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PREFACE

For the past several decades, the world is searching for cleaner
and sustainable alternatives to conventional fossil fuels, such as solar,
wind, ocean, hydrothermal etc. Among these, solar photovoltaic (PV)
is the most effective, because solar energy is abundant and free from
pollution. Thin film solar cells, frequently referred to as second
generation solar cells, have an advantage over the conventionally used
wafer based solar cells in terms of production cost. Three materials are
currently in the market for thin film technologies; they are amorphous
silicon (a-Si), cadmium telluride (CdTe) and copper indium gallium
selenide (CIGS). Of these, CIGS has shown the highest efficiency of
above 20% for laboratory scale cells, while CdTe has the highest
market share among the thin film technologies. A drawback with CIGS
and CdTe technologies is the use of scarce and expensive elements

indium and tellurium. In addition to this, cadmium is toxic.

It is therefore clear that there are issues of long term
sustainability in terms of cost and availability in the case of the
aforementioned CdTe and CIGS technologies. It is in this context,
investigations have been initiated all over the world for an alternative
non-toxic absorber material. Cu,ZnSnS; (CZTS) and Cu,ZnSnSey
(CZTSe) are two promising absorber materials for thin film
photovoltaic cells due to their p- type nature, high absorption
coefficient (>10°cm’™") and optimum direct band gap (~1.5¢V). The
occurrence of kesterite mineral was first discovered in 1958 in the
Kester deposit in Russia. The mineral is usually seen in quartz-

sulphide hydrothermal veins in ore deposits. The copper zinc tin



sulphide consists of earth abundant, non-toxic and inexpensive
elements. Though this material p ossesses ideal characteristics, the cells
based on CZTS reached only 9.1% efficiency so far. This material is
little investigated on the basic research side. The fabrication of a
quaternary material in phase pure formis a challenge. There is a small
formation region for Cu,ZnSnS, at 670K, where both the Cu/(Zn+Sn)
and the Zn/Sn ratio may vary between 0.94 and 1.07, based on the
available phase diagram. Outside this small area, Cu,ZnSnS, co-exists
with a number of different phases such as Cu,ZnSn;Sg, ZnS, Cu,S,
CuySnS, and Cu,SnS;, ete. This suggests the importance of pursuing
research into the formation aspects of this material. Ultimately, this

will lead to phase pure CZTS with optimised photovoltaic propetties.

P type conductivity in CZTS absorber is mainly due to its
intrinsic point defects. These defects play very important role to yield
efficient solar cells by influencing generation, separation and
recombination of electron hole pair. Since CZTS forms in a very small
window, it is very important to control the deposition conditions. The
films have to be grown under Cu-poor and Zn-rich conditions, which
will yield the necessary defects in the system. However, the formation

of secondary phases hasto be avoided during fabrication of the films.

Previously, CZTS thin film solar cells have been fabricated
using vacuum based co-evaporation and multilayer evaporation
processes and have achieved an efficiency of 6.7%. However, these
methods are complex due to high cost, difficult process steps and low
yield and poor reproducibility. For this reason, solution based CZTS

fabrication routes are becoming increasingly important to reduce



manufacturing cost significantly with high-throughput fabrication for
large area solar cells. To date, spin coated and electrodeposited CZTS
thin film solar cells have yielded maximum efficiencies of 2.0% and
3.4%, respectively. More recently, two approaches have
yielded significantly higher efficiencies. In the first approach,
Cu,ZnSn(S,,Se; )4 solar cells were fabricated by nanocrystal-ink
based solution process. By optimizing Cu/(Zn+Sn) and Zn/Sn ratios,
cells with 7.2% efficiency has been achieved after selenization. In the
other approach, hybrid solution particle approach is used to form
CZTS directly. This approach has yielded the highest efficiency of
9.7% among all CZTS fabrication process to date. However, toxicity of
the solvent hydrazine used in this process for dissolving constituent

materials is a major safety concern for large scale manufacturing.

The thesis entitled “Preparation and characterization of solution
processed kesterite Cu,ZnSnS; thin films for photovoltaic
applications” is a detailed study of the fabrication of CZTS absorber
films by inexpensive solution based dip, spin and spray coating
techniques and investigation of their properties. Two different
approaches were used to prepare precursor films by dip coating, while
three routes were used in the spin and spray coatings. The as-coated
films from these routes were annealed in inert or sulphur atmospheres
at various temperatures and studied the effect of sulphurization on the
structural, surface morphological, optical and electrical properties of
CZTS thin films. After optimizing coating conditions, prototype CZTS

solar cell was fabricated with non-toxic ZnS buffer layer.



The studies included in the thesis are divided into seven

chapters and the contents of each chapter are summarised as follows.

Chapter 1 is a general introduction to solar cells based on silicon, thin
films, organic and chemical. It also discusses a detailed introduction of
kesterite material including a brief history and review of literature.
CZTS thin films already deposited by various groups using different
techniques were addressed in this chapter. The objectives of the work

carried out are briefed at the end of the chapter 1.

Chapter 2 is describes the experimental and characterization
techniques used to fabricate and characterize CZTS thin films.
Techniques employed for prototype solar cell fabrication and its
evaluation are also described in this section. Details of solution based
routes, such as, spin, dip and spray coatings used for fabricating CZTS
thin films, and x-ray diffractometer, Raman spectroscopy and rietveld
refinement technique used to study the structural properties and phase
purity of the films are also discussed. Elemental compositions were
analysed by energy dispersive x-ray spectroscopy and optical
properties by UV-visible spectroscopy. Surface morphology of the
films were analysed by scanning electron microscope. Hall Effect
measurement system was used for electrical properties measurement.
Finally, prototype of CZTS solar cell fabricated was tested using solar
simulator under standard test conditions. The techniques employed for

the fabrication and testing are briefly described in this chapter.

Chapter 3 the first working chapter, describes the fabrication of Cu.
»ZnSnS, precursor films by dip coating and the studies carried out to

investigate the structural, morphological, optical and electrical



properties of the films annealed at different temperatures. Two types of
stable precursor solutions, without and with sulphur, were prepared for
dip coating The precursor films coated from solutions without and
with sulphur were referred to as CZT and CZTS, respectively. In the
first route, the dip coated CZT precursor films were sulphurized at
different temperatures to optimize the phase formation conditions. In
addition to X-ray diffraction and Raman analysis, rietveld refinement
technique using the GSAS software was also used to extract the
structural properties. The studies confirmed the formation of phase
pure kesterite for the film annealed at 550°C. The absorption co-
efficient calculated from the UV-visible spectra was found to be
~10%cm™ in the visible region and the optical band gap estimated was
1.48 eV. SEM, FESEM, Hall measurement studies were also used to
characterize the films. In the second route, CZTS precursor films dip
coated from solution containing sulphur were annealed at various
temperatures and studied the effect of sulphurization on the properties
of CZTS thin films. A band gap of 1.43 eV and absorp tion coefficient
of ~10° cm™' in the visible re gion was obtained for the film sulphurized
at 550°C. The investigations indicated optimum material properties
required for thin film solar absorber materials in the dip coated film
annealed in sulphur atmosphere at 550°C. EDXS results indicated Cu
poor and Zn rich compositions for the Cu,ZnSnS, films fabricated by

sulphurizing dip coated precursor films by two different approaches.

The fabrication of phase pure CZTS thin films by spin coating
and post-annealing/ sulphurization forms the theme of Chapter 4. As
in the case of dip coating, two different precursor solutions with and

without sulphur, were used for spin coating Precursor films were



sulphurized or annealed in three different routes. In the first method,
precursor films without sulphur (CZT) coated on pre-cleaned glass
substrates were converted to Cu,ZnSnS,; by annealing in sulphur
environment at various temperatures. No impurity phases were
detected for the precursor film sulphurized at 500°C. Elemental
composition ratios of both films were calculated and Cu/(Zn+Sn) and
Zn/Sn ratio of films sulphurized at 500°C were 1.00 and 1.16
respectively. Film thickness obtained from SEM cross section was
~1.5um. Optical absorption coefficient was ~10*cm™ in the visible
region. Optical band gap estimated was ~1.47¢V, which is quite close
to the optimum band gap energy for thin film photovoltaic cells.
Highest carrier mobility of 48.20 cm’/Vs was observed in this route. In
the second route, precursor films with sulphur (CZTS) were annealed
further in sulphur atmosphere at various temperatures to compensate
possible sulphur loss, which may occur during annealing process.
Films sulphurized at 500°C were found to be phase pure from the XRD
and Raman studies. Dense, uniform and improved crystallite structure
was obtained for the film sulphurized at 500°C. The films exhibited
optical bandgap of 1.45eV and absorption coefficient of >10°cm’". In
the third route, Cu,ZnSnS, precursor films fabricated using sulphur
containing solution were annealed in inert (nitrogen) atmosphere and
studied the effect of annealing temperature in the range 350-550°C.
Good crystallinity, dense structure, ideal band gap (1.49¢V) and good
absorption coefficient (104 cm']) were obtained for the film annealed at
500°C for 30 minutes in nitrogen. The film possessed optimum
properties required of thin film absorber. The phase pure Cu,ZnSnS,

films prepared by annealing sulphur containing precursor films in



nitrogen and sulphur environments (second and third routes) exhibited
the required Cu poor and Zn rich compositions. Hall measurement

indicated p type conduction for all films.

Chapter 5 describes the properties of CZTS thin films coated by spray
coating As in the previous cases, two different precursor solutions,
with and without sulphur, were used for spray coating The spray
coated precursor films were converted to phase pure CZTS through
three different temperature treatments. In the first approach, spray
coated CZT precursor films were sulphurized at various temperatures
and studied the effect of sulphurization temperature on their structural
and various other optoelectronic properties. The studies indicated
phase pure nature of the film sulphurized at 550°C. Sulphurization at
other temperatures resulted in the formation of secondary or ternary
phases, along with CZTS. Rietveld refinement technique was further
used to investigate the structural properties. The film thickness was
found to be ~1.9um; good surface morphology with large grains were
observed in the films sulphurized at 550°C. Band gap and absorption
coefficient were 1.47eV and 8x10*cm’ respectively. In the second
approach, CZTS precursor films prepared by spray coating were
sulphurized at various temperatures from 400C to 600 C. Though
XRD and Raman studies revealed phase pure kesterite phase at 500°C
and 550°C, better crystallinity was observed for the film sulphurized at
higher temperature. Further structural studies were carried out with
rietveld refinement. SEM image exhibited dense grain structure for the
film sulphurized at 550°C. The thickness of the film was found to be
~2um from the cross-sectional image. The absorption coefficient

estimated from UV-visible spectra was ~10°cm'in the visible region



and the optical band gap calculated was 1.49eV. In the third approach,
precursor films fabricated by spray coating were further annealed in
inert (nitrogen) atmosphere. The study indicated dense and improved
grain structure with proper phase and crystallinity for the film annealed
at 500°C. The absorption co-efficient was found to be ~10°cm’ in the
visible region and the optical band gap estimated was 1.51 eV. The
Cu,ZnSnS, absorber films fabricated in this route possesses required
photovoltaic properties. Hall measurements indicated p type nature for
all the films. The coating procedure was optimized upto a substrate size
of 2 inch by 2 inch by this technique. The spray coatingtechnology can

be easily up-scaled to any size.

Chapter 6 focuses on the fabrication of prototype CZTS solar cells
with device structure SLG/Mo/CZT S/ZnS/AZO/Ag, where SLG stands
for soda lime glass. Non-toxic ZnS was used as buffer layer instead of
the commonly used CdS. Solar cells were also fabricated with different
absorber layer thicknesses (1.8um, 2.2um and 2.7um). Photovoltaic
properties such as open circuit voltage, close circuit current, efficiency,
fill factor, series resistance and shunt resistance were measured using
solar simulator under standard test condition. The prototype cell was
fabricated without intrinsic ZnO layer and anti-reflection coating.
Highest efficiency of 3.02% was observed for cell fabricated with
lower thickness (1.8um) CZTS film. Efficiency of the cell was found
to decrease when the absorber layer thickness was increased. The
study was extended further to find out the possible reason for the
observed low efficiency of solar cell. In order to see whether the
substrates play any significant issues on the structural properties, the

films were coated on glass and Mo coated SLG substrates by spin



coating, followed by sulphurization at 500°C for 30 min. Phase purity
of these films was analyzed and confirmed by glancingincidence XRD
and Raman spectroscopy. In addition to these, the films were further
characterized with Rietveld refinement technique using GSAS
package. X2 for films on glass substrate is 1.294 and on Mo coated SLG
1s 1.256. Different structural parameters were observed for the films on
these substrates. The study indicates that it is important to optimize the
properties of CZTS film on Mo coated SLG substrate separately,
without following the same preparation conditions used for coating

film on glass substrates.

