-Cuj] at 40 meV.*’ The

sustenance to high temperature for this emission was another proof to the DAP dynamics.

The activation energy of the shallower center among the DAP can be calculated by fitting
the plot of logarithmic PL intensity vs 1000/T as shown in fig 3.17. Using the equation

(3.6), describing the thermal quenching of PL in semiconductors.”®
IT) = 1(0)/[1 + Cexp(—=AE / kyT)) 3.6)

where I (T) is the intensity at the temperature T, I{0) is intensity at absolute zero and C is
a temperature independent constant describing the capture of carriers at a center, AE the

activation energy of the capture center can be determined.

4.0

Log integrated PLintensity

30 r - - -
1Q s 30 40 50 60 70 [ ¢] %0
1000/T (K™)

Fig 3.17: Plot of 1000/T versus logarithmic PL intensity fitted using

expression 3.6 for the emission at 0.995 ¢V.
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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 In., donor level.”’ Using
E,=8meV, hv=0995 eV, E, =1.042 eV [low temperature E, calculated from
Varshni’s equation: E; =Eg + aT */(T+b) where Egis 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 £, was found to be 39 meV. This agreed with the

activation energy of the singly ionized V¢, acceptor level, reported by Dagan et al and
Masse et al.**** Thus it could be concluded that the PL emission at 0.995 eV in this

sample was from the In., -V, DAP 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, 4°) free-to-bound nature of this transition. Using

equation

Ep =E,—E +(1/2)k,T, (3.7

[where £, is the PL peak energy of (e, Ao) emission, E, is the band gap energy, £, is
the ionization energy of acceptor impurities, k, is Boltzmann’s constant and 7, 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 V), level, reported by Rincon et al and Dagan et

al.”**° Thus it was concluded that the emission at 0.966 eV in this sample was due to the

CB-V,, (e. 4") transition.

Three major defects present in this sample identified using PL technique are In, at 8
meV, V¢, at 39 meV and V,, at 77 meV. An excitonic binding energy of 5 meV was also

observed in this measurement.
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3.12 Temperature dependant conductivity

Temperature dependant conductivity measurements were performed on the samples
1852, C1S210 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.

Resistance(M ohim)
8

4

LAY AEAE RASLANNS BASR A SN AR SENLANE SIS SN SN
W0 120 140 160 180 200 20 240 260 280 00 0

Tevperature (K)
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 éhange 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 In(R) Vs 1000/T for the sample CIS48

Activation energy was calculated from the variation of p or ¢ with increase or decrease of

temperature using the formula,

o =0, exp(— f}) (3.8)

where E, = activation energy (or enthalpy) of the process and k is the Boltzmann

constant. From the Ahrrenius plot, E, is calculated as
E, =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 (Vy,). Rincon et al, 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.*>*' 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. ™

E,=E,.-B(N,-N,)"’ (3.10)
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where Eao is the acceptor activation energy in the dilute limit and =3 x 10° meV cm’
is the ‘screening constant’, of CulnSe,. 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 Vi, defect is very low.” Another possibility is Cuy,; but
according to Zhang et al, the formation energy of Vi, is less than that of Cuy, for a Cu-
poor, In-rich p-type sample.*® Hence the defect could be confirmed to be Vi, 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: Formation energy of intrinsic defects in stoichiometric CulnSe;

Formation Electrical
Intrinsic Defect

energy (eV)  activity

Inc, 1.4 Donor
Cuy, 1.5 Acceptor
Vse 24 Donor
Ve 2.6 Acceptor
Vi 2.8 Acceptor
Cy 4.4 Donor
Ins, 5 Donor
Sein 5.5 Acceptor
Cug, 7.5 Acceptor
Secy 7.5 Donor
In; 9.1 Donor
Se; 224 Acceptor
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The activation energy of 49meV could be assigned to the acceptor level, V. P Cu s
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
Veu<Ing, <V, <Cu;,<Cu; .** The lowest formation energy of this defect also supports the
argument. Activation energy of 14 meV corresponds to the Inc, 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 Inc, and V¢, 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 V¢,, Inc, and Vy,
could be identified in CIS48.

210 4

205 4
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19.0 4

185 ——

T L T —T
5

]
1000/T (K”)

Fig 3.20: Arrhenius plot of CIS210

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 Vs., and that
at 25 meV to Ing, 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 Characteristics of optimized CdS thin film for solar cell fabrication

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 27.9°, 47.87° and 52.13° corresponding to planes (101), (103) and (112).

(002}
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Angle 20 Degrees
Fig 3.21: X-ray Diffraction pattern of CdS 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 size was low.

—_—
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Fig 3.22: Scanning electron microscopic image of CdS
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Fig 3.23: Absorption spectra of CdS

Fig 3.23 shows the absorption spectra of CdS film and the band gap obtained as 2.46eV.
The sheet resistance was obtained as 603MQ, from the [-V measurements in dark

condition. Photosensitivity of 280 was obtained for this sample.

3.14 Device fabrication:Trial

An attempt for solar cell fabrication was made with CdS as bufter layer, Aluniinium and
Molybdenum as top and bottom electrodes. CdS thin films were prepared using thermal
evaporation. The structure of the solar cell was Mo/CulnSe,/CdS/AlL
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Fig 3.24: [-V characteristics of CulnSe»/CdS junction



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 0.25um
because the films develop the tendency to peel off beyond a certain dipping time during
the CBD process. Hence the total CulnSe, thickness was restricted to < 0.5um.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 (0.5-1pum)
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.
3.15 Conclusion

A cost-effective and eco-friendly method was used for the preparation of CulnSe, thin
films using chemical bath deposited Selenium films. CulnSe, films were prepared
through two different techniques (viz, Stacked ilemental Layer technique and Thermal
diffusion of Copper into In;Se; bilayer) using this chemical bath deposited Se as the
bottom layer. Stoichiometry of the sample was varied over a wide range by varying Cu
and/or In content. Though the films prepared using the two techniques showed same
variation in crystallinity, grain size and band gap with Cu to In ratio, the photosensitivity
was tound to be more for those prepared using thermal diffusion of Cu into [n;Se;. The
films showed good crystallinity with sphalerite structure which could be confirmed from
XRD and Raman studies. Stoichiometry of the samples could be confirmed from EDAX
measurements. The CulnSe,» films prepared by the present technique using CBD
Selenium layer were found to be free from voids and pinholes. Defect analysis was also

performed using photoluminescence and temperature dependant conductivity studies.

Even though the technique was eco-friendly with the exctusion of highly toxic Se vapor

and ,Se. photovoltaic effect could not be observed at the CulnSc,/CdS junction. We
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conclude that absorber layer thickness should be of the order of 0.5-1um for efficient

absorption of radiation and elimination of back surface recombination.
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Chapter 4
Modified Technique for Deposition of CulnSe; Thin Films Using

Sequential Elemental Evaporation and Characterization

4.1 Introduction

In the last chapter, an economical and eco-fricndly method was demonstrated for the
deposition of CulnSe, (CIS) thin films in which chemically deposited Selcnium was
used. Optimization of these CulnSe; 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 CulnSe»/CdS junction. One of the
possible reasons for this could have been the reduced thickness of the absorber layer,
which was < 0.5um. For the fabrication of solar cells, thickness of the absorber layer
should be greater than 0.5 um 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 0.3um.' The main draw back of the above mentioned deposition
technique was that the thickness of the Se layer could not be increased above a certain
limit. As the thickness goes beyond this limit, the films started to peel off. Hence the
overall thickness of the CulnSe, films, prepared using Se layer deposited using CBD

technique, was limited to less than 0.5pm.

With the aim of fabricating a solar cell with better cfficiency, a modified technique was
developed using vacuum evaporation, whereby the film thickness could be increased. In
literature, there are many reports on deposition ot CulaSc; thin films using vacuum
evaporation.”* Interestingly. the record-breaking 19.9% efficient ccll was also fabricated

using co-evaporation technique. In all the reported techniques. Cu. 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, CulnSe, 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 fabricate solar cells using these.

The key issues in the field of CulnSe, 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 3um. 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, Al etc. The main reasons to find an alternative buffer layer are the following:

(a) The expected environmmental risks arising from implementation of a CBD CdS

ptocess in a CIGS module production line could be avoided.

(b) The expected technological problems caused by a non-vacuum CBD process in a

vacuum line could be separated.

(c) The potential 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 regulations in different countries, there is a marketing

problem for the Cd-containing C1GS-based thin-film modules today.