Chapter 7 concludes the major findings of the thesis work to fabricate
phase pure Cu,ZnSnS, thin films through solution based approaches.
Also, proposed future direction of the research work to be

implemented to improve the efficiency of solar cell.
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Chapter 1
Inroduction and Motivation

1.1 Energy Resources

Energy is necessary to sustain everything in the universe.
Energy resources have been divided into two: renewable and non-
renewable. Entire world depends mainly on non-renewable energy
resources. A non-renewable resource has economic value that cannot
be readily replaced by natural means on a level equal to its
consumption. Most fossil fuels, such as oil, natural gas and coal are
considered non-renewable and their use is not sustainable since their
formation takes billions of years. Fossil fuels being used today were
formed hundreds of millions of years ago during the carboniferous
period [1,2]. It is hard to meet energy needs of future with the available

non-renewable energy sources.

Non-renewable sources also have a large negative effect on the
environment when mined, extracted and consumed. Coal processing
plants leach toxic materials into groundwater, while gasoline burnt in
combustion engines emit carbon dioxide and other pollutants
contributing to global climate change. Natural gas is mainly methane,
as a greenhouse gas, it is twenty times more effective in trapping heat
in the atmosphere than carbon dioxide. Hence we need to move
towards renewable energy resources and this indicates the importance

of effective energy conversion control, including power generation
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from renewable and environmentally clean energy sources, in view of

rising energy demand [3,4].
1.2 Energy Crisis

Energy crisis 1s the concern that the world’s demands on the
limited natural energy recourses that are used to power industrial
society are diminishing as the demand increases [5]. The world uses
energy at the rate of ~4.7x10%° J/iyear (2012 report), which is
equivalent to 15 terawatts (TW) [6]. World population is increasing
exponentially and the energy demand is also increasing. The forecast is
that by the end of 2025 energy demand will become ~30TW [7-10].
The energy demand is at present satisfied by fossil fuels, mainly coal,
oil and natural gases. As pointed out, natural non-renewable resources
are limited in supply. Renewable energy sources such as solar, wind,
hydropower, biomass etc., are constantly replenished and will never
run out. In order to address the energy crisis problem, it is necessary to
find and exploit clean and environment friendly renewable energy
sources. Among the renewable energy sources, solar energy is one of
the most abundant and clean source of energy. Energy from the sun
captured by the earth is about 1.8x10" MW, which is larger than the
present energy consumption for a year [11]. The main advantage of
solar power as energy source is that it can be easily deployed by both
home and business users as it does not require any huge machinery or
other set up like in the cases of wind or geothermal power. Solar

energy benefits not only individual owners, but environment as well.

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications
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1.3 Solar photovoltaic technologies

Solar energy is the powerful renewable source and the energy
falls from the sun on the earth in day is enough to use everyone in the
world in one year [4,12]. It can be used directly or indirectly for energy
generation. Photovoltaic is the direct conversion of photons in to useful
forms of energy (mainly in the form of electricity), using
semiconductor materials that exhibit photovoltaic effect [4]. The
photovoltaic effect was first introduced by A. E Bacquerel in 1839
[13,14]. After a long research in this field, researchers could convert
photon into electron (light into electricity). Mainly, solar cell is a p-n
junction under illumination. The operation of a photovoltaic cell or

solar cell requires three basic attributes,
e Excitation of charge carrier

When solar cell is illuminated under sunlight, free electrons or
holes in the ground state (valance band) absorbs light energy and goes
to its higher energy levels (conduction band) and thus free them. Light

absorption on both regions will cause production of electron-hole pair.
e Separation of charge carrier

Light absorption increases electron density in p region and hole
density in n region [4]. Excited charge carriers were separated at the p-
n junction by drift mechanism. Drift and diffusion are the two major
mechanisms in a p-n junction. Minority carriers, electrons, in n side
drift in to p side and minority holes in 7 side drift in to p side through
the junction [4].

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications
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e (Collection of charge carrier

Separated electrons and holes move through front and back

contacts and power the external circuits.

Competitive materials are already in market with good
performance, however there are rooms for novel materials with high
efficiency and certain other materials with low cost. In p-n junction
solar cell, absorber material is the heart of it, where the main part of
electron- hole pair production takes place [4]. Solar cells are named on

the basis of its absorber material. For example, Si, CdTe, CIGS, etc.
1.4 Solar cell dassification

Solar cells are generally classified into three types based on the
technology adopted; they are silicon based, thin film, and organic and
chemical solar cells [15]. Fig. 1.1 shows the classification of solar cells

on the basis of technology and materials.

’ Solar cell |
l

\ Silicon Crystal ’ l Thin film ‘ ‘ Organic & chemical ‘

L.

Mono Silicon Amorphous Silicon DSSC ‘

Poly Silicon CdTe Organic/Polymer

GaAs

I

CIS/CIGS

CZTS

Fig. 1.1 Classification of solar cells

ﬂ Preparation and characterization of solution processed Kesterite CuzZnSnSy
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1.4.1 Silicon based solar cells

Silicon is group IV element in the periodic table and has certain
special propertties. Atomic number of silicon is 14 and its outer orbit
contains 4 valance electrons. The four electrons in its valance shell
shares with other Si atom and forms crystalline structure. The
crystalline structure turns out to be important for photovoltaic
applications. Pure crystalline silicon is an intrinsic semiconductor and
proper doping can turn the material to n type or p type semiconductor.
The first practical solar cell developed in 1954 at BEL laboratory in
United States was based on Si [11]. In 1950’s, solar cells are used for
space application to generate electricity. Crystalline silicon solar cells
are used later for home and industrial applications due to dramatic
improvement in the silicon manufacturing process. Silicon solar cells
are available in two types, with mono-crystalline silicon (single

crystal) and multi-crystalline silicon (poly-crystalline).

(a) (b)
Fig. 1.2 A moncrystalline (a) and a polycrystalline (b) solar cell [16]

Single crystal solar cells are relatively expensive, since it uses

thick Si wafers but they are high efficient devices. One of the major

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications
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issues of Si absorber is its indirect band gap, it shows lower absorption
coefficient in the visible region of solar spectrum [4,16]. Thick Si
wafer (~230um) is required to absorb most of the incident photons, due
to its lower absorption coefficient. Higher thickness of the device
increases material usage and thus requires high production cost.
Monocrystalline Si wafers are made by wire cutting of Si ingots.
Czochralski process was used to grow Si ingots [17]. The highest
efficiency reported in laboratory for a single junction crystalline solar
cell with inter-digitated back contact is 26.7+0.5 under standard test
conditions [18]. In the case of industrially sized silicon wafers,
Panasonic Japan certified an efficiency of 25.6% [17]. As a resul,
silicon technology rules the entire solar cell industry for more than 30

years.

Silicon single crystals are produced through a complicated
process [18]. Major cost of silicon cell comes from the wafer
production cost. To reduce production cost, polycrystalline Si (p-Si)
are also used by compromising on efficiency. Polycrystalline Si wafers
are made by cutting of cast Si blocks [19,20]. Grain and grain
boundaries in p-Si reduce the life time of electron-hole pair, which
drops open circuit voltage (V,.) of the cell. The larger the grain size the
larger the V.. Polycrystalline Si solar cells are already in the market.
The highest conversion efficiency reported for p-Si solar cells is 21.9%
with an active area of 4cm’ under standard test condition [21]. Fig 1.2

shows the images of monocrystalline and polycrystalline solar cell.

E Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications
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The material wastage during wafering can be avoided by
directly preparing silicon in the form of ribbon or sheets [22]. When
compared to other silicon processing techniques, this method reduces
the production cost considerably. Several approaches were
imp lemented to produce silicon wafers in the form of ribbon or sheets.
Edge-defined film-fed growth (EFG) is the most successful growth
technology implemented for commercial production of silicon

ribbon/sheets [23,24].
1.4.2 Thin Film Solar cells

Thin film solar cells are considered as second generation solar
cells. Thin films are layer of material having thickness in the range of
few nanometers to few micrometers. Cost of solar cell reduces when
thickness of layers are decreased. Absorption coefficient of the
material, which is the measure of the fraction of incident light energy
absorbed per unit mass or thickness of an absorber layer, defines the
thickness of the absorber layer [4,16]. In the case of crystalline silicon
based solar cells, absorption coefficient of the material is very low due
to its indirect bandgap. Hence, this open up a new door to the area of
novel absorber materials with improved material properties. Currently
thin film solar cells are commercialized with four different types of
absorber materials, they are CdTe, CIGS, GaAs and amorphous silicon
based solar cells [3,4,16,20].

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications
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1.4.2.1 Amorphous Silicon

Absorption characteristics of silicon is changed by eliminating
its crystalline lattice structure (non-crystalline silicon) [11,23,25]. This
new material is called amorphous silicon (a-Si) [23]. a-Si is different
from crystalline silicon, with increased absorption coefficient,
increased band gap (from 1.1eV to 1.7eV) and improved electrical
properties [4,11,23]. The improvement in absorption characteristics of
silicon helps to reduce to its thickness to few microns [16,25]. Due to
its amorphous nature, recombination loss in the p-n interface is higher;
in order to reduce recombination loss, the amorphous solar cell
employs p-i-n structure. A thick intrinsic film (i layer) is placed in
between thin p layer and n layer. Fig. 1.3 shows typical structure of
amorphous silicon based solar cell. The built in electric field controls
the charge carrier transport in the intrinsic layer [25]. Solar cells are
stacked to improve the efficiency. The highest conversion efficiency
reported by Matsui et al. [21] for amorphous Si solar cell is 10.2%. An
attractive roll-to-roll process has also been developed for the

manufacturing of a- Si solar cell.

The main issues of a-Si solar cell are its low efficiency and also
the degradation of cell efficiency after continues use. Solar cell
efficiency is degraded about 20% of its initial value by illuminating the
solar cell continuously for a long time [25]. It is needed to adopt
complicated manufacturing processes in order to fabricate multilayer

stacked structure.
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Fig. 1.3 p-i-n solar cell structure with a-Si
1.4.2.2 Cadmium telluride solar cell

CdTe is the most attractive compound semiconductor
photovoltaic material. CdTe has direct band gap in the range 1.4-
1.5eV, considered as the optimum value for a single junction solar cell
[25]. High absorption coefficient of CdTe absorber controls its
thickness to ~1um. CdTe technology has been demonstrated with low
cost cost/watt among all the photovoltaic technologies. » and p type
conductivity in CdTe has been obtained by doping or non-
stoichiometry [26]. CdTe is a stable compound and different methods
were already adopted for fabricating CdTe solar cells [26]. Fist CdTe
solar cell was made by a three step process including high temperature
vapour phase deposition and reported a conversion efficiency of 6% in
1972 [27]. Different techniques were tried later and improved the
conversion efficiency up to 21% [25-27]. Fig. 1.4 shows the schematic

diagram of CdTe solar cell. The main difference between CdTe cells
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with other thin film solar cells is that CdTe solar cells are
manufactured in superstrate configuration. The term superstrate refers
to a configuration, where the substrate is a supporting structure and
also acting as window for the illumination. In this configuration, the
substrate is "above" the actual solar cell. If the glass is placed bottom
of the solar cell (only act as a supporting structure), then it refers as

substrate configuration [4,16,28].

—@Glass

/CdTe

—— CdS Bufter
—SnO2

1 — Metal contact

Fig. 1.4 Schematic diagram of CdI e solar cell

Along with these advantages, CdTe solar cells have certain
disadvantages also. Cd is a heavy metal and the abundance of Te in
earth crust is low, only 0.001 ppm [27]; in view of this, the production

of CdTe solar cell in large scale is limited.
1.4.2.3 GaAs solar cell

Amongst different solar cell materials and technologies GaAs
solar cells are receiving more attention worldwide. Highest efficiency
reported so far is for GaAs absorber layer [21, 29]. Technologies
currently used for space application and concentrated solar cells are

based of gallium arsenide. It has a direct band gap with 1.42 eV. The
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theoretical conversion efficiency predicted for GaAs solar cell is about
33% [29]. The highest efficiency reported for GaAs thin film solar cell
1s 28.8% [21]. Due to its tunable band gap property, GaAs can be used
in multi-junction solar cell for proper bandgap utilization [30].
However, due to limited availability, the element Ga has high material
cost. Hence, the multi-junction GaAs solar cells are used for specific

high end applications.
1.4.2.4 CIGS solar cell

Copper indium selenide (CulnSe, or CIS) is I-1II-VI ternary
compound and crystallizes in tetragonal chalcopyrite structure [31,32].
CIS is a direct bandgap semiconductor with band gap energy of
1.04eV. Kazmerski et al. [33] demonstrated first CIS/CdS solar cell
with a conversion efficiency of 4-5% by evaporating CulnSe powder in
the presence of excess Se vapour. The real breakthrough began after
alloying CIS with Ga, [31]. Cu(In,Ga)Se, (CIGS) is a compound
semiconductor with ideal bandgap and high absorption coefficient
[31,32]. Typical CIGS is heterogeneous and hence the physical
properties of this material is rather complex. The parent compounds in
the system are CulnSe, (Eg=1.04eV), CulnGaSe, (Eg=1.5¢V) and
CuGaSe, (Eg=1.7eV); the possible materials in this system cover a
wide range of bandgap and lattice constant [34,35]. It is a direct band
gap semiconductor and has large absorption coefficient; thickness in
the range 1-2um is sufficient to absorb all the incident photons.
Typically CIGS is seen in polycrystalline alpha phase (Fig. 1.5). The
band gap of the material can be varied 1 to 1.7eV by changing In/Ga
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ratio in Culn,Ga;,Se (x=0 to 1) [34,35]. CIGS is a p type
semiconductor, intrinsic defect Cu vacancy in the crystal make the

material p type [31,36].

Hahn et al. [37] first reported CISe material in 1953 with band
gap of 1.04eV. In 1981 Mickelson reported an efficiency of 9.4% for
the film deposited by co-evaporation from elemental sources [38].
After this, CIS solar cell had greater impact in thin film solar cell
industry. Fig. 1.6 shows the typical structure adopted for CIGS solar
cells.

Gy G fgse
Fig. 1.5 Crystal structure of tetragonal chalcopyrite CIGS unit cell [31]

In the basic structure, molybdenum coated soda lime glass
(SLG) substrates were used as back contact, then p type absorber film
is deposited on this M o substrate to make good ohmic contact. Several

deposition techniques were developed for coating CIGS [31-38]. To
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make p-n junction, very thin layer of n type CdS layer is normally
deposited by chemical bath deposition on to the CIGS film. This layer
is also known as buffer layer [33]. An intrinsic ZnO layer is then
deposited over this n type film. Finally, Al doped ZnO film is coated,
which act as the top contacting electrode. Several modifications were
carried out by different groups and a few other layers were also
included in this structure to improve efficiency [31-38]. Ga/(In+Ga)
and Cu/(GatIn) ratios have to be around 0.26 and 0.88-0.92
respectively, to obtain higher efficiency [31]. Change in ratios is found
to increase number of defects in the crystalline lattice [36]. Leading
solar cell manufacturing company “Solar frontier” reported CIGS solar
cell with 22.8% efficiency; however in the case of commercial
modules the efficiency is only 16% [31]. A large difference in terms of
efficiency is existed between laboratory cells and commercial modules.
In large scale production, the efficiency decreases due to the
differences in the growth kinetics [16,31]. In addition, there are a few

issues in CIGS solar cell production, such as

4TCO Layer (AZO)

«1-Zn0 layer

<Window layer / n layer
(CdS)

< Absorber Layer (CIGS)

<Back Contact (Mo)

< (Glass substrate

Fig. 1.6 Schematic diagram of CIGS solar cell
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1) Large scale production of CIGS solar cell is limited due to the

availability of indium and gallium.

2) CdS is used as a buffer layer in CIG S solar cell. Disposal of Cd

containing product causes adverse effect in environment.

3) Module efficiency in large area cell is limited to 16%, hence

the cost/watt ratio is increased.

4) Encapsulation of CIGS solar cell is one the major problem.

CIGS materials are highly sensitive to moisture.
1.4.2.5 CZT(S,Se) solar cell

The I-II-IV-VI quaternary compound, kesterite Cu,ZnSnS,
(CZTS), is a promising absorber material for low-cost thin film solar
cells. This material is having a band gap of 1.4 - 1.5eV and absorption
coefficient of >10* cm™ in the visible region [39-43]. CZTS based
solar cell is expected to have a theoretical efficiency of more than

30%, and is being extensively investigated in recent y ears.

One can obtain CZTS from the chalcopyrite CIGS, by
substituting the trivalent In/Ga with a bivalent Zn and tetravalent Sn.
Each components of CZTS is abundant in earth’s crust (Cu: 50ppm,
Zn: 75ppm, Sn: 2.2ppm, S: 260ppm) and these elements possess
extremely low toxicity [6,39,40]. On the other side, in the case of
CIS/CIGS, the abundance of indium and selenium in the earths crust

are very low [6].

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Introduction and Motivation

‘/i Ag collection grid (1pm) |

Hl | n ]
700nm I—f- AZ0O Top Contact
‘*I n layer (CdS-60nm) |
CZTS Layer
Mo back Contact
Glass Substrate

Fig. 1.7 Schematic diagram of a Cu,ZnSnS, solar cell.

Fig.1.7 represents a typical CZTS solar cell. The substrate in
the figure is glass, it can also be a flexible plastic substrate [44]. p-n
junction is formed by combining p type CZTS layer and n type CdS
layer and the junction is sandwiched between the bottom (Mo metal
contact) and top electrical contacts; top contact consists of an n-type
Al-doped ZnO contact, and patterned metal electrode provides contact
to the external circuit. An antireflective coating is also used in this type
of cells. All these layers contain abundant elements and can be
deposited using thin film technologies. Highest conversion efficiency
reported for CZTSSe solar cell is 12.6% by IBM [45]. The research
area of this work is based on CZTS absorber and will be discussed

later.
1.4.3 Organic and chemical solar cells

Several photovoltaic technologies have emerged that have high
potential, such as dye sensitised solar cells (DSSC), organic solar cells,
perovskite solar cells, quantum dot solar cells [21-26]. These solar

cells have advantages and certain disadvantages.
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1.4.3.1 Dye sensitised solar cell

Michael Gratzel in 1990s demonstrated inexpensive and easily
producible devices that can harvest electricity in appreciable quantity
[46]. These are known as dye sensitized solar cells (DSSC). A typical
DSSC has a sandwich structure; a dye sensitised semiconductor with
electrolyte is placed between a transparent conducting electrode and a
counter electrode [46, 47]. The mainly used counter electrode is
platinum, which has high conductivity and electro-catalytic activity.
But Pt is scarce and expensive, which makes solar cell expensive. The
highest certified conversion efficiency reported for DSSC is around
11.9% [48]. A few companies, eg. Solaronix, Fujikura, commercialised
DSSC technology. The main advantage with this technology is its
ability to integrate in various part of buildings shell, not just the roof
top [46,48]. The main issue which limit the production of DSSC is the
dyes used in the cell. Commonly used dyes are ruthenium complexes

which is corrosive, volatile, and issues with long term stability [46,47].
1.4.3.2 Organic solar cell

Organic solar cells are thin, light weight and flexible. They are
mainly a mixture of light sensitive polymer and fullerene like
compounds to absorb light [49]. Highest conversion efficiency
reported for organic solar cell is 11.5% [50]. Solar manufacturing
companies tried to make flexible solar panels for portable powering
applications [11]. Similar to valance band and conduction band in

inorganic semiconductor materials, organic materials have LUMO
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(lowest unoccupied molecular orbital level) and HOMO (highest
occupied molecular orbital level) levels [51]. The difference between
HOMO and LUMO is referred to as band gap of organic material and
is typically in the range of 1-4eV [49,51]. The main disadvantages with
organic solar cells are low efficiency, stability, toxicity and

reproducibility [11,51].

1.4.3.3  Perovskite solar cell

In the recent years, perovskite solar cells made remarkable
advances in the field of photovoltaics. The highest conversion
efficiency of 22.1% is reported under laboratory conditions [26].
Perovskite materials have ABXj; structure, where A is an organic
cation, B is an inorganic cation and X is a halide [26,51]. Band gap of
these materials can be tuned from 1.6eV to 3.2eV [52-54]. The main
advantages are low material cost, band gap tunability, low
recombination losses and higher carrier diffusion length [51,52]. M ost
studied example of perovskite material is (CH;NH;)Pbl;, which absorb
light and produce electron-hole pair [20]. The main disadvantages with
perovskite materials are use of toxic Pb, instability of material, highly
sensitive to moisture, lack of fill factor due to non-uniformity in
absorber layer, etc [26]. It is necessary to carry out further research in
this material to address all those issues. Perovskites are expected to

make breakthrough in the solar cell industry.

1.4.3.4  Quantum dot solar cell

Quantum dot solar cells are the low cost emerging technology.

Quantum dot photovoltaics use metal chalcogenide nanocrystals as
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light absorbing material [21]. M ainly used nanocrystals are CdS, CdSe,
PbS, PbSe etc [51]. Du et al. reported [55] highest conversion
efficiency of 11.6% for colloidal quantum dot solar cell. The main
advantage with quantum dot solar cell is the easy of manufacturing
process. Roll to roll printing techniques can be implemented for solar
cell fabrication. Usage of Cd and Pb are restricted the research in the
field of quantum dot solar cells [11,54]. A new approach developed by
Du and his co-workers gives further attention in quantum dot solar
cells [55]. They developed quantum dot solar cell by using less toxic

Zn-Cu-In-Se, with highest conversion efficiency.
1.5 Kesterite (Cu,ZnSnS 4) absorber

Kesterite is a chalcogenide mineral from Kester (place in
Russia) deposit with chemical formula Cuy(Zn,Fe)SnS, [56,57]. In the
mineral form of kesterite, Zn and Fe atoms share the same lattice site
[58,59]. CuyZnSnS, and Cu,ZnSnSe, are the synthetic form of
kesterite mineral. There are in general three types of kesterite
absorbers, Cu,ZnSnS; (CZTS), CuyZnSnSe; (CZTSe) and
Cu,ZnSn(S,Se), (CZTSSe) [60,61]. Copper zinc tin sulphide (CZTYS),
kesterite, is a well known absorber material for photovoltaic cells
because of its optimum band gap of 1.5eV and high absorption
coefficient (>104cm'1) [57,60,61]. They exist in two forms, Zn rich
mineral is called kesterite and Zn poor mineral is called stannite [56-
58]. Kesterite is also called isostannite, because kesterite and stannite
are structurally similar. Due to the structural similarities of CZTS with

CIGS, researchers are interested in this material also. As described
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earlier, chalcopyrites based CIGS already demonstrated with higher
efficiency (22.8%) for laboratory scale and with 16% for production
scale. As pointed out, large scale manufacturing of CIGS solar cell is
limited due to the scarcity of indium and gallium. Cost of indium is
very high due to the demand from display industry. Table 1.1 shows
the abundance and price range of major elements used in electronic
industries (the price as on 2017 October and the abundance as on 2007
April). As seen in the table, the abundance of In and Te are very low

compared to the other metals.

Table 1.1 Abundance of elements and its price list

Element | Price (USD/Kg)* | Abundance in earth crust (in ppm)
Copper 6.504 68
Zinc 3314 79
Tin 20.954 22
Sulphur | --—- 420
Selenium 319670 0.05
Indium 2000000 0.160
Cadmium 1.8739 0.15
Tellurium 400000 0.001

(Source: "Abundancein Earth's Crust". WebElem ents.com. and prize
list as on 4th Oct 2017; * from http://mineralprices.com/)

Those emerging photovoltaic technologies, which use earth
abundant and non-toxic materials are more attractive now a days. As
shown in the table, the constituent elements in CZTS are earth
abundant with low cost. As per Shockley-Queisser photon balance, the

theoretical conversion efficiency of CZTS(Se) solar cell is 32.2% [62].

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications




Introduction and Motivation

Due to the admirable propetties, kesterite compounds are promising

candidate for photovoltaic applications.
1.5.1 Crystal structure

The two CZTS crystal structures reported, kesterite and
stannite, are difficult to distinguish due to similar crystallographic
structure. Fig. 1.8 shows kesterite and stannite crystal structures for
CZTS drawn with PowderCell software using their mineral data [56].
The difference between these two phases is in the distribution of

cations in the tetrahedral voids [56-58, 60,61].
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Fig. 1.8 Kesterite and Stannite crystal structure for CZT S. Structures drawn
with PowderCell (V 2.4) Software [63]

These two structures are derived from basic chalcopyrite structure. In
CIGS, half of the In replaced with Zn and another half by Sn to form
CZTS. Kesterite and stannite are structurally similar but they differ in

its space group [60,61]. Kesterite has a space group of 14 (S.G No 82)
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while stannite has space group of I42m (S.G No 121) [60,61,64].
Stannite structure consists of a layer of copper alternates with layer of
zinc and tin, zinc and tin switch their position layer by layer [56,65].
Kesterite structure consists of two alternating cation layer, each
containing Cu and Zn or Cu and Sn along the c axis [65]. Due to the
structural similarities and iso electronic nature of Cu’ and Zn2+, it is
difficult to differentiate these two phases by X-ray diffraction
techniques [61]. Neutron diffraction and Raman spectroscopic

technique are more useful in this case [61,64].