0,83, ZnS, ZnO, ZnSe, In;Se;, InZnSe,, SnS;, SnO, are reported to be the possible
alternative buffer layers for CIS solar cells. In the present work, we chose In,S; prepared
through ‘chemical spray pyrolysis™ as the buffer layer. This was a novel approach as
CulnSey/ In,S: junctions. This is rather rare as most of the reports are on the devices

prepared using vacuum evaporation technique for the entire cell.
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.42 Experimental details

‘Soda lime glass was used as the substrate in this work. Samples were prepared using
thermal evaporation of Cu, In and Se at a pressure of 10~ mbar. Quantity of Cu, In and Se
to be evaporated was selected such that the film stoichiometry was 1:1:2. Ratcs of
evaporation 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

mbar resulting in the formation of CulnSe;.
4.3 Optimization of deposition process

Molybdenum (Mo) coated glass (thickness of Mo ~ 80 A) was used as the substrate in the
optimization work. The Mo substrate was highly resistive so that it did not atfect 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 Cu to get the structure of glass/Mo/Se/In/Cu,
keeping the substrate at room temperature. This sample was named as CIS1. After
deposition, the sample was annealed at 400°C |heating rate -2.5°C/min] for one¢ hour at a

pressure of 10~ mbar resulting in the formation of CulnSes.

A point to be noticed in this course is that an intermediate annealing at 150°C (near the
melting point of In) was carried out for these samples, before increasing the temperature
to 400°C. This process helped to form Cu-In alloy and subsequent selenization of this

alloy lead to formation of CulnSe,.

From the X-ray diffractogram of CIS1 (Fig 4.1), single phase CulnSe, with chalcopyrite
Structure was identified. Peaks were at angles 26=17.1°, 26.6° 35.45° 44.02° 52.32°,
64.32° and 70.8° respectively. On comparing the obscrved d-spacing with powder
diffraction standards (JCPDS card 23-209), planes were identified as (103) at 26=17.1°,
(112) at 26.6°, (211) at 35.45°, (220)/(204) a1t 44,027 (116)/(312) at 52.3°. (400) at 65.02°
and (316) at 71.51°. The sample showed strong preferential orientation along (112) plane.

The characteristic chalcopyrite peaks were obtained at (103). (211) and (400) plancs.
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Fig.4.1: X-ray diffractogram of CISI1

Grain size was calculated using Debye-Scherrer’s formula ®, 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 cye. Five samples of dimension 3.5x1cm” 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 properties were repeatabie 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 CiS1. 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 CulnSe, phase.

The peak at 23.3° 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 decrease 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 of CIS by many authors. ™
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Fig.4.2: X-ray diffractogram of CIS2

In the next trial, Sc 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 2x10™ mbar and this set of samples was named as CIS3. Visual
examination revealed reduction in the porosity of the film. With the increase in substrate
temperature, the surface mobility of the adsorbed species increased because of which
they interacted among themselves, resulting in continuous films with well-defined 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 while annealing at 400°C. The heating rate
was reduced to 1.2°C /minute from 2.5°C /minute. These samples were named as CI1S4.
Crystallinity of the sample also improved slightly. But these were still 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 CIS5] exhibited better crystallinity without the porous nature. This might be
due to the enhanced surface mobility of the adsorbed In atoms which filled the voids.
Grain size increased to 60 nm even though this value was less compared to that already
reported. Only three prominent peaks were observed corresponding to planes (112) at 26
= 26.6° (220)/(204) at 44.1° and (116)/(312) at 52.3° respectively (fig 4.4). The

characteristic chalcopyrite peaks were absent in these samples.
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Fig.4.4: X-ray diffractogram of CIS5
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{Following the same deposition process as that of sample CISS, deposition was repeated
without keeping the samples at 150°C for one hour during the annealing process. These
were named as CIS6. Fig 4.5 shows the XRD spectra of these. The sample showed the
same polycrystalline quality as that of CIS5, with grain size of 57 nm. This is almost
equal to that of CIS5. 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.
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Fig.4.5: X-ray diffractogram of C1S6

To evaluate the degree of crystallinity of these samples, Preferred Orientation Quality

(POQ 1) in the (hkl) direction was calculated using the formula '";

— 1 hit
z [Ilkl (FWHM Ikt Ri/IA'/ )

3

POQ (.1

where 1, is the actual intensity ot the diffracting tine hkl, FWHM y, is their full width at
half maximum and Ri . is the relative intensity of that particular line, in a powder

sample. POQ was caleulated for all samples and the values are given in table 4.1.
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Table 4.1: POQ values of the samples CIS1 to CIS6

Sample name POQ
CIS1 1.8
CIS2 1.5
CIS3 2.5
CIS4 22
CISS 22
CIS6 24

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 CIS1 and CIS2, POQ was
below 2 and for samples CIS4 and CISS, 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 determined 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
uniformity 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 homogeneous. Even though the
masses evaporated were for stoichiometric with a ratio 1:1:2, the sample was Cu-rich. As

the melting point of In is only 150°C, there is a high probability for Indium getting lost
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during the annealing process at 400°C.This could be the reason as to why the films where

Cu-rich.
I Sn
2 4 8 8 10
FollSosl 107 dis_ Cursr: 0000 ke eV
Fig.4.6: A typical EDAX spectrum of CulnSe,
4.4.2 XPS analysis

Fig.4.7 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 of CulnSe;.

ZSCA PAOPILE 10/8/03  BTARTMZ, END=32, NTHe2
FILE: CI5229 Q2 Culnde2/Wo/Glass

26242
AINDINE CEERGY, Y

Fig.4.7: XPS depth profile of CulnSe,
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The binding energy values of Cu, In and Se were in agreement with the standard values
reported earlier '*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 substrate.

Table 4.2: Binding energies for the different elements in CIS

Element Binding Energy
(eV)
Cu2psn 9524
Culpin 932.8
[n3ds;» 452.8
In3ds, 4452
Se3d 54.8
Mo 231.3
Mo 229
O 531.1
O 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 oft-
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 supported this assignment. Binding energy of

Oxvgen was 531.1 eV in MoO, and 530.4 ¢V in MoOa.
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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 pum while the average roughness was 93.6 nm. Thickness can be

increased by multilayer 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 (av)® versus #v for sample CIS6.

I=Z"—l).97 eV
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Fig.4.8: Absorption spectra of CulnSe,

Band gap obtained, by extrapolating the linear portion of the (¢hv)® versus hv graph to
hv axis [0.97 eV], was close to the reported value for Cu-rich films . In all the films,
there existed a second absorption edge at energy ~1.1¢V. This absorption is attributed to
the ‘valence band splitting’, a phenomenon commonly occurring in  1-lU-VI;

semiconductors.

The valence band of CIS consists of three sub-bands. At the top. there 1s a broad band

built up trom Sc-4p and Cu-3d states. Next is a narrower band formed from In-5s and Se-
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4p bonding states. Finally, well-separated from the first two bands, there exists the Se-4s
band. The uppermost valance band is lifted due to simultaneous influence of spin-orbit
and crystal field interactions (tetragonal distortion). This splitting is owing to the
following reasons.

(1) Ordering of the metal cations relative to one another such that the unit cell is
doubled along the optic axis

(2) In the chalcopyrite structure, each cation (Cu and In) has four anions (Se) as
nearest neighbours. The anion usually adopts an equilibrium position closer to
one pair of cations than to the other. That means, the anions are not located at,
positions like (%, %, '4); instead these are placed at (1/4, 1/4, 1/8) which make
the In-Se and Cu-Se bond lengths unequal and

(3) The chalcopyrite lattice is slightly compressed along the z-axis.'*"’

Cenduction band

Fig 4.9: Splitting of the uppermost valance band in CulnSe;

Fig 4.9 shows the valence-band splitting due to crystal field and spin-orbit interactions.
The 3d or 4d electrons of the noble metal (Cu) hybridize with the p-like valence band due
to proximity of their levels. This hybridization p-d resonance cause anion p-state and Cu-
d band splitting. Transition can take place between conduction band and split valance

bands 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 Cu-rich'® and this was consistent with EDAX measurement. Resistivity of the sample
was found to be 3 Qcm, from the dark 1-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 film.
4.4.6 Temperature dependant conductivity measurements

Defect levels were identified using temperature dependant conductivity measurements.
Measurement was performed in the temperature range 100°K- 400°K under ‘dark
condition’. The Arrhenius plot of conductivity (fig.4.10) indicated two distinct slopes of

activation energies 30 meV and 130 meV. These values agreed with the activation

2

energies of Cuy,” and V), respectively.”” ' Since the film was Cu-rich, the probability of
formation of these defects was high. These are the acceptor levels contributing to p-type

conductivity.
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Fig 4.10: Temperature dependant conductivity of CulnSe,
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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 the film surface was smooth an(

uniform. It could also be seen that the sample was free of pinholes and micro-cracks.

Fig 4.11: Scanning electron microscopic image of CulnSe,

Fig 4.12 shows three dimensional AFM image of CIS6. From AFM, pyramidal structure
of the grains could be seen, which is a characteristic of Cu-rich CulnSe; thin films. This
kind of surface structure can be used to increase light trapping.”* Sample roughness was
calculated from an area of Ilpm x Ipm . 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.4.13) 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 formula. From XRD analysis, the average grain size was calculated as 57
nm. Miiller et al assigned the value calculated from this formula as “domain size™ and
one grain contains several domains.”' From AFM study, we could get grain size of the

order of 200 nm and also sub-particles of size ~ 75nm which can be called as domaine
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Fig.4.12: 3D AFM image in | x [pm area

Fig. 4.13: 2D AFM image in 0.5 x 0.5pum area

4.4.8 Inference

Stacked elemental layers of Cu, In and Se were deposited at moderately low substrate

temperature. The deposition process was optimized as follows:

(1) Structure of the film: Glass/In/Se/Cu



mwmz tn ums using... 124

(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° 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 of Cu, In and Se, one at a time.

4.5 Effect of variation of Cu

CulnSe; 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 CIS10

depending up on concentration of Cu.

4.5.1 Structural characterization
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Fig.4.14: X-ray diffractograms of samples CIS7 to CIS10
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Fig.4.14 shows the X-ray diffraction pattern of the samples CIS7, CIS8, CIS9 and CIS10.
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.

POQuq 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 of Cu varied samples

Sample namé POQ Grain size nm
CIS7 2.2 58
CIS8 2.6 58
CIS9 24 33
CIS10 23 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 CIS10. 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 potentials which are known to
hamper the device performance. Controversial arguments exist about the role of the
‘grain boundary potential’. According to some reports, grain boundary potential has
beneficial effects in CulnSe, solar cell. even though conclusive evidence in this direction

. . .. 3.25
is still missing. 2



Modified technique for deposition of CulnSe; thin films using... 126

The calculated values of lattice constants a, b and ¢ are given in the table 4.4 and these
values were comparable with the reported ones.** Among these, ‘a’ was high for CIS9,
which had the lowest grain size. In the CIS lattice, tetragonal distortion occurs due to the
excess and deficiency 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 corresponding
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 distorted. 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.'* The

L 2a . . . .
values of tetragonal distortion, [ — —1] 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 CulnSe, lattice

Lattice parameters in A Tetragonal
Sample name
a,b c distortion: (2a/c)-1
CIs7 5.84 11.52 0.014
CIS8 5.76 11.61 -0.007
C1S9 5.94 11.48 0.035
CIS10 5.74 11.63 -0.012

4.5.2 Thickness measurements

Thickness measurement using stylus profilometer revealed that single layer CulnSe; was
~ 0.55 pm thick. Fig. 4.15 shows the stylus graph depicting a thickness of 0.55 pm for
the single layer CIS. There was no variation in thickness with composition in the present

samples and all the samples were nearly 0.55pm thick.
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Fig. 4.15: Stylus graph showing single layer thickness ot 0.55um

Thickness could be increased to 0.85 pm by depositing a second layer of CulnSe,,
following same steps as for the first layer: this can be fturther increased by giving a third
layer, if necessary. Since CIS possesses a very strong absorption coefficient (~10°em™),
thickness of about Ipm is sufficient for absorption of the full intensity of sunlight falling
on the specimen as these direct band gap semiconductors operate through field assisted
carrier collection (carrier *drift’) rather depending on diffusion. as in high purity single-
crystal region. It is better to have bi-layer structure for the absorber in photovoltaic
devices, as back contact recombination can be reduced by making the bottom layer highly
conductive. In the present study, this requirement can be achicved by making the back
layer slightly Cu-rich. Increase in Cu concentration enhances the conductivity by forming
a p layer. This p° bottom layer can create “Back Surface Field (BSF)" which assists in

hole collection and serves as an electron reflector thus reducing the recombination.
4.5.3 EDAX measurements

Deviation in the actual composition from the ideal formula can be described by two
parameters. viz.. deviation from molecularity ( \m) and the deviation from stoichiometry

/ 5 - » - T & - "3 I:Ii:
(As). These parameters are defined as.
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Am= Cu -1
In
and
_ Z[Se] 3
[C u]+ 3[In]

If Am>0 and As>0 the sampie will be p-type and if Am<0 and As<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 CIS10 was spatially non-
uniform in composition. In CIS10, 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 Cu,Se phase was identified from the XRD studies, probably due to the
increased concentration of Cu. Mass of Cu evaporated was greater for CIS10 than CIS9.
But due to the spatial non-uniformity in CIS10, 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 (Cuy,) 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. Cu,, antisite defects move a
Cu"' atom onto a nominally In” site, resuiting 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 Am As Cu/In
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 0.11 024 1.11
CIS9 27.25 19.28 53.47 0.41 026 1.41
CIS10 27.15 21.71 51.14 025 0.55 1.25

4.5.4 Optical absorption

Fig 4.16 shows absorption spectra of samples CIS7 to CIS10, 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 E; of 0.95 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 CIS10 can be attributed to the presence of

Cu,Se phase in CIS10. The absorbance was found to be larger for C1S8. Table 4.6 gives

the band gap variation in the samples.
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Fig.4.16 Absorption spectra of samples

Table 4.6: Band gap variation

-

Sample name  Band gap eV
CIS7 0.97
CIS8 0.95
C1S9 0.97
CIS10 0.99
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In all the films, there existed a second absorption edge at energies near 1.1eV 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 determined 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 In;, Inc,, Ins. etc in CulnSe; which
converted the conductivity type to n. For CIS7, the deviation from molecularity was <l
and hence the stoichiometry supported the n-type behaviour. For all other samples,
deviation from molecularity and stoichiometry was >1, and hence were showing p-type

conductivity.

Table 4.7: Type of conductivity and resistivity for the Cu varied samples

Sample name Type of carrier  Photosensitivity Resistivity Qem

CIS7 n -0.78 10.37
CISS p 0.17 76
CIS9 p 0.1 3
CIS10 p -0.045 1.8x10°

For the n-type sample, the resistivity was 10.37 Qcm while resistivity of p-type samples
decreased with increase in Cu. Thus highly conductive (p ~107 Qcm) as well as resistive

samples (p~76 Qcm) could be prepared using this method.

For device fabrication, usually slightly resistive samples (resistivity of the order of 10!
Qcm) 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, CIS10, the photosensitivity again showed negative value. The
negative photosensitivity may be due to recombination of light generated minority
carriers with holes (electrons) at the top of the valence band (bottom of the conduction
band).

4.5.6 Morphological analysis

Morphological analysis 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 was a distribution of grain size in the films. Grain

size varied over a wide range, (from 61 nm to 202 nm).

(9 @

Fig. 4.17 Three dimensional AFM images of samples
(a) CIS7 (b) CISS (¢) CIS9 (d) CIS10



Modified technique for deposition of CulnSe; thin films using... 132

With the increase in Cu concentration, the geometry of the grain changed from spherical
to pyramidal. Pyramidal shape could be clearly seen in the case of CIS10. Here the grains
were densely packed and hence this could lead to increase in conductivity as observed in
the films. The rms 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 nm

CIS7 7.64
CIS8 11.75
CIS9 16.87
CIS10 14.32

Roughness increased as we go from In-rich to Cu-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 CIS10.
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’ (DAP) recombination. The activation energy of the shallow center among
the DAP was calculated by fitting the plot of log (PL intensity) vs 1000/T 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 (Cu/In=0.88)

The activation energy was obtained to be 13 meV which agreed with the activation

energy of the Ing,, donor level. Neglecting the Coulomb term and using £, =13 meV and
E, =1.042 eV in equation (3.5) E, was obtained as 38 meV which agreed with the
activation energy of the ¥, acceptor level. Hence this emission could be assigned to the

Ing, - Ve, DAP recombination.

8 Experimenial
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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 (D°, k) transition. From our previous work, it was well established that the 0.983 eV

line is representing Cu, -VB transition. For verification, we used equation

(where Ep_ is the emission energy, E, the band gap and Ep the donor activation energy)
and obtained E, =59 meV, which is comparable to the activation energy of ionized
Cu, donor level **?' Figure 4.20(a) reveals the PL spectra of sample CIS10 (Cu/In=1.25),
which was Cu-excess in composition. The film stoichiometry indicated that this film was
highly Cu-rich. In CIS10, 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.

-+ 0.983 eV
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Fig. 4.20:(a) PL emission from sample CIS10(Cu/In=1 25)at 12 K and

(b) Temperature dependence of PL emission in the sample
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Fig. 4.21: Multiple curve fitting of the PL spectra obtained from sample CIS10 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. 4.2]1 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 (.983 eV, it was assumed that this was the Cy; - VB free-to-bound

(D, h) transition was observed in Cu-rich samples.