There is a probability to co-exist kesterite with stannite phase
during crystallization process; there is only a small difference in lattice
parameter for both phases [61]. Recent works in this area predicted that
kesterite structures are dominant at temperature below 876°C, and that
the kesterite structure are thermodynamically more stable than the

stannite phase [65-70].
1.5.2 Phase Diagram

Several vacuum and solution based techniques are used for
coating CZTS thin films [71-90]. Most of these articles are describing
the phase purity of CZTS thin films. It is extremely difficult to form
quaternary semiconductor in single phase [69]. Phase diagrams are
helpful to identify the possible secondary or ternary phases. Fig. 1.9
shows ternary phase diagram for CZTS formation [71]. Abermann
constructed CZTS phase diagram including expected secondary phases
[71]. The phase diagram is constructed in such a way that it is valid at

400°C. Sulphur concentration is assumed to be 50%. As seen in the
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phase diagram, CZTS is formed only at specific points, outside this

region it coexists with other secondary or ternary phases.

In the case of CZTS formation, only 1-2% deviation from the ideal
stoichiometry is allowed, compared to other chalcopyrite systems,
where up to 4% deviation is acceptable [71,72]. Hence the formation
of this compound in single phase is an exciting challenge. In this
connection, phase diagram can be used for better understanding of

secondary phases.
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Fig. 19 Ternary phase diagram exhibiting CZTS formation including
expected secondary phases [71]
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1.5.3 Secondary or ternary phases

Presence of secondary or ternary phases in CZTS absorbers
greatly deteriorates cell performance [71]. Generally observed phases
are ZnS, SnS,, Cu,SnS;, Cu,S, SnS, etc. High efficiency CZTS solar
cell reported so far were slightly off-stoichometric [73]. The
stoichometry ofthe CZTS composition is mainly analysed based on the
Cu/(Zn+Sn) and Zn/Sn ratios. Comp osition ratios for the high efficient
CZTS solar cell reported by Katagiri et al. were Cu/(Zn+Sn)=0.87 and
Zn/Sn=1.15 [73]. Cu poor Zn rich conditions are more favourable in
CZTS crystal, this point will be discussed in detail in section 3.1.6 of
this thesis. However, deviation from stoichiometry may lead to
secondary phases. The secondary phases in CZTS absorber create
shunting current path and/or act as recombination centre [74-79].
Secondary phases affect energy band gap of the material and limit the
open circuit voltage of cells [80]. Hence a detailed balance in
stoichiometry and proper identification of secondary or ternary phases
is important to obtain phase pure CZTS absorber films with optimum

photovoltaic properties.
1.6 Kesterite (Cu,ZnSnS,) - a review

This direct band gap, p type, less expensive, non-toxic
semiconductor has recently received wide attention as absorber layer in
thin film solar cells. Nitche et al. in 1966 developed quaternary CZTS
material via iodine vapor transport [81]. Ito and Nakazawa in 1988

reported formation of CZTS and they verified its potential as a thin
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film absorber material [82]. Several types of growth techniques were
adopted for CZTS absorber layer coating after this report.

Katagiri in 1997 introduced first vacuum based CZT S solar cell
with 0.66% efficiency [83]. Generally vacuum based techniques give
higher device performance compared to solution based approaches [21-
25]. However, record efficient devices are developed by solution based
approaches for CZTS solar cells from 2009 onwards. The current
record efficiency of 12.6% was reported in 2013 for CZTSSe solar cell
using solution approach with hydrazine, and the absorber used in this
cell was in Cu poor and Zn rich condition [45]. In the last few years,
several approaches were tried to coat phase pure CZTS thin film and to

develop solar cells exhibiting higher efficiency.
1.6.1 CZTS thin film by vacuum based approaches

Vacuum techniques include sputtering, thermal evaporation,
pulsed laser deposition chemical vapour deposition etc. Several
parameters are to be controlled depending on the technique to obtain
desired stoichiometry andphase purity. In general, two approaches are
used for CZTS thin film preparation, (i) formation of CZTS by single
step process; this process is more preferable because CZTS film is
formed in a single equipment [84] and (ii) In this case, in a two step
process, a post annealing treatment is required after coating CZTS
precursor film [83]. In 1997, Katagiri et al. prepared CZTS thin film
via vapour phase sulphurization of electron beam evaporated precursor

film, and reported a conversion efficiency of 0.66% with
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ZnO:Al/CdS/CZTS/Mo/SLG device structure [83]. The same group in
2001 improved the conversion efficiency to 2.63% [85], in 2003 to
5.45% [86] and in 2008 to 6.7% [87]. The group made a remarkable
contribution in the field of CZTS solar cell fabricated by vacuum based
technique. Both co-sputtering and CZTS single target sputtering were
used for coating CZTS thin film.

CZTS sputtering target is suitable for large area manufacturing
process and also useful for depositinghigh quality of CZTS thin films.
In sputtering process with single stage CZTS target, composition
deviation can be minimised; this approach was proposed by Kusano et
al.[88] This is relatively simple, cost effective and can be used to coat
film over large area. Lin et al. [89] and Sun et al. [90] studied the effect
of stoichiometry in CZTS thin films and obtained higher efficiency of
5.2% by varying stoichometric ratios. Nakamura et al. compared CZTS
thin film obtained by co-sputtering and single target sputtering and
found that both films exhibited similar properties at 500°C
sulphurization temperature [91]. Wanget al. prepared absorber film by
prolonged sulphurization of stacked precursor layers, but observed
cracks and small holes on the grain boundaries due to the evaporation
of Sn [92]. He demonstrated a method to reduce Sn evaporation by
annealing metal stacked precursor before sulphurization. Gang et al.
introduced another method to avoid Sn loss during sulphurization by
increasing sulphur partial pressure [93]. Feng et al. fabricated CZTS
thin film solar cell with conversion efficiency of 8.58% by co-
sputtering and sulphurization [94]. The highest conversion efficiency

reported so far by sputtering techniques is also based on this method.
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Tajima et al. reported the highest conversion efficiency of 9.4% for
CZTS cell by co-sputtering of metal targets followed by sulphurization
in H,S atmosphere [95]. There are several articles that studied the

different p arameters that control CZTS film properties [96].

Schubert et al. in 2011 [97] reported 4.1 % efficient CZTS solar
cell by co-evaporation of ZnS, Sn, Cu and S sources and the process
was performed at substrate temperature of 550°C and with sulphur
partial pressure of 2-3x10"Pa. Repins et al. [98] in 2012 demonstrated
CZTSe solar cell with 9.15% efficiency by co evaporation method.
They adopted standard CIGS coating procedure and changed In and Ga
shots with Zn and Sn. This is the highest conversion efficiency
reported so far by co-evaporation method. Higher efficiency of 8.4%
was reported by shin et al. by growing CZTS film using co-evaporation
followed by sulphurization [99]. Mise et al. [100] studied the effect of
Na incorporation in the device fabrication and studied its effect on
efficiency. Both selenization and sulphurization effects were studied
by Gao et. al. [101] and observed significant effect of temperature and
atmosp here on the morphology and crystallinity of CZTSe films.

Pulsed laser deposition is another major technique used for
coating CZTS film. Phase pure CZTS target is required for PLD
technique and further processing is also required to improve the
crystallite properties. 5.85% conversion efficiency is reported for cells
with PLD coated CZTS film [102]. Several studies are made by
various groups using this technique [103]. Vanalakar et al. [104]
studied the effect of annealing atmosphere on the properties of PLD
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deposited CZTS film. Mohoikar et al. [105] studied the effect of
variation in compositional ratios and reported how this affects the
film’s structural, electrical and optical properties. Byeon et al. [106]
studied the influence of deposition time on the structural and optical
properties of CZTS film deposited by PLD. CZTS thin films fabricated
by PLD technique were also used for DSSC application [107]. The
group replaced the conventionally used Pt electrode by CZTS film.

1.6.2 CZTS thin film by non-vacuum approaches

Record conversion efficiency of 12.6% has been reported using
by cheap and economic solution based technique [45]. It demonstrates
the importance of solution based routes for CZTS thin film solar cells
development. M ajor non-vacuum approaches include spin coating, dip

coating, spray coating etc. Non-vacuum based approaches are cost

effective; consume very less energy and give uniform films.

Several studies using solution based methods are available in
literature [21,26,62]. Wang et al. reported 12.6% efficiency CZTSSe
thin film solar cell by spin coating of hydrazine based precursor
solution [45]. Tanaka et al. developed CZTS film by sulphurizing spin
coated precursor film containing Cu, Zn and Sn [108] and studied its
pre-annealing effects. In another article, Yeh et al. [41] prepared CZTS
films using thiourea as sulphur source and metal chlorides in de-
ionized water/ethanol, and studied the effect of annealing in air in the
temperature range 160°C-320°C. Fischereder et al. [42] prepared
CZTS thin films using thioacetamide as sulphur source, and dissolved

metal salts in pyridine. The group studied the effects of annealing in
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vacuum and concentration of thioacetamide in the precursor solution
on the structural, surface morphological and optical properties of
CZTS thin films. Kahraman et al. [43] prepared CZTS thin films using
thiourea, but sulphurized again in elemental sulphur atmosphere to
tolerate sulphur loss during annealing. M ost of the works done so far
were by spin coating [109]. However, for bifacial solar cell
applications, the most widely used technique is dip coating this route
helps to deposit films on both surfaces simultaneously. Only a few
groups investigated the potential of CZTS prepared by dip coating for
bifacial solar cells applications [110-114]. Tapas Kumar et al
deposited phase pure CZTS films by dip coating from methanolic
solution of metal-thiourea complex [110]. Yuxin et al. coated CZTS
films by this route using ethylene glycol and metal-thioacetamide
system [111]. Ferhat et al. studied the influence of pH on structural,
optical and electrical propetties of CZTS absorber film coated by dip
technique [112]. Patel et al. prepared CZTS thin films by dip coating
using thiourea as the sulphur source and investigated the effect of
annealing in sulphur atmosphere at different temperatures [113]. In

bifacial device configuration, Ge et al. [114] reported a conversion
efficiency of 3.4%.

Among the non-vacuum techniques, spray pyrolysis is the
easiest method for large area deposition. Nakayama and Ito reported
fabrication of sprayed films of Cu,ZnSnS, for the first time in 1996
and the raw materials used were chlorides and thiourea [115]. They

dissolved precursors in deionised water and sprayed onto the soda lime
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glass substrate heated by a nichrome heater indirectly. Later, several
groups investigated the effects of various parameters, such as substrate
temperature, pH of the solution, etc [116-122]. In another work,
Rodriez et al. sprayed films with CuCl,, Zn(CH;COO),.2H,0, SnCly
and SC(NH,), precursors in an Ar/Ar+H, atmosphere followed by
annealing in sulphur atmosphere [116]. Certain groups reported the
deposition of CZTS using chloride precursors and annealing in
different sulphur environments [116,118,119]. Tanaka et al. reported
annealing of the CZTS thin films by placing precursor films of Sn and
S face to face during the annealing process to suppress the evaporation
of S and Sn [123]. Highest conversion efficiency of 8.1% is reported
by Nguyen et al. for spray coated CZTS film with Cu poor and Zn rich

composition [124].

Screen printing is another type of large area thin film coating
technique. Zhoue et al., fabricated CZTS thin film by screen printing
technique on polyamide substrate and fabricated solar cell with
conversion efficiency of 0.49% [125]. Kermadi et al., used ultrasonic
spray pyrolysis technique to coat CZTS film and studied its Cu content
and sulphurization process [126]. In another work, Araki et al.,
prepared CZTS film by sulphurizing electroplated precursors and
studied the effect of sulphurization temperature [127]. Saraswat et
al.,[128] and Pawar et al.[129] studied the properties of
electrochemically deposited CZTS thin films.
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1.6.3  CZTS nanoparticles synthesis

In an another approach in non-vacuum based technique uses
CZTS nanoparticles prepared by solution routes [130-133]. Synthesis
and characterization of semiconductor nanoparticles has generated vast
amount of interest in recent years due to their attractive propetties. Guo
et al. prepared CZTS nanoparticles by hot injection method for using
as an absorber material [132]. Kameyama et al., synthesised CZTS
nanoparticles by thermal reaction of metal acetate with elemental
sulphur in an oleylamine solution at different temperatures [133].
Using CZTS nanoparticles, Guo et al., constructed CZTSSe solar cell

with conversion efficiency of 7.2% [131].
1.7 Objectives of the Thesis

It is clear that there are issues of long term sustainability in
terms of cost and availability for the CdTe and CIGS based PV
technologies. It is in this context, investigations have been initiated all
over the world for an alternative non-toxic absorber material.
CuyZnSnS; (CZTS) and CuyZnSnSes; (CZTSe) are two promising
absorber materials for thin film photovoltaic cells due to their p- type
nature, high absorption coefficient (>1O4cm'l) and optimum direct
band gap (~1.5eV). CZTS consists of earth abundant, non toxic and
inexpensive elements. Even with these ideal characteristics, the CZTS
cells reached only 9.1% efficiency so far. There are wide variations in
CZTS solar cell efficiencies reported so far. The low device efficiency

in CZTS solar cell may be due to the difficulty in forming CZTS in
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single phase. In view of this, a detailed study on absorber film
fabrication is important. Technology Information, Forecasting and
Assessment Council (TIFAC) in its report projected development of
CZTS thin film technology with efficiency 15% and above as one of
the major R&D thrust areas, which need to be undertaken by Indian
R&D fraternity to make India a leading nation in photovoltaic

technology and its applications [10].