Figure 4.22 represents the plot of ratio of the intensities (Cu; - VB (D% k) to 0.972 eV

transitions) versus 1000/T fitted using the equation

Tt e (_A_E) (4.5)
1 kT,

where lyy, is the intensity of the (D°./1) emission while 1 is the intensity of the 0.972 eV

emission. It could be realized that the intensity of the emission at 0.983 ¢V increased
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relative to the emission at 0.972 eV. The activation energy, AE, was obtained to be ~ 5
meV, which agreed with the exciton binding energy in CulnSe,.*** 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 Cuy, (BX2: Cu;n).”® 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.

Loq (lﬂ.lﬂl lﬂ."))

T T Ll Ll T T ¥ T
10 20 30 40 50 60 70 80 290
1000/T (K™")

Fig. 4.22: Ratio of the intensities of the emission (Ipp(0.983 eV) :1( 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 CIS10, we could not obtain a sample having
reasonable photosensitivity. CIS8 (Cu-50, In-110 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 Cu concentration was fixed at 60-mg and Se at
170mg; In concentration was varied from 110mg to 130 and 150mg and the samples are

named as CIS11, CIS12 and CIS13 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.
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Fig 4.23: X-ray diffraction pattern of In varied samples

Samples CIS11 and CIS12 showed single phase CulnSe;, while CIS13 showed In,Se;
phase in addition to the CIS phase. All the samples were preferentially oriented along
(112) plane. The peak intensity increased drastically for CIS12 in which case, all the
three peaks were clearly visible. With further increase in ‘In’ concentration, secondary
phases like In,Se; appeared and the CIS peak intensity decreased with the onset of In,Se;
phase. The grain size of these samples, calculated using Debye-Scherrer formula, and the
POQ values are given in table 4.9. Even though the sample CIS13 possessed secondary
phases, grain size and POQ value were very high for this sample. The peak intensity was
greater for CIS12. But the full width at half maximum (FWHM) was lowest for CIS13

and hence the highest grain size.
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Table 4.9 Variation in grain size and POQ values

Grain Size
Sample name POQ

nm
CISt1 3 35
CIS12 4 42
CIS13 5 65

4.6.2 EDAX measurements

Table 4.10: Atomic concentration and deviation in molecularity and stoichiometry

Sample Atomic concentration in percentage Am As
name Cu In Se

CIS 11 27.25 19.28 53.47 0.41 0.26
CiS 12 17.12 31.48 51.39 -0.46 -0.08

Table 4.10 clearly indicates that, CIS11 was Cu-rich and CIS12 was highly In-rich. The
table also gives the deviation from molecularity and stoichiometry. For the Cu-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.



Chapter 4 139

Table 4.11: Band gap variation

i3 4

"z,: Sample name Band gap (eV)
'.E 9.6 4
o CIsl1 0.97
LY
: CIS12 0.96
0.2
CIS13 0.965

0.0

T , T
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Fig 4.24: Absorption spectra of In varied samples.
4.6.4 Electrical Characterization

Hot probe analysis proved p-type nature of sample CIS11. This sample was found to be
Cu-rich from the EDAX analysis; more over, deviation from molecularity and
stoichiometry was >0 in this case. But samples CIS12 and CIS13 were n-type, since In-
concentration was high in these samples. CIS12 showed negative values for Am and As.

Table 4.12 shows the electrical parameters of samples CIS11-CIS13.

Table 4.12: Type of conductivity and variation in resistivity and

photosensitivity of samples

Sample Type of Resistivity, p
Photosensitivity
name conductivity (2cm)
CIS11 p 3 0.09
CIS12 n 0.005 -0.60
CIS13 n 1.03K -0.01

Resistivity was 3Qcm for CIS11 and photosensitivity was 0.09. In the case of CIS12, 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 a 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, [i.e. for
CIS13), 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 CIS13 were n-type
while CIS11 was p-type. Also, on increasing mass of ‘In’ evaporated to 150 mg, there
occurred In,Se; 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. How ever, this n-type

layer can be made use of for the fabrication of homojunction solar cells.
4.7 Minute variations of Cu and In concentrations

From the characterizations carried out above, only CIS8 (Se-170, In-110 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-
51mg(CIS14), In-110mg and Cu-46mg(CIS15), In-112 and Cu-50(CIS16), In-114 and
Cu50mg(CIS17), In-118 and Cu-50mg(CIS18). Table 4.13 shows the photosensitivity

and resistivity of these samples.

Table 4.13 Electrical parameters of the samples CIS14 to CIS18

Sample Resistivity Type of
Photosensitivity

name CQcm Conductivity

CIS14 0.019 0.02 p

CIS15 0.114 0.02 p

CIS16 0.011 -0.02 p

CIS17 2.6 -0.07 p

CISIg 93 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 Cu/In ratio was 2.37,
1.48, 1.13, and 0.98 respectively, as obtained from EDAX. The samples were named as
CIS0.2, CIS0.3, CiS0.4 and CIS0.5. These samples were fully characterized to find the

suitability for device fabrication.
4.8.1 Structural Characterization
Structural characterization was performed 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)
direction 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 Cu,Se which enhances the grain growth.
Crystallinity was better for CIS0.4 and decreased with further increase in Cu-
concentration. In the case of CIS0.5, for which Cu concentration was the maximum,
secondary phase of Cu;Se; was observed. However grain size and POQ value were high

for C1S0.4 and the va]ucs 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 CulnSe; films,

Raman analysis was carried out on these samples.
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Table 4.14: Grain size and POQ values

8 g =
= 2 g
) wg-k 43 % CIS0.8 Sample POQ  Grain size
_ l N name value nm
2 !
£l S CIS 0.5 3 51
%n
i ! CIS04 4 63
- SR S ) . Ci%0.3
T | CIS 0.3 4 60
i
Y S L 2 CIS 0.2 3 49
20 M + S0 (5] 70

Angle 20 degrees

Fig. 4.25: X-ray diffractogram of the samples

(i) 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 lcm™. Argon ion laser of

wavelength 488nm was used as excitation source. The chalcopyrite structure is a
tetragonal body centered lattice and belongs to the space group/42d, i.e. to the point
group D;j . On the basis of the character table of the group D,y the general vibrations for
the primitive cell, involving optic and acoustic modes are distributed as,
I's=A+2A,+3B,+4B,+7E

If we take into account that the symmetry of the acoustic modes is B,+E, then for the

optic modes in the crystal,
Iviv = A+ 2A,+3B+3B,+6E

Therefore there are 19 Raman active vibrations (A,+3B;+3B,+6E), nine infra red active
(3B>+6E). and two silent modes (2A,).** The observed modes in CulnSe; are listed below

in Table 4.15.
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Table 4.15: The different vibrational modes observed in CulnSe;

Approximate relative

Frequency(cm‘l) strength (%) Assignment
259 15 E
231 8 B,,E
215 22 B,,E
206 10 E
174 100 A
124 20 B,
76 35 B,
61 30 B,

Figure 4.26 shows the Raman spectra of the samples. All the samples showed a
prominent peak at 174 cm™, which is the characteristic peak of chalcopyrite structure.
This peak corresponds to A; 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 A; mode is given by

172
k
Vv =
[MSe)

where k is the force constant and Mg, , mass of Se atom.*® Dependence of v on these force

constants can be expressed as

V2 (Al ) - 2(a(“u—;'{'4+ aln—S{')

Ser
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where acyse and ap,.s. 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.

A, 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 CIS0.4 and Raman peak also showed maximum intensity for this sample.

CIS0.2 showed additional modes at 212 em™ and 231 cm™ which were due to the
transverse optical (TO) and longitudinal optical (LO) phonon mode with B, or E
symmetry respectively. B, 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 antiphase. Remaining samples showed weak

peaks for these modes, as In and Se concentrations were low compared with CIS0.2.
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Fig. 4.26: Raman spectra of the samples CI1S0.2 to CIS0.5
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With the increase in Cu concentration (CIS0.4), B; mode showed a slight shift to 226 cm”
' and this may be due to vacancy of Indium or stress in the sample. For CIS0.3 and
CIS0.4, an additional mode at 260cm™ could be seen. This peak is assumed to be the
highest frequency mode in CulnSe;. This mode is reported to be due to Cu,Se binary
phase by many authors.”® *° In the present case, this peak disappeared for the Cu-rich
sample CIS0.5 which contained Cu;Se; phase. Hence it was concluded that this peak was
not due to any Cu,Se phase and could be attributed to B,+E mode. Intensity of the A,

mode was better for CIS0.4 which also shows that it is the most ordered structure.