Various approaches were made by different groups on vacuum
and solution based techniques. In this work, simple and cost effective
solution based techniques were used for preparing phase pure CZTS
absorber films. The films were coated on glass substrates by three
different solution based techniques (spin, dip and spray coating). After
coating precursor films by these techniques, the films were further
annealed/ sulphurized at different temperature to study the effect of
annealing conditions on structural, surface morphological, optical and
electrical properties of CZTS thin films. A prototype of the CZTS solar

cell has also been fabricated in this study.
The main objectives of the proposed works are,

a. To develop kesterite (CZTS) thin films by chemical solution
deposition methods (Eg. Spin/dip coating, spray pyrolysis).

b. To study the structural, morphological and optical properties of

the kesterite films.

c. To fabricate and characterize a prototype solar cell using the

kesterite absorber.
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Chapter 2
Thin film deposition and characterization
techniques

This chapter describes coating techniques used for fabricating
CZTS absorber thin films along with the characterization techniques
used for studying their structural, surface morphological, optical and
electrical properties. In addition to this, this chapter explains the
preparation details of other layers used for prototype solar cell
fabrication. CZTS solar cell was constructed by adopting standard
device structure used for fabricating Copper Indium Gallium Selenide
(CIGS) based solar cell; and its photovoltaic properties were studied

under standard photovoltaic test conditions.
2.1 Methods for thin film coating

There are different techniques available for fabricating thin
films. All those techniques are broadly categorised into two groups:
vacuum based and non-vacuum based techniques. There are
advantages and disadvantages to both techniques. Among the available
routes, non-vacuum techniques are considered to be cheap and are

relatively easy to scale up [1-8].
2.1.1 Vacuum based techniques

Majority of the thin film technologies are developed on the
basis of vacuum based techniques [1,3,7,9-11]. Major vacuum based
techniques are sputtering, thermal evaporation, chemical vapour
deposition (CVD), pulsed laser deposition (PLD), etc. These routes
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require vacuum in the range 107 to 10° Torr. In the present study,

sputtering technique was used for depositing top layer, aluminium
doped zinc oxide (AZO).

2.1.1.1 Sputtering

In sputtering, target material is bombarded with high energetic
particle to eject atoms onto the substrate on which film has to be
coated. Main process involved is the momentum exchange between
particles and electrons [12,13]. Generally, a voltage is applied between
target material and substrate. Sputtering can be classified into two
categories based on the power source used on this technique: direct
current (DC) and radio frequency (RF) sputtering techniques. DC
sputtering uses DC voltage, whereas AC voltage is used in RF
sputtering Conducting metal targets can only be used in DC
sputtering, however both conducting and non-conducting targets can
be used in RF sputtering [14-17].

DC power supply/
RF power supply

Substrate Holder

Substrate

Shutter

Target

Target holder and
cooling system

Vacuum Controling Unit

Fig. 2.1 Schematic diagram indicating sputtering unit
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Fig 2.1 shows a sputtering unit in which substrates to be coated are
placed in a vacuum chamber containing an inert gas, usually Argon,
and a negative electric charge is placed on the target material to be
deposited causing plasma in the chamber to glow. Atoms are
“sputtered off” the target by collisions with Argon gas atoms, carrying
these particles across the vacuum chamber and are deposited as thin
film on the substrate. In DC and RF sputtering routes, efficiency of

ionization from energetic collisions between electrons and gas atoms is

|

low.

cathod (target) deposjtéd mater substrate

O- argon gas atoms which are ionized by the E field
O = rrapped electrons

Q = ejected (sputtered) target particles

Fig. 2.2 Magnetron sputtering system [18]

In normal sputtering, ions are produced far away from the
target and they are easily lost to chamber wall due to the larger mean

free path of electrons at low gas pressure with a glow discharge.
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Similarly, primary electrons may reach the anode without producing
gas ionization. Hence the overall ionization efficiency becomes low
and deposition rate also comes down. In order to increase the

ionization efficiency, magnetron design was later introduced [19].

In order to enhance deposition rates, magnets are used to
increase the percentage of electrons that take part in ionization events.
In magnetron sputtering, a magnetic field is applied at right angles to
the electric field by placing large magnets behind the target material,
so that the cathode surface is immersed in magnetic field and thus
electron traps are created. This cause ionization in the vicinity of the
cathode, which further increase the sputtering yield. Magnetron
sputtering can be done in DC or RF, but more often it is done in DC as

cooling of insulating targets is difficult in RF systems [18,19].

The advantages of sputtering technique are [18],

° A wide variety of materials, such as metals, insulators, alloys,

composites can be deposited.
. Replication of target composition in the films coated.
o Better film quality and step coverage.
J Reproducibility

. Possibility to deposit over large area.

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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However, there are a few disadvantages also,

o High energy ion bombardment or UV generated by plasma may

damage substrate.

. Ultra clean gases and targets are required to avoid
contamination.

. Deposition rate depends on material type.

. Heating due to ion bombardment may damage the target

Different methods of sputtering are widely used, including ion
beam and ion-assisted sputtering, reactive sp uttering, co-sp uttering etc.
[19-23]. In the present work, RF magnetron sputtering system (Hind
High Vacuum, Bangalore) was used for coating top electrode,
aluminium doped ZnO, in the prototype solar cell fabricated. ZnO
target with 2wt% Al was used for sputtering.

2.1.2. Solution based techniques

Solution based routes are simple and cost effective compared to
vacuum based techniques. In the case of CZTS, material coating
solution based techniques shows better performance than vacuum
based techniques. Solution based methods provide better mixing and
distribution of elements at molecular level, which enable precise
control of stoichiometry at molecular level [24]. The advantages of
solution based techniques over vacuum based techniques are 1) it is

simple and cost effective 2) it requires low energy consumption 3) it is

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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appropriate for large area coatings, etc [25,26]. CZTS thin films have
been successfully deposited by various chemical based techniques
[26,27]. The highest conversion efficiency of 12.6% was reported for
solution processed solar cells by Wang et al. [27] for their CZTSSe

absorber layer prepared by spin coating using hydrazine as a solvent.

In general, solution based techniques for CZTS involves four basic

steps,

> Preparation of stable and homogenous precursor solution.

> Thin film coating on to substrates using solutions, with desired
coating route.

> Heat treatment of films to evaporate solvents of other volatile
constituents.

> Final annealing at suitable atmosphere to complete phase

formation and to improve crystallinity

There are different types of coating techniques are currently
available. Spin coating, dip coating and spray coating techniques were

used for the present work to coat CZTS absorber films.
2.1.2.1 Dip coating technique

Dip coating is the simple and cost effective technique with
feasibility for large area manufacturing [28]. In dip coating process,
the substrate to be coated is immersed in a precursor solution where a

wet layer is formed and then it is withdrawn at a well defined velocity.

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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Dipping speed, withdrawal speed, solution concentration, dipping
delay and drying temperature are the parameters generally influence
the final film properties. Schematic diagram describing dip coating
process is shown in Fig 2.3, along with the image of the dip coater

used for the present study.

Motor

=
____——— Substrate Holder

R L / Solution
Microprocessor
based controlling

unit

Fig. 2.3 Schematic diagram of the dip coater and image ofthe unit

The first patent based on this process was issued to Jenaer

Glaswerk Schott and Gen. in 1939 for coating silica films [29]. The
process of a liquid film deposition onto a solid surface has enormous

practical significance, especially in applications such as protective

coatings, adhesives, photographic films, and microelectronics [30-32].

Process of dip coating can be broadly separated into four

important technical stages [29-32]. Fig 2.4 shows the process steps

involved in dip coating

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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Substrate ~

Dipping Dwell Withdrawal
Heating

Wet Film \ ﬁ
|

Dipping Dwell Withdrawal Drying

[ARRAARAR

L

Precusor Solution

Fig. 2.4 Major four stages in dip coating process

Immersion speed: The substrate is immersed into the precursor solution
at a constant speed. If substrate is immersed very fast, air bubbles will

be formed in the precursor solution and affect the film quality .

Dwell time: Substrates immersed in solution for long time get

sufficient time for complete wetting with the coating solution.

Withdraw speed: The next process is to pull the substrate upward at a
constant speed. Thin layer of precursor solution is coated and drain the
excess liquid from the surface. In some cases, thickness of the film

directly depends on withdrawal sp eed.

Evaporation: Thin film is formed after solvent evaporation. For
evaporation, wet film is subjected to heat treatment in furnace or oven.
Drying temperature greatly influence the final film properties.
Evaporation of organic residuals and crystallization of films occur in

this stage.

The dip coating process can be repeated several times to
increase film thickness. Dip coating is one of the simplest thin film

processing techniques. This technique coats films on both sides of

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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substrate. However, it has disadvantages too [31,32]. The main
disadvantage is the thickness variation from one end to other end due

to gravity effect.
2.1.2.2 Spin coating technique

Spin coating is a widely used thin film coating technique to
deposit film over a flat surface. In spin coating process, substrate spins
around an axis, which is pewpendicular to the coating area [33]. A
typical process involves depositing a small amount of a fluid material
onto the centre of a substrate and then spinning the substrate at high
speed (typically around 3000-5000 pm). The flow of the liquid is
governed by a balance between centrifugal driving force and viscous
resisting force [32,34,35]. Centripetal acceleration will cause most of
the solution to spread to, and eventually off, the edge of the substrate,
leaving a thin film of material on the surface. Final film thickness and
other properties depend on the nature of the fluid material (viscosity,
drying rate, concentration of solids, surface tension, etc.) along with
the parameters, such as spinning speed, spinning time, etc chosen for
the spin process. Factors such as final rotation speed, acceleration and
fume exhaust affect properties of the coated films [35,36]. One of the
most important advantages of spin coating is repeatability; suitable
variations in the parameters that define spin coating can result in

drastic variations in the coated film and its properties.

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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Fig. 2.5 Various steps in spin coating process [28]

Fig. 2.5 shows important steps involved in the spin coating
process [15,28,35,36], as described below.

Solution dispensing

Solution dispensing is one of the important steps in spin coating
process. Two types of dispensing techniques are generally used for this
pumpose; static and dynamic. In static dispense, a small puddle of fluid
is placed on or near the centre of substrate. This can range from 1 to 10
cc depending on the viscosity of the fluid and the size of the substrate
to be coated. Higher viscosity of fluid or bigger substrates typically
requires larger puddle to ensure full coverage on the substrate during
high speed spin step. Dynamic dispense is the process of dispensing
fluid while substrate is rotating at low speed. This serves to spread the

fluid over the substrate and can result in less waste of resin material.

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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Spinning of substrate

After dispense step, it is accelerated to a higher speed to thin
the fluid to near its desired thickness. Typical spin speeds range from
3000-5000 rpm, depending on the properties of the fluid as well as the
substrate. Spinning time is an important parameter in the coating
process. This step can take from 10 seconds to several minutes. The
combination of spinning speed and time selected for this step will
generally define the final film thickness. In general, higher spin speeds

and longer spin times create thinner films.

In general, thickness of spin coated film is inversely

proportional to the square root of the spinning speed, as given in

equation 2.1 below, wherezis the thickness and @ is the angular

velocity [15].

This equation indicates that the thickness of the film will
become half if it is spin coated at four times speed. The exact thickness
of the film formed will depend on material concentration and solvent

evaporation rate.

Drying (Solvent evaporation)

A drying step is optional and added after high speed spin step
to dry the coated film without substantially thinning it. This is
advantageous for thick films, in this case long drying times may be
required to increase the physical stability of the film. In certain cases,

hotplates are used for thin film drying

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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HOT PLATE E ’?
MODELKW~—4AH = Plate

Temperature

CHEMAT

TECHNOLOGY, INC

Fig. 2.6 Spin coater (Chemat KW4) used for the present study along with hot
plate

For the present work, Chemat Technology KW-4A spin coater
is used. KW-4A is compact and easy to use spin coater for precise and

uniform deposition of thin films and coatings. Fig.2.6 represents the

spin coater and hotplate used in this work.
The disadvantages of spin coating techniques are [15,32,37]:

1) Only a single film can be coated at a time; relatively low

throughput compared to roll-to-roll processes.

2) Fast drying time can lead to lower performance for certain
applications in nanotechnology .
3) Material used is typically very low, ~10% or less; the

remaining is wasted.

However, spin coating is considered as starting point and
benchmark for most academic and industrial processes requiring thin

and uniform coatings.

2.1.2.3 Spray coating technique

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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Compared to spin and dip coatingtechniques, spray coatingis a
promising route used in research and industry to fabricate thin films. In
spray coating, precursor solution is sprayed on to a heated substrate to
evaporate off volatile by-products and excess solvents. Fig. 2.7 shows
schematic diagram of spray coating setup used for the present study.
The main components in spray coating unit are spray nozzle,
movement head, hot plate with temperature controller, flow meter and

carrier gas.

Fig. 2.7 Schematic diagram of spray coater and image of the spray coating
unit used forthe study

Substrate temperature determines film morphology and
properties of coated film [38]. Film morphology changes from cracked
to porous microstructure with increase in temperature. Solution used
for spray pyrolysis has major role in the film formation. Solutions,
colloidal dispersions, emulsions and sols are used as precursors in
spray coating. Momphology of thin films can be changed considerably
by adding additives to precursor solutions [39]. Solution pH, solution

concentration, solvent type, etc., are also influencing the film

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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properties [40]. Aqueous solutions of desired materials are normally
used due to its ease of handling Metal chlorides and oxy-chlorides
have better water solubility and hence widely used for industrial

production. [41].

In spray coating, atomization is used to produce uniform and
fine droplets by thermal decomposition [39,40]. This is a critical
operation in this process. Air blast (liquid is exposed to a stream of air)
[42], ultrasonic (ultrasonic frequencies produce short wavelengths
necessary for fine atomization), [43]and electrostatic (liquid is exposed
to high electric field) [44] are usually adopted in spray coating as
atomizers. These atomizers differ in droplet size, rate of atomization
and droplet velocity. The velocity of the droplet when it leaves
atomizer is important. The charecteristics of the droplet from an
atomizer depends on solution density, viscosity and surface tension

[38-40].

The quality of film also depends on the inlet gas pressure used
to guide the solution from the nozzle. When gas pressure is more,
smaller droplets are likely to be formed. However, this may drop the
substrate temperature due to rapid splashing of smaller droplets. On the
other hand, larger droplets fall onto the substrates, if gas pressure is too
small. This indicates that op timatisation of the gas flow is necessary in

this process.

Thin film deposition by spray coating includes mainly three processes:
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» Atomization of precursor solution.
» Aerosol transport of droplet.

» Decomposition of precursor

Precursor solution gets atomized through the nozzle and forms
small droplets known as aerosols. These aerosols are allowed to
incident on preheated substrate and form thin film through pyrolytic
decomposition. During this transportation, the droplet is generally
experienced by gravitational force, stokes force, thermophoretic force
and electrical force [38-40]. These four forces control the trajectory of
solution droplet. As it moves through the heated ambient, the
precursor undergoes various changes such as evaporation, precipitate
formation and vaporization, depending on the droplet size and ambient
temperature. For better dense films, solvent has to be evaporated

before it reaches the substrate [45].
The main advantages of spray coating are:

» Simple and cost effective
» Capability to produce uniform films over large area
» No need of high quality targets or vacuum

» Can be operated over moderate temperatures
2.1.2.4 Chemical bath deposition (CBD)

Chemical bath deposition is another simplest solution based
technique used for coating thin films having thickness in the range of

nanometres, with good surface coverage. Due to this advantage,
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chemical bath deposition technique is widely used for solar cell
application [46]. The requirements for this technique are (i) a vessel
containing solution, (ii) stirring mechanism, (ii1) heating mechanism
with thermostat and (iv) suitable substrate on which deposition is to be

carried out. In 1835, Liebig used CBD technique for coating silver on

glass substrate to make mirrors [47]. Fig 2.8 presents schematic

diagram of the set up used for chemical bath deposition.
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Fig. 2.8 Schematic diagram of chemical bath deposition technique

The basic principle in chemical bath deposition technique is
controlled precipitation of the desired compound from a solution of its

constituents [39,47-49]. Generally, three stages are involved in

chemical bath deposition,
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1. Creation of atomic/molecular/ionic species in the solution
2. Transport of the species through the solution
3. Condensation of the species

Thin film is coated on substrates by ion-ion condensation [50].
For this, the ionic product of anions and cations must exceed their
solubility product. The solubility product of the compound plays an
important role in thin film deposition. Various properties such as
stoichiometry, homogeneity and adhesiveness are mainly dependent
upon the solubility product [51]. The details of ionic product (IP) and
solubility product (SP) are described below.

When a sparingly soluble salt AB is added to water, some of it
dissolves to form a solution containing A and B ions along with un-
dissolved solid ‘AB’ is obtained, establishing an equilibrium between

the solid phase and a solution of its ions as;
AByeor A (ot B o)y - (2.2)

App lying law of mass action [50,51], we get

K = (ag+ X aB-)/aAB _____ 2.3)

Where, an,, ag. and a,p are activities of A", B  and un-dissolved AB in
the solution, respectively. The mean-activity coefficient of ions (C) are

considered to be unity due to low concentrations, and therefore,
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g = (Ca+ X Cp-) / Cw (2.4)

However, the concentration of pure solid is constant and taken as K’.

Therefore, the above equation can be written as;
Cax Cp-=KK’ = Ky, - (2.5)

Both K and K’ are constant, and hence the product of K.K’ is
also a constant and known as solubility product. The product Cy;xCg.
is called ionic product. The solution becomes saturated when the ionic
product is equal to the solubility product (IP=SP). Solution become
sup ersaturated when ionic product exceeds solubility product (IP/SP =
S>1, where S is the degree of supersaturation. In this condition, ions in
the solution combine on the surface of the substrates and form thin film
on it. There major factors, temperature, solvent and particle size, affect

the solubility product [47-49].

Typically, chemical bath deposition solution contains one or
more metal salts; a chalcogenide source and a complexing agent.
Complexing agents are required to slow down the rate of solid
formation. The complexation provides required small metal cation
concentration to produce controlled homogenous precipitation on
substrate. Thin film formation proceeds through various reaction steps
at the substrate surface [52]. Nucleation takes place on substrate
surface initially. A particle already deposited on the substrate, or
adsorbed cation, anion or particle on substrate surface in contact with

reaction mixture can act as nucleation centres. Once the layer of
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material is formed, further growth takes place by adsorbing more and
more ions from the solution giving uniform and continuous film [52].
However, as deposition proceeds, the concentration of ions decreases,

and hence the growth rate decreases.

In the present study, CBD was used to coat ZnS thin film on the
SLG/Mo/CZTS solar cell device structure. ZnS layer act as buffer
layer in thin film solar cell. As mentioned earlier, CBD gives complete
surface coverage with minimum thickness, which is essentially
required for the buffer layer. Fig 2.9 shows the chemical bath
deposition system used for ZnS thin films in the present work. Teflon
holder and glass vessels were used for setting up chemical bath

deposition coating sy stem.

Fig. 2.9 Chemical bath deposition system used the present study
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2.2. Characterization techniques
2.2.1 X-ray diffractometer (XRD)

X-ray diffraction is a powerful technique to analyse the crystal
structure of a material. It is a fingerprint tool to identify materials and
its phase purity. X-ray diffraction technique was used in the present
study to confirm phase purity of the CZTS thin films [53].
Electromagnetic radiation of wavelength A incident on a crystalline
solid will be diffracted by the crystallographic planes in periodic lattice
structure. X-rays are commonly used for diffraction because its
wavelength is comparable to the inter-planar spacing of crystals. X-ray
diffraction equipments normally use wavelengths such as, CuKa (A-

1.54056A, MoKa (A- 0.7093A), etc.

Fig. 2.10 Schematic diagram describing diffraction in crystals

If the crystallites are placed in the path of X-ray beam,
diffraction will occur from the planes in the crystallites, which are

oriented at the correct angle to fulfil a condition known as Bragg’s law
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[53]. Fig 2.10 shows the schematic diagram of interaction between
two x-rays with repeating planes of atoms. 0 is the angle of incidence
and d is the inter-planar spacing of crystal. Braggs diffraction criteria

for obtaining diffraction pattern is,
2dsinf=nA ---- (2.6)

Where 7 is an integer representing order of diffraction, A is the incident
x-ray wavelength. X-ray diffraction analysis provides a diffraction
pattern that shows constructive interference peaks from different
crystal planes in the form of graph. Each characteristic peaks in the
diffraction pattern can be correlated with set of planes in crystal lattice

[54].

X-ray techniques are generally used for bulk samples. Thin
films can also be characterized by this technique. However, grazing
(glancing) incidence x-ray diffraction (GI-XRD) is good technique for
thin film sample analysis due to its higher penetration depth. GI-XRD
records XRD pattern of film with minimum contribution from the
substrate by varying the grazing angle [53]. In GI-XRD, x-ray
penetration depth is limited to 10-100A for grazing angle < 5°.
Penetration depth of a sample can be determined by using the relation
[53]

Where p is the linear mass absorption coefficient of the material being

analysed and a is the angle of incident (grazing angle).
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To confirm phase purity, d values obtained from the diffraction
pattern are compared with standard ICDD (International Centre for
Diffraction Data) pattern of the material. In the present study, normal
X-ray diffractometers (Rigaku Miniflex 600, Japan and Bruker D5005,
Germany ) and GI-XRD (Bruker D8 Advanced, Germany ) were used.

Apart from phase formation and crystal structure studies, XRD
pattern can also be used to calculate average crystallite size, lattice

parameter, strain on the film, dislocation density etc. [53]

The average crystallite size is calculated using Scherrer’s formula [53],

kA
Diwi= Bcos® (2.8)

Where k is the constant depending on crystallite shape, usually
taken as 0.9, A is the wave length of x-rays, B is the full width half
maximum (FWHM) and 0 is the Bragg angle. Lattice constants (a, b, c)
can be estimated from the d values obtained from XRD pattern, using
standard formula of the crystal system. Cu,ZnSnS,, the material
studied in this work, possesses tetragonal structure (a #b=c) and hence

the lattice constants were calculated using the equation,

Where 4, k£ and / are the miller indices. Lattice parameter a and ¢ can

be calculated by solvingthe above.

Broadening of peaks in XRD pattern depends not only on the

size of crystallites but on strain of lattice also [53]. In this case,

@ Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
thin films for photovoltaic applications



Thin film deposition and characterization techniques

average crystallite size obtained using Scherrer’s may be incorrect.
However, Williamson-Hall method considers the broadening of peak
due to strain also [55,56]. The method is more effective to estimate
average crystallite size [57,58]. This method is attributed to G K
Williamson and his student, W H Hall. According to their principle,
broadenings due to size (Bp) and strain (B) vary quite differently with
respect to the Bragg angle, 6;

pp = KA/Dcos6 (2.10)
po = 4etand - (2.11)

Where, ¢ is the induced strain

Total broadening due to strain and size is [56]

ot = Bp + Be = KA/Dcos6 + 4etan - (2.12)
by multiplying with cosf .

Biorc0s0 = KA/D + 4esin® - (2.13)

The crystallite size and strain on the film can be calculated by
plotting 4sinf and PcosO alongthe x and y axes, respectively. From the
linear fit to the data, crystallite size can be estimated from the y

intercept; strain (€) is obtained from the slope of the fit [56].
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2.2.2. Rietveld refinement using GSAS software

Most of the novel materials are prepared as polycrystalline
nature due to the difficulty in preparing their single crystal materials.
Understanding the structural propetties of polycrystalline samples are
important because of the correlation with its electrical, optical and
magnetic properties. After its discovery, x-ray diffraction is used for
the identification of crystal phase and calculation of lattice parameter.
In 1969, Hugo Rietveld [59,60] introduced novel idea for extracting
structural information from neutron diffraction data. This technique
was later extended to structural studies using high resolution x-ray
diffraction data. Rietveld refinement is fundamentally a structural
refinement process and is not a structural solution technique [61-66].
Information such as, bonding angle, atom position, accurate lattice
parameter, thermal parameters, occupancies, etc., can be extracted

using this refinement analysis [59,60,62-66].