Raman spectra of CIS0.4 showed a shoulder at 150 cm™, which corresponds to the
highest frequency B, mode. This peak showed a slight decrease from the original value of
160cm™. This may be due to stress in the sample. The B, 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 by

V= k(MC'u —’-Alln)“Z
(MCHA/[ln )”Z

Mode at 150cm™ 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 structure for solar cell fabrication. The
compositional variation was reflected in the Raman spectrum also. Intensity of the A,
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. CIS0.5 has Cu concentration of
32.79% for which Cu;Se. phase was observed. From the table, it is clear that on
decreasing Cu concentration, In and Se concentrations increase correspondingly. On
reaching CIS0.3, the concentration of In remained almost steady and hence for CIS0.2,

Se concentration increase sharply to 60.04%.

Table 4. 16 Atomic concentration and deviation from stoichiometry and molecularity

Sample Atomic concentration in percentage Am As
name Cu In Se

CIS 0.5 32.79 13.82 53.39 1.37 0.44

CIS0.4 27.04 18.29 54.67 0.48 033

CIS0.3 22.84 20.19 56.97 0.13 0.37

CIS0.2 19.75 20.21 60.04 -0.022 0.49

The deviation from molecularity (Am) and stoichiometry (As) of the samples were also

listed in the table. CIS0.2 showed a slight negative value for Am.

(ii)) XPS analysis: XPS analyses were performed for the samples CIS0.2 and CIS0.4.
Depth-wise XPS analysis was done, employing argon ion sputtering. Figures 4.27-4.28
show the XPS profile of CIS0.2. 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 In,Ses was formed at the surface. After two layers, the formation of CulnSe, was
evident from the binding energy shift. In the case of CulnSe;, binding energies of Cu, In
and Se are Se-54.6 eV and In-444.7 eV respectively. From EDAX, the sample was
identified as highly Se-rich. This may be the reason for the formation of In,Se;. However,

from the XRD analysis. we could get only the CulnSe; phase.
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Fig. 4.27: XPS depth profile of (a) Cu in CIS0.2 (b) In in CIS0.2

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 Cu2p,;,

and Cu2p;, states in CulnSe, 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 In,Se; 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 In,Se;. Hence it was concluded that In,Se; was formed at
the surface layers of the sample. Since sample stoichiometry contains 60.04% of Se, the

formation of In;Se; is possible.

The inner layers in the ‘In’ depth profile [with binding energies of 444.7 and 452.1eV]
were corresponding to In3ds; and In3ds;, 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 CIS."" Hence it could be concluded that CIS was formed in the interior
of the sample. At the surface layers, formation of In.Se; was prominent. Fig 4.28(b)

shows the depth-wise analysis of oxygen in the sample. 1t 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.
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Fig 4.28: XPS depth profile of (a) Se in CIS0.2 (b) of O in CI$0.2

Figs 4.29-4.30 show the XPS depth profile of the sample CIS0.4. The binding energies of
Cu, In and Se were corresponding to the BE of these elements in CIS. Hence it may be

concluded that single phase CulnSe; was formed. No shift in the peak was observed

throughout the depth of the sample.
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Fig. 4.29: XPS depth profile of (a) Cu and (b) In
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The BE of 933eV corresponds to Cu2p,,, state and 952.6eV corresponds to Cu2ps,. BEs
445.5 and 452.5eV correspond to In3d;; and In3ds, respectively. The BE of Se was
found to be 54.5eV. 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 surface contamination.
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Fig. 4.30: XPS depth profile of (a) Se and (b) O
4.8.3 Optical characterization
Table 4.17: Band gap
] Sample Name E; (eV)
] CIS0.5 0.94
; CIS0.4 0.94
; CIS 0.3 0.92
) CIS 0.2 0.93

ob W 1ev)

Fig. 4.31: Absorption spectra of the sample
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Optical absorption of the sample CIS0.2-CIS 0.5was measured in the range from 500nm
to 1500nm. [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.
CIS0.3 showed higher absorbance and CIS0.2, the least. The E, 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 [Am<0] for CIS0.2, the sample showed p-type conductivity. This may be
due to the increased Se concentration. Resistivity and photosensitivity were high for
CIS0.2. The photosensitivity of the sample gradually changed from positive to negative
on increasing the Cu concentration. The high resistivity for CIS0.2 may be due to the

presence of In,Se; phase as observed in XPS analysis.

Table 4.18: Resistivity and photosensitivity variation in the samples

Sample
p (2cm) Photosensitivity
name
Ciso.s  32Xx10" Negative
Ciso0.4 5X 107 Negative
CIS 0.3 8X 107 0.001
CIS 0.2 8X 10 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 CulnSe; samples could be prepared using the
technique developed in the present work. CIS0.2 was the most photosensitive sample.
However, this sample contained secondary phase of In,Se: which made it unsuitable for
solar cell fabrication. CIS0.3 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 CIS165, CIS175 and CIS185 with masses of

Se as 165, 175 and 185 mg respectively.
4.9.1 Structural Characterization

XRD analysis of CIS165, CIS175 and CIS185proved the existence of single phase CIS
preferentially oriented along (112) plane [Fig.4.32]. (220)/(204) and (312)/(116) planes

were also identitied from XRD, as in the earlier case.
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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 POQ  Grain size (nm)

CIS165 4.6 54
CIS175 4.5 51
CIS185 38 45

4.9.2 EDAX measurements

Atomic concentration was determined using EDAX analysis. Table 4.20 gives the atomic
concentration and deviation from molecularity and stoichiometry. CIS165 was In-rich,
which had a suitable value for device fabrication. In CulnSe; based solar cells, the layer
used near the junction has In concentration ~26%. Hence the layer of CIS165 can be used
in solar cells. With the increase in mass of Se, the atomic percentage was also found to

increase. For CIS175, the Se concentration reached 60.04%.

Table 4.20 Atomic concentration and deviation from molecularity and stoichiometry

Sample Atomic concentration in percentage
Am As
name Cu In Se
CIS165 21.55 26.21 52.24 -0.18 0.043
CIS175 19.75 20.21 60.04 -0.022 0.5
CIS185 18.62 27.13 54.25 -0.34 0.085

On increasing Se concentration 1o 185mg, the EDAX results did not show the same trend.

A reduction in Se concentration was observed in this case. Re-cvaporation 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, As 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

CIS165 0.95
CIS175 0.93
CIS185 0.95

The rest of the two samples showed same band gap of ~ 0.95 eV. In CIS165 and CIS185,
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 CIS185.
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Fig. 4.33 Absorption spectra of CI1S175 and CIS185
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Fig. 4.34 Absorption spectra of CIS165

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 (2cm) Photosensitivity

CIS165 7916 7.7
CIS175 800 3.7
CIS185 720 2.8

From the above analysis, it could be concluded that CIS165 possessed suitable resistivity
and photosensitivity for device fabrication and hence this layer could be used near the
junction. The sample CIS165 was prepared repeatedly to ensure consistency in the

properties.
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4.10 Stoichiometric CulnSe; films

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-105mg 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 of 2.6.
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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 pm. 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 107 eV/K which was much smaller than

the shift of 4 x 107" eV/K expected for a(e, 4") free-to-bound transition. Hence this was

classified as a ‘bound exciton emission’.
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Fig. 4.37: (a) Variation of PL intensity with temperature and (b) Plot of 1000/T vs
log (Integrated PL intensity) fitted using equation (4.2)

When excitons are near the defects, the defects can cither 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. This
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 electro-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 1000/T was fitted (Fig. 4.37(b)) using the equation (4.2). The activation
energy (AE) of the impurity was obtained to be 20 meV. This was in good agreement

++

with the reported activation energy of the doubly ionized Inj} donor level.* ¥ 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 In/, donor

bound exciton (BX:D2 (In¢,)) emission in this sample.
4.11 Double layer CulnSe;

As the thickness of s.ingle layer was nearly 0.55 pm, 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 0.08Qcm
was ideal for the bottom layer and CIS165 with a resistivity of 7916 Qcm was ideal as the
top layer. The thickness of this double layer was 0.9 pm. X-ray diffractogram (Fig. 4.38)

proved the existence of single phase CulnSe,. 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

500-1500nm. Band gap of this double layer was 0.93eV. The absorbance of this sample

was greater as the thickness was also greater.

Figure 4.40 shows the cross-sectional image of double layer CulnSe;. 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

CulnSe; thin films were prepared using sequential elemental evaporation at moderately
low substrate temperature. Indium, Selenium and Copper were evaporated at a substrate
temperature of 100°C, 50°C and room temperature respectively. Annealing this stacked
layer at 400 °C resulted in the formation of CulnSe,. Single layer thickness was 0.55 pm
which could be increased up to 0.9 um through double layer deposition, adopting similar

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 scattering, the structure of CulnSe, 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

CulnSe; fabrication. This lead to increase in the number of grain boundaries which, in
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some cases, has beneficial effects on CulnSe; 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 chapterd).