For structural refinement, a wide variety of licenced and free
software are available. Full proof [67], Rietan [68], Topas [69], JANA
[70], GSAS/EXPGUI [59,60] etc. are a few examples. In this work,
EXPGUI, the graphical user interface version of General Structure
Analysis System (GSAS) is used for the structural refinement [59,60].
The main requirement for the refinement is high resolution x-ray
diffraction data and standard crystallographic information file (CIF). In
Rietveld refinement procedure, all structural parameters such as,
atomic positions, scale factor, lattice parameters, occupancy, preferred

orientation correction, isotropic atomic displacement parameters, peak
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width and shape functions were refined until the goodness of fit (xz)
becomes an acceptable value (ideally, 1), or a good fit between
observed and calculated x-ray diffraction pattern is observed [63-66].

In the refinement, pseudo-Voigt profile shape was assumed [63-66,

71],

(05, =08%) ™ XWio=Yic)*
2 _ ip ib 1] c
X< =X )

(2.14)

Where, oj, is the standard deviation associated with peak, oy, is the
standard deviation associated with background intensity, y;, is the
observed intensity, y;, is the background intensity, y;. is the calculated
intensity, N is the total number of observations and P is the number of

variables in least square refinement.

yic can be calculated using the equation,
2
Vie=S X ;M;PL|F;|"G(A6;;) +yip - (2.15)

Where, M; is multiplicity factor, PL; is Lorentz polarization factor, F; is
structure factor, S is scale factor, G is reflection factor and AOj; is
calculated position of Bragg peak. After refinement process, the
structural informations were extracted by running the program
DISAGL in GSAS software [59,60]. The main disadvantage of this
technique is the lack of availability of CIF file. However,
crystallographic files are available for CZTS sy stem.
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2.2.3 Raman spectroscopy

M ajor secondary phases observed along with the formation of
CZTS are ZnS and Cu,SnS; [72]. X-ray diffraction patterns of these
secondary phases overlap with that of CZTS. Hence identifying the
presence of these impurities by XRD technique is difficult. However,

Raman spectroscopy is a power tool route to analyse phase purity of
CZTS films [73-76].

Raman spectroscopy involves inelastic scattering of light with
matter [77,78]. It is used to study vibrational, rotational and other low-
frequency modes in a system [77,78]. When electromagnetic radiation
interacts with an atom, the electric field of the radiation displaces the
electron and positively charged nucleus in opposite directions. This is
known as polarization, and hence the atom has an induced dipole

moment.
The polarization, P, is
P =« E,cos 2muyt + é(g—g) QoEo[cos 2m(vy + v, )t +
cos2m(vy—v,)t] e (2.16)

Where a is the polarizability, Q is the normal coordinate associated
with a particular mode of vibration frequency v,, of the molecule and E

is the applied electric field.

The polarization thus induced contains the three distinct frequency

components [77-79];
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V=V Rayleigh line
V=V(-Vp, Raman stokes line
V=051V, Raman anti-stokes line

Raman spectroscopy relies on inelastic (Raman) scattering
of monochromatic light, usually from alaser in the visible, near
infrared, or near ultraviolet range. The laser light interacts with
molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down
[80]. The shift in energy gives information about the vibrational modes
in the system. Stokes lines are more intense than anti stocks lines and

hence stokes lines are detected during Raman analysis.
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Fig. 2.11 Schematic diagram of confocal Raman spectrometer [55]
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In Raman spectroscopic analysis, sample 1s normally
illuminated with a laser beam; a lens collects the scattered light and
then sent it through interference filter or spectrophotometer to obtain
Raman spectra of the sample. Figure 2.11 shows the schematic
diagram of confocal Raman spectrometer. Filters are included in the
Raman spectrometer to separate weak modes from the intense
Rayleigh scattering. Selection of laser wavelength is important in
Raman spectroscopy. Light penetration depth is inversely proportional
to the absorption coefficient [81];

d~1/20) - (2.17)

Where d is the penetration depth and a is the absorption coefficient of
the material. The Raman analysis of the present work was carried out
with Raman microscope (Thermo Scientific DXR) with 532 nm

semiconductor laser source.
2.2.4 Scanning Electron Microscope (SEM)

Study of surface morphology of absorber film is important
since grain size and grain boundary effects greatly influence solar cell
performance [82]. Grain boundaries in absorber films act as trap for
electron-hole pair and also creating a resistive barrier for the transport
of charges from one grain to another. Scanning electron microscope is
used to analyse surface morphology, chemical composition, and
orientation of the materials [83]. SEM has a focused beam of high
energy electrons to generate surface image. Wide varieties of signals

are produced when high energy electrons interact with the sample
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surface. These signals include secondary electrons, backscattered
electrons, photos and heat. Secondary electrons are detected and used
for creating surface images. Backscattered electrons are detected and
analysed to examine multiphase samples. Certain characteristic x-rays
are produced during the interaction of high energy electrons, which can
provide information about the atom. These characteristic x-rays can be
used for qualitative and quantitative measurements [84]. Fig 2.12
shows the schematic diagram of a scanning electron microscope; it
includes electron source, detectors, electron lenses, vacuum pumps and
sample stage. Sensors and cameras are also incorporated in the

equipment.
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Fig. 2.12 Schematic diagram of Scanning Electron Microscope
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Capability of an instrument is defined in terms of resolution. It
is the ability to distinguish two adjacent points or objects. Resolution
can be improved by changing accelerating voltage and initial cross
over diameter [85]. Commonly used accelerating voltage is the range
of 0.5-30kV. Higher voltage gives better resolution due to its shorter
wavelength. For better resolution, diameter of an incident wave will
have a smaller diameter than the object (Initial cross over diameter)
and the wave should contain sufficient electrons to generate acceptable
amount of signals. In field emission scanning electron microscope
(FESEM), a field emission cathode in the electron gun provides a
narrow beam at low and high electron energies [84]. This gives better
image with higher resolution [86]. In this work, both SEM (Zeiss
Evol8, USA) and FESEM (FEI Novo Nano SEM-450, USA) were
used for surface morphology studies and also for film thickness

measurements.

2.2.5 Energy dispersive x-ray spectroscopy (EDXS)

Earlier reported works on CZTS film revealed the influence of
elemental composition ratios Cu/(Zn+Sn) and Zn/Sn on the solar cell
performance. Most of the high performance devices based on CZTS
are slightly off-stoichiometric [87-91]. Off-stoichiometry in films
increases free carriers in the film; however, wide variations in the
stoichiometry may lead to the formation of secondary phases. In view
of this, elemental composition study is important for good quality
absorber films. Energy dispersive x-ray spectroscopy provides

information about the elements present, both qualitatively and
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quantitatively. Most of the EDXS systems are attached to scanning
electron microscopes. As discussed in the previous section,
characteristic x-rays produced from sample surface are analysed by a
detector, and elements are detected based on its intensity and energy
[83].  Accuracy of EDXS technique depends on several factors;
generally on the nature of the sample. The main disadvantages of
EDXS analysis is that, for a few elements, x-ray emission peaks are
overlapped with those of other elements (for example, Ti KB and V
Ka) [92]. Solid state array detectors are widely used for detection.
When characteristic x-rays incident on the detector it creates a charge
pulse proportional to the energy of characteristic x-rays. The signals
will be analysed by computer and create energy versus count plot.
Evaluation of energy and its count will detect element and its
quantification. In this work, EDXS equipped with SEM was used to
study the chemical compositions of CZTS thin films coated by various
techniques. The solid state detector used in the SEM was capable to
measure maximum energy of 15keV. In order to identify chemical
compositions of CZTS, K lines were used for Cu (K,;-8.04778), Zn
(K41-8.63886) and S (K,;-2.30784), and L lines were used for Sn (K-
25.2713, K»-25.0440, K,-28.4860, L,;-3.44398) [93].

2.2.6 Inductively coupled plasma —Atomic emission spectroscopy

Inductively coupled plasma-Atomic emission spectroscopy
(ICP-AES) is a sensitive technique used for qualitative and quantitative
identification of elements in a sample. The sample is injected in to

argon plasma with very high magnetic field [94]. The high energy
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beam thermally excites outer-shell electrons of the elements in the
sample and de-excited by emitting energy at a characteristic
wavelength of the particular element. However, the excited species in
the plasma emit light at different wavelengths and hence
polychromatic. The polychromatic light has to be separated into
individual wavelengths, and the emission from each element can be
identified and its intensity can be measured. The separation of light
according to wavelength is generally done using a monochromator
spectrometer. This technique is known as inductively coupled plasma-
atomic emission spectroscopy. A polychromator can be used to
measure light at several different wavelengths simultaneously and this
helps to analyse multiple elements at a time. The main advantage of
ICP technique is its accuracy level, it can detect elements from ppm to
ppb range. In this work, ICP-AES sp ectrometer (Thermo Electron IRIS
Intrepid IT XPS DUQ) was used for elemental analysis.

2.2.7 UV-Visible spectroscopy

Band gap measurement is important for characterising absorber
layer. For an ideal solar cell, the ideal band gap of absorber material is
considered as 1.5eV to absorb maximum photons [88-91]. In order to
study the band gap of absorber materials, absorption coefficient of the
materials is investigated first. The absorption coefficient determines
how far into a material light of a particular wavelength can penetrate
before it is absorbed. Absorption coefficient of the material is thus
important in determining the thickness of the absorber. The absorption

coefficient is inversely proportional to the thickness of the film [95]. If

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
thin films for photovoltaic applications



Thin film deposition and characterization techniques

the absomption coefficient is higher, absorber layer can have minimum
thickness. UV-Vis spectroscopy is a versatile technique used for
optical and electronic properties of various materials such as, films,
powders, monolithic solids and liquids. This technique has become the
most important tool because of its simplicity, accuracy and cost
effectiveness. Absorption of visible and ultraviolet radiations is
associated with excitation of electrons, in both atoms and molecules,
from lower to higher energy levels. This is associated with a few
humps in the spectrum. Fig. 2.13 shows the schematic diagram of UV-
visible spectrometer. The equipment consists of light source, sample

stage, detector and related optics.
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Fig. 2.13 Schematic diagram of UV-Visible spectrophotometer

Two types of light sources, as seen in the schematic diagram,
are used to cover the entire UV-visible spectral range. The light
sources are split into two by a prism or grating and pass through the

reference and the sample to be analysed. Reference is used to nullify
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the absorption by the substrate or the sample dispersing solution.
Finally, detectors measure the light intensity and absorbance is
calculated by comparing these two signals. Absorbance of the material

can be expressed as
I
A=logy, (E) = —log,yT — (2.18)

Where, A is the absorbance, I is the intensity of transmitted light, I is
the intensity of incident light and T is the transmittance. Absorption
coefficient (o) of the thin film can be calculated from transmittance

data

%I
o=-D Ao (2.19)

Where, d is the thickness of the film.

Band gap can be estimated using the Tauc’s relation [95],

o =0
Where, A is a constant, / is the planks constant, v is frequency and E,
is the energy band gap. n characterize the transition process, which
take up values 2, 2/3, 1/2 and 1/3 for the probability transitions of
direct allowed, direct forbidden, indirect allowed and indirect
forbidden transitions, resp ectively [96]. CZTS, beinga direct band gap
material, n is taken as 2 and the band gaps of the films in the present
work were estimated by extrapolating the linear portion of the (OLh\/)2

versus hv plot to the x intercepting point at y=0. A UV-visible
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spectrometer (Perkin Elmer: Lambda 35) was used for the present

study.
2.2.8 Hall Effect measurement

Carrier concentration, mobility and resistivity are important
electrical properties of materials. Mobility of the film defines the
quality of the absorber layer [97,98]. Series resistance of the solar
affects fill factor and efficiency of solar cells. Resistivity of absorber
layer also influences the total series resistance of the device [97]. For
high performance of the photovoltaic device, the resistivity of the
absorber film should be low and the mobility should be high [99].
Hall Effect is a basic phenomenon in solid state physics and is an
important diagnostic tool for the electrical characterization of
materials, particularly semiconductors [86]. It provides a direct
determination of the type of charge carriers, carrier density, mobility

and resistivity in a given sample.