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 Cu-rich. The resistivity
varied in the range of 0.002 Qcm to 7916 Lcm, from which highly conductive and highly
resistive samples could be selected for the device fabrication. The sample with resistivity
of 0.08 Q2cm 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 chailenge 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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Chapter 5

Fabrication of CulnSe,;/In,S; Junction

5.1 Introduction

CulnSe,(CIS) based solar cells have now entered into production field with a module
efficiency of 16.6% on 16cm® mini-modules' and 13% on 60x120cm? modules.” The
CIGS/CdS solar cell has demonstrated the highest efficiency [of 19.9%] 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 efforts are going on to produce CIGS
solar cells on substrates like stainless steel, polymide etc. The conversion etficiency has
reached 15.2% for CIGS solar cell on light weight metal foil.* CdS is known as the best
counterpart of the CIS layer. As this material is highly toxic, work is going on for the last

decade to replace CdS with 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 tiime. On comparison with Silicon, the cost reduces from
$2.00/Wp to $0.50/Wp for CIGS cell. The cells on the flexible substrates costs $3.50/Wp
for Silicon, while it is $1.00/Wp for CIGS cell. Major CIGS module producers inciude
Shell Solar, Wurth Solar and Global Solar.

5.2 Review of research work on CIS based solar cells

CIS was synthesized for the first time by Hahn in 1953, and its photovoltaic effect was

disclosed in 1974 with a conversion cfficiency of 12% for single crystal. In 1976.
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Kazmerski et al. reported 5.7% efficient polycrystalline CIS/CdS junction.® 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.” Russel et al. studied the Mo/CIS interface and identified the existence of a
Schottky barrier at the interface.® During 1983-84, Boeing Corp. reported efficiencies in
excess of 10% for thin polycrystalline films obtained from ‘three source co-evaporation’
process. M.Eron and A.Rothwar presented a model for heterojunction solar cells in which
interface recombination was detailed.’” EBIC measurement was conducted on
CIS/Cd(ZnS) solar cells by R.K.Ahrenkiel and R.J.Matson.® In 1985, Poolla Raja Ram et
al. fabricated 3% efficient all sprayed CIS/Cd(Zn)S solar cell.” 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.'"” R Herms et al. anlaysed the capacitance of CIS/CdS heterojunctions. '
y p

In 1986, R.E.Hollingsworth and J.R.Sites studied the effect of annealing temperature on
CIS/CdS and found that the cell efficiency improved by annealing up to 500K and
degraded after that.'? 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
acceptor concentration.”® R.J.Matson et al. analyzed the CIS/CdS junction activity using
EBIC and the role of oxygen in these devices.'! Allen Rothwarf performed solar cell
modeling and analysis on CIS/Cd(ZnS) solar cells."” R.W.Birkmirc et al. fabricated
CIS/CdS heterojunction with efficiencies ranging trom 7 to 11.5% and studied the effects
of air annealing and CdS thickness on the device performance '°. J.D.Meakin et al.
fabricated tandem solar cells based on CIS." J.M.Stewart analyzed health and safety

problems in the production of CIS/Cd(Zn)S solar cells.'®

In 1987, “Arco Solar” (now shell solar) achieved a long-standing record efficiency of
14.1% for CIS/CdS solar cell. David Cahen and Rommel Nouft (1989) explained the
improvement in the CIS/CdS device performance on 2ir annealing by introducing the role
of defects.'” In 1989, N.Christoforou ct al., studied the deep levels in 9% efficicnt

C1S/CAS with the help of DLTS measurement on CIS/CdS solar cells and electron and
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hole traps were identified.”’ Brian J Brown studied the effect of substrate temperature on
the morphology of CIS thin films prepared using chemical spray pyrolysis.™
W.N.Shaferman et al.(1991) worked on the CIS/(CdZn)S solar cells for increasing the
open circuit voltage of the cell > while Ji-Beom Yoo et al. (1991) analyzed the effect of a
thin intermediate Zinc Selenide layer on the properties of CIS solar cells.”* 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.” J.S.Chen et al.(1992) determined
the microstructure of CIS/Cd(Zn)S heterojunction solar cells.”” 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 CLIS and *Ordered Vacancy chalcopyrite’
Compound (1993)° MNishitani 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 converted to p-type by nitrogen implantation. Efficiency of 0.35% was

. . . 7
obtained in this work .2

Chung Yang et al. reported the effect of Cu-Mo contacts to CIS and devices using this
Cug ;Moyg; back contacts showed improved perforimance (1994).23 Gabor et al., (1994),
fabricated a 15.9% efficient CIGS solar cell made from (In,Ga;.,),Se; precursor films.
The precursors were then converted to CIGS by exposure to Cu and Se flux. The filims
had a grading of Ga content along the depth which helped in carrier transport, outside the
depletion region.”” G.E Hassan et al. in 1994, analyzed the performance of CIS/CdS solar
cells fabricated with saﬁdwitch 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 up to 5.2% was obtained.”’ M.Nishitani et al., (1994)
fabricated substrate type CIS/CdS, CIS/ZnO and CIGS/CdS solar cells with 10.5%, 6%
and 11.7% respectively.’’ Tokio Nakada et al. (1994) prepared CIS based solar cells in
which selenization was achieved using Se-vapor from Se containing precursors. Addition
of Ga into CIS resulted in an cfficiency of 12.6% for CIGS/CdS cell.”> W.N.Shafarman et
al. (1996) characterized CIGS solar cells with increasing band gap. With a band gap of

I.3eV. Voc increased to 788mV. A M.Fernandez ¢t al. reported (1996) an 8% efficient
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CIS/CdS solar cell formed from an electrodeposited precursor film. The electrodeposited
films were selenized at 550°C.>* Bulent M Basol fabricated CIS/CdS solar cells on
flexible substrate for the fist time. Substrate was polymide sheet and the CIS was
deposited using selenization of evaporated Cu-In alloy using H,Se vapor. An active area

efficiency of 9.3% was obtained for this cell*®

Katsumi Kushiya et al. (1997) fabricated a graded band gap CIGS thin film modules with
a Zn(0O,S,0H), buffer layer. A thin Cu(In,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.’® S.N.Qui et al.(1997), fabricated CIS/CdS solar cells
having an efficiency of 6.3%."  V.Alberts(1997) et al., analyzed the device
characteristics of In-rich solar cells. Film with Cwln ratio 0.5 was selected for device
fabrication and conversion efficiency of 1.2% was obtained for this cell.™® 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/defect-chalcopyrite interface, caused different trapping under red light
or white light.*” T.Nakada(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 laycr of CIGS films to form a Cu(In,Ga)(S,Se), absorber layer. The
cell efficiency in the range 8-11% before sulfurization was improved to 14.3%.%
Nawalage F Cooray et al.(1997) optimized large area ZnO films for graded band-gap
CIGS based thin film mini modules. CIGS solar cells of efficiency 14% werc obtained

for an active area of 3.2cm’ and an efficiency of 11% for an aperture area of 50cm’ "'

In 1998, Siham A Al Kuhaimi calculated the electron affinity difference in CIS/CdS solar
cells from the variation in Voc with temperature. This difference (in the range 0.2 and
0.3eV) was found to be independent of process of cell fabrication. The use of CdZnS n
the place of CdS reduced the value to slightly less than 0.1eV.*? R Herberholz et al.,
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 ot interface recombination in efficient chalcopyrite based solar cells. was
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confirmed through this # 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
Sn0, and In were used as bottom and top electrodes respectively *. Y. Hashimoto et al.
investigated the deposition CdS buffer layer for CIGS 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 * M.C.Artaud et
al., deposited CIS by MOCVD and fabricated the first solar cell using MOCVD CIS* Se
Han Kwon et al. fabricated an In,Sesy/CIS cell as an alternative to CdS/CIS cell. A thin
layer of Culn;Ses(ordered vacancy compound), which was mtrinsic or slightly n-type,
was deposited on the CIS to form a pseudojunction with largely p-type CIS. This
improved the performance of CIS/ImSe; cell to reach an efficiency of 8.46%"
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%

efficiency "

In 1998, Lam et al. investigated the trap properties of CIGS/CdS/ZnO cell using Deep
Level Transient Spectroscopy (DLTS). No minority carrier traps were observed in the
CIS/CdS/ZnO cell, but both majority and minority carrier traps were observed for the
CIGS/CdS/ZnO cell®®. M. Nishitani et al. analysed the temperature and illumination
dependencies of CIS cell performance. The J,. and Voc were linearly changed with the
temperature in the range of 10°C to 70°C and the I, was proportional to the illumination
intensity *° Y Hashimoto et al. fabricated CIGS/CdS solar cell having 17% efficiency.
Stoichiometric CdS layer deposited through CBD was used in this cell *' Takeshi Kojima
et al., performed the stability evaluation of CIGS/CdS solar cells using C-V
characteristics. Under irradiation, the test samples showed a little increase in efticiency
and open-circuit voltage which showed their electrical durability to light irradiation. But
the diode quality factor and series resistance showed large changes in value. After 4SUN
iradiation, two samples in the same {abrication-lot showed new light absorption in the

lower-energy gap range than sun of CIGS ™ Tokio Nakada ct al. fabricated superstrate-
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type CIS/In.Se, cells by a low temperature process using sodium compounds. Na;S 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 > Yasunori Okano et al. analysed CdS/CIS heterojunction using
XPS measurement. An In-excess layer, which may form an ordered vacancy compound
(OVC), was present at the surface and it remained even after chemical bath deposition of
a CdS layer. The CIS solar cells fabricated with n-OVC surface layer exhibited higher
cell efficiencies (8.7%) than those fabricated with p-surface layer ** Allen M Hermann
(1998) et al tried low cost preparation of CIS films for CdS/CIS solar cells, by depositing
CIS layer using electrodeposition. The precursor films 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 cfficiency of this cell was 12% > Y Hashimoto et al.
(1998) fabricated CIGS/CdS solar cell with an efficiency of 17%. CIGS was prepared
using thermal evaporation and CdS using CBD °° R N Bhattacharya et al.(1998)
fabricated 13.7% efficient Culn,Ga,Se;{CIGS) based devices from clectrodeposited and
chemical bath deposited pre-cursors’ Takayuki Negami et al. fabricated large area
CIGS/CdS on 10 x 10 cm® with efficiency over 14% ** K Ramanathan et al.(2003)
fabricated the cell having the structure CdS/CulnGaSe; with world record efficiency of

19.2%. Here CIGS was fabricated using co-evaporation *°

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 used in CBD of CdS films. This is
expected to benefit the device performance *°D Abou-Ras carried out structural and
chemical investigations of CBD and Physical Vapour Deposited (PVD) CdS buffer layers
and interfaces in C1GS-based thin film solar cells. PVD-CdS layers show much larger

grain sizes than CBD-CdS layers and also a higher defect density at the CIGS/PVD-CdS
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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 from p-
type CIGS to n-type. 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 '

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 0.85um were prepared by thermal evaporation. In,S; prepared using

chemical spray pyrolysis was used as the butfer layer.
5.3 Experimental

CIS thin films were prepared using sequential elemental cvaporation and the structure
was glass/In/Se/Cu. In and Se were evaporated at a substrate temperatures of 100°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 2x10” mbar for one hour. Two layers of
CIS were prepared; the bottom layer with a resistivity of 0.08Qcm and a top layer with a

resistivity of 7916Q2em.

In,S; thin films were prepared using chemical spray pyrolysis. {n this, the films were
deposited by spraying aqueous solutions of Indium chloride (InCl;) and Thiourea
(CS(NH,),) using compressed air as carrier gas and the substrate temperature was
300°C+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 2x107° mbar. After deposition of electrode, all the samples were annealed at 100°C for
30 minutes at a pressure of 2x10”° mbar. This annealing was to make the contact between
electrode (A,) and In,S: smoother, by decreasing the contact resistance. The |-V
characteristics of the cell were measured under AM1.5 condition. The I-V characteristics

of the ccll were measured using Keithley 236 Source Measure Unit interfaced 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

0.2um and a sheet resistance of 1Q/cm”. Mo is known to be the best contact to CIS solar

cells.
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Fig 5.1: X-ray diffractogram of Molybdenum

(b): Indium Tin Oxide (ITO): ITO used in the present work had a thickness of 0.2um
and a sheet resistance of 10 Q/cm’. Fig 5.2 shows the X-ray diffractogram of the ITO

with preferred orientation along (222) plane.
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Fig 5.2: X-ray diffractogram of Indium Tin Oxide (ITO)

5.4.2 Absorber layer

CIS double layer of thickness 0.9um was used as the absorber layer. A highly conductive

layer of resistivity 0.08Qcm was deposited as the bottom layer to act as a p' layer thus

reducing back surface recombination.

CB

Electron . _ T

Fig.5.3: The p’ layer acting as an electron reflector

The top layer was more resistive with a resistivity of 7916Qcm. The cross-sectional SEM

shows the layered structure of this double layer.
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Fig 5.4: Cross-sectional SEM of the double layer

Detailed characterizations of the absorber layer using XRD, optical absorption, EDAX,

XPS, Raman spectroscopy, Resistivity measurement, Photoluminescence and Stylus

profiler are given in the last chapter.

5.4.3 Buffer layer

In,S; was used as the buffer layer. The optimization of the sample was reported earlier by

our group.” In the present work, In;S; with In/S ratio of 2/8, 1.2/8 and 2/5 were mainly

used for the junction fabrication.
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Fig 5.5: XRD of In;S; with In/S ratio of (a) 2/8 (b) 1.2/8
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Fig 5.5(a) and (b) show the X-ray diffractogram and absorption spectra of In,S; with In/S
ratios 2/8 and 1.2/8 respectively. The d values coincided with that of B-In,S; in standard
JCPDS data card (25-390) with preferential orientation along the (220) plane at 20 =
33.45°. The crystallinity was better for In,S; with In/S ratio of 2/8. The grain size was
35nm for In,;S; with In/S ratio 2/8. 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. The grain
size of the sample with In/S ratio 1.2/8 was 37nm and band gap 2.8eV.

5.4.4 Top electrode

For the junction with Mo as bottom electrode, Aluminium (Al) was used as the top
electrode. Al electrode was made in the form of grids with Imm spacing between them.
Silver was used as the top electrode for the cells with ITO as the bottom electrode and
this was made in the form of blocks. Al and Ag were deposited using thermal

evaporation.
5.5 Structure of the cell

Light

~— Ag grids

In,S, 0.1.0.45 1 m

CIS- 092 m

Mo/TTO- 0.2 m

Fig 5.6: Structure of the cell
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Fig 5.6 shows the structure of the cell. The structure consists of a 0.2um thick
Molybdenum/ITO as bottom electrode. CIS double layer with a thickness of 0.9um was
fabricated over this. The n-type In,S; 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 of In,S; was

varied from 0.1pm to 0.45pum. 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 the buffer layer

To study the effect of variation of thickness, the In/S ratio was first fixed at 2/8. The
volume of the In,S; solution was varied to get different thicknesses. The variation in

thickness with different volumes is given below.

Table 5.1: Variation of In;S; thickness with volume of the solution

Volume of In,S; Thickness (nm)

25 0.10
50 0.25
80 0.35
100 0.45

The CIS/In,S; 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) In,S; with a thickness of 0.1pm
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Fig 5.7: I-V Characteristics of the junction with In,S; thickness of 0.10 pm

The 1-V characteristics of the junction with In,S; thickness of 0.10 um 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 In;S, buffer layer fully into the CIS

layer so that there was no free In,S; layer in this cell. Hence it was concluded that the

thickness of the buffer layer should be increased

(ii) In,S; with a thickness of 0.25um

Thickness of the In,S; layer was increased to 0.25um by increasing the volume of the

solution to SOmI and the deposition process was repeated.
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Fig 5.8: I-V Characteristics of the junction with In,S; thickness of 0.25um

The I-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
(Ranun) is a measure of leakage through the cell, around the edges of the device and
between contacts. Very low shunt resistance reduces V,., but does not affect I,.. The cell

parameters obtained are given in the table 5.2,
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Table 5.2: Cell parameters

Cell area 0.48 cm?
Je 1.05 mA/cm?
Ve 36 mV
R 19Q
R 1142 Q
Diode quality 38
factor, A )
-24 A=)8
-3 4
"
-84 e
2
-6 .:
-7 :
-8 N
-9 T — T T Y
0.0 8.5 1.0 1.8 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 1 and 1.5.%" 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: whereas an ideality factor close to 1 means that the

recombination takes place mainly in the bulk. High values of A>2 may be due to the
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various phenomena such as shunt resistance effects or non-uniformities in the distribution
of recombination centers.”® In the present case we obtained a value of 3.8 for diode

quality factor.
(iii) In;S; with a thickness of 0.35um

The thickness of the buffer layer was increased to 0.35pum by increasing the volume of
the solution to 80ml. Fig 5.10 shows I-V characteristics of the junction.
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Fig 5.10: 1-V Characteristics of the junction with In,S; thickness of 0.35um

Table 5.3 Cell parameters

Cell area 0.15 cm’
I 0.32 mA/cm’
\ 80 mV
R, 1276 Q2
R, 3222Q
Diode quality 43

factor, A
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The short circuit current decreased to 0.32mA/cm’ while the open circuit voltage
increased to 80mV. This may be due to the increase in shunt resistance. As the thickness
of the In,S; layer was increased, the intensity of light reaching the junction may be low

and this lead to the decreased J..
(iv) In,S; with a thickness of 0.45um

Thickness of the In,S; layer was increased to 0.45um by using 100m! solution.

Fig 5.11 shows the I-V characteristics of the junction.
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Fig 5.11: I-V Characteristics of the junction with In,S; thickness of 0.45um

With increase in [n,;S; thickness, the junction was getting deteriorated. The shunt

resistance decreased drastically to 306.

The cell parameters are given in the table 5.4. Both J,. and V,. decreased with the
increase in thickness. The reduced intensity of the light reaching the junction and the

decreased shunt resistance could have led to this decrease in cell parameters.

From the above analysis, it was found that the In,S; layer with a thickness of 0.25 um

was having better property
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Table 5.4: Cell parameters

Cell area 1.2 cm?
J 0.06 mA/cm’
Voe 27 mV
R 148 Q
R 306 Q
Digde quality 47
factor, A

5.6.2 Effect of variation in In/S ratio

(i) In;S; layer with In/S ratio of 1.2/8

The In/S ratio in In,S; was changed from 2/8 to 1.2/8. The thickness of this sample was
also varied from 0.10 um to 0.450 um , as in the earlier case. With In;S; 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 0.25um by increasing the volume of the solution. Fig 5.12 shows the

1-V characteristics of this junction.
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Fig 5.12: 1-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 cm’
Jie 1.72 mA/em’
Vo 90 mV
R, 74 kQ
R 464 kQ
Diode quality 57
factor, A

The short circuit current increased to 1.72mA/cm’. The V. also increased to 90mV.
Both the series and shunt resistance increased. In;S; with In/S 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.

T T 1

Ll
4.5 0.0 0.s 1.0 LS 2.0
V (Volts)

Fig.5.13: InJ 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 2/8. The paramecters obtained for this thickness are

given below,
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Table 5.6: Variation of V. and J. with thickness

In,S; thickness (um)  J..((mA/cm?) Voo (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 pm 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 In;S;
deposition) and 100°C(electrode annealing). Hence we changed the electrode material to

Indium doped Tin Oxide (ITO).
(ii) In,S; layer with In/S ratio of 2/5

In,S; 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: I-V Characteristics of the junction with 1n/S ratio of 2/5
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Here the V, increased to 162 mV, probably due to the increase in shunt resistance. But

short circuit current decreased to 0.93 pA/cm’.

Table 5.7: Cell parameters

Cell area 0.09 cm’
Jse 0.93 pA/cm?
Voe 162 mV
Rs 920
Ra 119 kQ
Diode quality 13
factor, A

Table 5.8: Variation of cell parameters with variation in In/S ratio

In/S ratio  J,. mA/cm’ Vo mV A

2/8 1.05 36 3.8
1.2/8 1.72 90 3.44
.2/5 0.93x10° 162 6.95

Table 5.8, shows the variation in V, and J;; 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 In;S; in the ratio 1.2/8 on ITO

ITO of thickness 0.2 um and resistance of 10 Qcm’® was taken as the bottom electrode.
ITO Thickness of the [n;S; which gave the best value for I, and V. was again selected

for the cell prepared on ITO also and the characteristics showed nearly the same values of
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Jic and V.. 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 In/S ratio of 1.2/8

Table 5.9: Cell parameters

Cell area 0.03cm’
Je 1.28mA/cm’
Voc 35mV
R 320.5Q
Rah 1628 Q
Diode quali
fact:r, A ’ >4

The fig 5.16 depicts the cross-sectional SEM of this CIS/In,S; junction. The total

thickness of the cell was ~ 1um. The layered structure of CIS and In;S; could be seen in

the graph.
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Fig 5.16: Cross-sectional SEM of CIS/In,S; junction
5.8 Variation in the absorber layer
5.8.1 Junction with Stoichiometric CIS

The highly stoichiometric sample with resistivity 2 2cm was used as top layer. Fig 5.17
shows the -V characteristics of this junction. In,S; with In/S ratio of 1.2/8 was used as

the buffer layer
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Fig 5.18: 1-V characteristics of the junction fabricated 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 In,S;. The layer having resistivity of
7916Q2cm, which was used as the top layer in the earlier cases, was used here. Fig.5.19.
V.. was 25mV and J,, was 0.3mA/cm? in this case.

LX
0.04 4

.03 -4
Dark

0.02

4

4.01 4

¢ Y T T v T Y T
P, ojo 0.5 1.0 1.5 2.0

Y (Volts)

I Amperes

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 In,S; stoichiometry showed that
In/S ratio of 1.2/8 was found to be the better. The thickness was also optimized to be
0.25um 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 Vo (mV)  Jg (mA/cmz)
Quickly removed from the hot plate 104 0.03
No post deposition annealing, kept

P P & KeP 245 0.1
the samples on the hot plate
30 minutes annealed 35 1.28
0.00012 -
0.00009 - .".
E ; Light &~
§‘ 0.00006 - Dfrk
2 7
o«

0.5 4 . 1.0
V(volts)

Fig 5.20: [-V Characteristics of the junction without post deposition annealing

Without post-deposition annealing, the voltage increased to 245 mV meanwhile current
decreased to 0.1mA/cm’. The post deposition annealing caused the oxygen content in the
film to increase, leading to an increase in the conductivity and hence a decrease in

photosensitivity. Hence the film with less O content should have a better photosensitivity.
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Table 5.11: Cell Parameters

Cell area 0.09 cm’
Jo 0.1 mA/cm?
Vee 245 mV
R, 14 kQ
Ra, 699 k Q
Diode quality factor A 49

The diode quality factor was found to be 4.9. Both the series and shunt resistances

increased in this case probably because of the decrease in oxygen concentration.

inJ
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Fig.5.21: InJ vs V graph
5.10 Conclusions

A trial for CIS/In,S; was made with vacuum evaporated p-type CIS and spray pyrolysed
n-type In,S;. The thickness and composition of In,S; were varied in the films. We could
achieve an observable shift in the 1-V characteristics on illumination under AMI.5

radiation. This can be improved with further studies.
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Chapter 6

Summary and Conclusions

The mass consumption of fossil fuels, which is getting depleted 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, CulnSe, 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 CulnSe, 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, CulnSe; 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 repeatability of the samples was poor.
CulnSe; films were then prepared through two different techniques (viz, Stacked
Elemental Layer technique and Thermal diffusion of Copper into In,Se; bilayer) using Se
films deposited with the help of chemical bath deposition technique, as the bottom layer.
Stoichiometry of the sample was varied over a wide range by varying Cu and/or In

content and a comparison of the properties of the samples prepared using 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 thermal diffusion of Cu into In;Se; . Photosensitivity,
being a measure of minority carrier generation, the method of thermal diffusion was
found to be more suitable growth process for CulnSe, thin films for solar cell
applications. The films showed good crystallinity with sphalerite structure which could
be confirmed from XRD and Raman studies. These CulnSe; films were found to be free
from voids and pinholes. Defect analysis was performed using temperature dependant
photoluminescence and conductivity studies.

The main advantage of this technique was that, highly toxic Se vapor or H,Se 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 0.25um and
hence the overall absorber thickness was limited to <0.5um. 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 (0.5-1pm) 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 of CulnSe;, 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. Indium, Selenium and
Copper were evaporated at substrate temperature of 100°C, 50°C and room temperature
respectively. Annealing this stacked layer at 400°C resulted in the formation of CulnSe;,.
Single layer thickness was 0.55 um which could be increased up to 0.85um 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 CulnSe, 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 CulnSe,
fabrication. This lead to increase in the number of grain boundaries which, in some cases,
has beneficial effects on CulnSe, 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 In-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 CulnSe; thin films.

A trial for CIS/In,S; was made with spray pyrolysed In,S; as the n-type layer. Thickness
and composition of In,S; were varied in the films. We could achieve an observable shift
in the 1-V characteristics on illumination under AM1.5 radiation which can be improved

with further studies.



- Summary and Conclis

Future outlook

CulnSe; 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 CulnSe; for solar cell fabrication, is very
toxic and is banned in several countries. In,S; 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 In,S; deposition) to obtain a CulnSe,/In,S; junction. The
initial experiments just show that, it can successfully replace CulnSe,/CdS solar cells
provided a systematic study is carried out on the spray parameters. The CulnSe; layer has
been optimized here and with future work on In,S; 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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