Hall voltage is the generation of transverse voltage across a
current carrying conductor in the presence of external magnetic field
[100,101]. In the presence of external magnetic field acting
pependicular to the direction of motion, an electron will experience

Lorentz force normal to both the directions. The resulting Lorentz

force is given by [101]

F=q(E+V XB) —-(2.21)

Where ¢ is the particle charge, E is the electric field, V is the particle

velocity, and B is the magnetic field. If we consider a semiconductor
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with bulk density n, the Lorentz force drifts the electrons away from
the current direction. This lead to a potential drop across the conductor,

called Hall voltage which is given by

y =2 (2.22)

H = gxnxd

Where [ is the current through the conductor, B is the magnetic field, d
is the thickness and ¢ is the charge. From the above expression sheet

density can be found,

IXB
qxVy

ng=nXdXng;=
The Hall voltage Vy will be positive for p type semiconductor and
negative for n type semiconductor. The Hall mobility (p) is given by

_ _Vu 1
H= RgXIXB  qxngXRg

Where the sheet resistance Rg is measured using van der Pauw
technique. This is a method to obtain resistivity of arbitrary shapes.
The sheet resistance can be determined from the famous van der Pauw

relation, [102]

RA RA
) p R o (2.25)
Where
Ry="2 —(226) and  Rp="2 —(2.27)
12 23
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Fig. 2.14 Image of the sample holder used and schematic diagram of sample
with four leads 1, 2, 3 and 4.

I}, is the DC current entering through contact 1 and leaves through
contact 2 of the sample, I, is the DC current entering through contact 2
and leaves through contact 3 of the sample, V,; is the voltage from
contact 4 to 3 and V4 is the voltage from the contact 1 to 4. (Fig.2.14).
By solving R, and Ry in the above van der Pauw equation, Rg can be
calculated. Thus, from Hall measurements, mobility, carrier

concentration, Hall voltage and resistivity can be determined.

CZTS is a intrinsically doped p type semiconductor. The
stoichiometric variation is responsible for the acceptor dopingin CZTS
material. Optimization of acceptor doping level in CZTS absorber by
varying its stoichometric composition ratio is important for solar cell
application. Carrier concentration of the films determines the strength
of built in electric field with in the space charge region of the solar cell
[103]. However, higher carrier concentration is responsible for increase
in carrier recombination and also the semiconductor become
degenerate in terms of Mott-transition behaviour [104]. Hence the
study of the electrical propetties of CZTS absorber film is important.
For the present work, Hall M easurement System (Ecopia HM S 3000)
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was used with a magnetic field 0.54Tesla to study the electrical

properties.
2.2.9 Solar cell characteristics

After fabricating solar cell in the present work, its performance
was analysed by measuring [-V characteristics. The major solar cell
parameters are open circuit voltage (V,.), short circuit current (Ig),
short circuit current density (Jy.), maximum power point (P.), fill
factor (FF), efficiency (L), shunt resistance and series resistance. Solar
cells are basically p-n junction diodes under illumination. Hence the
solar cells are modelled by standard diode equations. Equivalent circuit
of solar cell with series resistance and shunt resistance are shown in

Fig 2.15.

Iph Id Ibh

D ¥ 2. |

o

Fig. 2.15 Solar cell equivalent circuit with R, and Ry,

This equivalent model consists of current due to optical generation,

diode current, series resistance and shunt resistance.
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Diode current,

()
Iy = Iy(e\vker/ =1) e (2.28)
Iph - Id - Ish: IL ----- (229)

Ly — I (e(%) - 1) — (Btlefs) = ) s (2.30)

sh

Solving it by Newton Rapson method [105], the I-V relation dependent
to the load can be obtained (Figure 2.16). The performance of solar

cells can be measured on the basis of following parameters,

Open circuit voltage (V,.) is the maximum voltage occurs when
there is no current passing through the solar cell (with zero loads).
V=V,. when [;=0; for an ideal solar cell Voc is independent to the
illumination intensity. Short circuit current (I) is the maximum
current flows through the circuit when the impedance is low
(maximum load), I; =I,. when V=0. Current density (J,.) is the current
per unit area in a solar cell. For an ideal device, current density equal
to photon current density (Ji=Jph). Vmax and I, are the maximum

current and voltage delivered to the load.

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Thin film deposition and characterization techniques

[SC

1‘\/

Imax-_ \ _ Pmax

FF

[in A

0 /

V in Volts Viax

Fig. 2.16 Schematic diagram of I-V characteristics of a solar cell

Fill factor is another important parameter in a solar cell that
defines the quality of solar cell [106]. It is the ratio of the maximum

power (P, to the theoretical power (Pr).

FF = “;’% ----- (2.31)
FF = maxxvax | (2.32)
VocXIsc ’

The efficiency of a solar cell is the ratio of electrical power

output (Poyr) compared to the solar cell power input (Pyy)

P 1% xXI o XV XFF
1 = Puax _ YmaxXImax _ IscxVoc (2.33)
PN Piy Py

Standard laboratory conditions are used for the efficiency
measurements in the present work. Photon input power is set to

1000W/m” under AM 1.5 condition and the temperature of the solar
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cell while measurement is set to 25°C. Fig. 2.17 shows the efficiency
measurement setup (Newport Oriel Sol AAA solar simulator, USA)
used for the evaluation of solar cell performance. It uses a calibrated
xenon light source (450W) and computer controlled electrometer

(Keithley, USA) for the efficiency measurements.

Fig. 2.17 Solar simulator set up used for efficiency measurements

Series resistance and shunt resistance are the limiting factors
for the ideal characteristics of a solar cell [107-110]. Shunt resistance
in a device bypass the electric current from one point to another by
creating a low resistance path. For an ideal device, this has to be
infinity; however, usually shunt resistance path exists due to
manufacturing defects [109-112]. Series resistance in a device will
also reduce efficiency of the device. Series resistance in devices arises
from its metal contacts in the front surface of the cell, impurity
concentration and junction depth [113,114]. It reduces short circuit
current and maximum power output of the cell. Series resistance in a

device should be minimum; it can be reduced by proper device
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engineering in the interface of layers [115-117]. Series resistance and
shunt resistance can be calculated by analysing the slope of the I-V
characteristics, or it can be measured by using two [-V curves with
different irradiation at same temperature and same sp ectrum [105,106].

. . Voer=V,
Series resistance, R, =-—22—24 (2.34)
Isc1— k2

Where V., I and Vi, I are the open circuit voltage and short
circuit current of two I-V characteristic curves. In this work, series and
shunt resistances were calculated by analyzing the slope of the I-V

characteristic curve.
2.3. Summary

Major experimental techniques used for coating of kesterite
thin films are described along with the details of fabrication of other
layers such as top TCO and buffer films. Basic principles, major
components along with schematic diagram were included. In addition
to this, the major characterization equipments and techniques used for
studying structural, surface morphological, optical and -electrical
properties of the CZTS thin films prepared by various routes, and the
details of photovoltaic measurements of the solar cells fabricated were

described in detail.
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Chapter 3

Preparation of Cu2ZnSn$4 films by dip
coafing technique and study of their
structural, morphological, optical and
electrical properties

This chapter discusses the fabrication of CZTS precursor thin
films by dip coating technique and the effect of sulphurization
temperature on various propetties of kesterite thin films. Two types of
stable precursor solutions with and without sulphur were prepared for
dip coating The precursor films coated from the two types of solutions
are hereafter referred to as CZTS and CZT for samples prepared from
solutions with and without sulphur, respectively. The effects of
sulphurizing or annealing temperature on the formation of phase pure
kesterite thin films from these two precursor films were studied
systematically. Phase purity of the films was studied by X-ray
diffraction and Raman spectroscopy after sulphurizing or annealing
precursor films at different temperatures. Structural refinement was
carried out by Rietveld analysis using the data collected from high
resolution grazing incidence X-ray diffraction data. Surface
morphology of the film was examined by both scanning electron
microscopy and field emission scanning electron microscopy. Film
thickness was estimated by FESEM cross sectional analysis. Elemental
compositions were determined by EDXS coupled to the SEM and also
by inductively coupled plasma - atomic emission spectroscopy, ICP-

AES. UV-visible spectroscopy was used to calculate the optical band



Cu2ZnSnSy films by dip coating

gap. Electrical propetties for the films were studied using Hall

measurement technique.

3.1 Cu,ZnSnS 4 film from CZT precursor and subsequent
sulphurization

3.1.1 Preparation of stable Precursor solutions for dip coating

In solution based routes, elements are mixed at the molecular
level enabling precise control of stoichometry due to molecular level
homogeneity [1]. This control provides homogeneity in the CZTS
films, which leads to improved solar cell performance [1]. Solution
processed thin films undergoes solvent evaporation, precursor
decomposition and crystallization upon subsequent thermal treatment.

These events affect the density and orientation of the film [2,3].

Two types of precursor solutions were prepared, one without
sulphur and the other with thiourea as sulphur source. Precursor
solution without sulphur was prepared from copper (II) acetate
monohydrate [(CH;COO),Cu.H,O, M erck Emsure, 99-102%], zinc (IT)
acetate dihydrate [(CH3COO),Zn.2H,O, Merck Emsure, 99.5-101%],
tin (II) chloride dehydrate [(SnCl,.2H,0, Merck, Emsure, 98-103%],
2-methoxy  ethanol [Ethylene glycol monomethyl ether,
CH;0CH,CH,OH, Merck Emparta, 99.3%] and monoethanolamine
(MEA, C;H,NO, Merck Emparta 99%). The chemicals were used
without further purification. 2-methoxyethanol and MEA were used as
solvent and stabilizer, respectively. In the solution preparation, acetates
and chlorides were used as precursors, because these compounds are
cheap and readily available from commercial suppliers. Metal acetates

have low sensitivity to moisture [4]. Organic solvents were used to
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increase solubility [5]. The solvent 2-methoxy ethanol used has
optimum viscosity and boiling point (125°C) and also able to solubilize
a variety of different precursors. The stabilizer MEA is inexpensive
and non-toxic and easily dissociates by forming carbon dioxide during

annealin g with less carbon residue [1,5].

The reagents in stoichiometric molar ratio of 2:1:1 were
dissolved in 2-methoxyethanol and MEA, and the resultant solution
was stirred at 45°C for 1 hour to get clear and homogenous solution.
When MEA is added to the solution, the -NH, group of MEA
coordinates with metal ions resulting in metal-amine complex solution
[1]. The formation of metal-amine complex was confirmed by the
change in colour of the solution [6]. In the solution, Cu”" reacts with
Sn*" to form Cu”and Sn*". These are formed due to the redox reaction
between Cu*" and Sn** ions, where Cu’’ is reduced to Cu" and Sn*" is
oxidized to Sn4+[6].

3.1.2 Substrate cleaning

To obtain uniform defect free coating of films, substrate
cleaning is important. Substrate has be free of dust and other particles,
free from organic residues. It has to wet uniformly the precursor
solution over the substrates. 0.5inch x 3inch glass substrates were used
for dip coating The glass substrates were cleaned ultrasonically with
mild soap water, distilled water, acetone, ethanol and distilled water
successively for 15 min each, and finally dried with free flow of

nitrogen.
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3.1.3. Precursor film fabrication by dip coating

Glass substrates with dimension mentioned above were used
for dip coating CZTS precursor films. The films were coated on to the
pre-cleaned glass substrates with dippingwithdrawal speed of
30mm/minute. The dip coated films were dried in air in tubular furnace
at 300°C for 10 minutes. The process was repeated for 10 times to
increase the film thickness. Flow chart for the coating process adopted

is shown in Fig. 3.1.

V

[ Dip Coating
i 10 times I

[ Heat Treatment at 300°C

'

]
[ Ciolmg ]7

[ Sulphurization ]

Fig. 3.1 Flow chart ofthe coating of CZT Sthin films by dip coating

Precursor solution of
Cu and Zn and Sn salts

3.1. 4. Sulphurization process

The dip coated CZT precursor films were converted to Cu,ZnSnS, by
sulphurizing in an environment of N,(95%)+H,S(5%) gas mixture.
The films were sulphurized at different temperature from 400°C to
600°C for 30minutes to optimize the sulphurization temperature. The

gas mixture with certificate of purity was purchased from M/s Bhuruka
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Gases Limited Bengaluru. The experimental set up shown in Fig 3.2
was used for the sulphurization process and sulphurization profile is
shown in Fig. 3.2 (b). Structural, optical, surface morphological and
electrical propertties of the films were investigated after sulphurizing

CZT thin films at different temp eratures.
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Fig. 3.2 (a) Setup used for the sulphurization of CZTS precursor films b)
Sulphurization profile used for the study
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3.1.5 Structural studies of dip coated CZTS thin films
3.1.5.1 X-Ray Diffraction studies

Fig. 3.3 shows the X-ray diffraction patterns of the dip coated
Cu,ZnSnS, films sulphurized at different temperatures ranging from
400 to 600°C. The peaks were indexed with the help of ICDD file 26-
0575; all the films exhibited the characteristic peaks (1 0 1), (1 12), (2
00),(220)and (3 1 2) of tetragonal Cu,ZnSnS,. Films sulphurized at
400°C and 450°C show additional peak at 31.6°, which corresponds to
Cu,.S phase (ICDD PDF 32-0348).

——600°C * *CuZnSns, § o
———550°C ‘oS
—500°C e
. n H
—450°C ol _
——— 400°C £ 8

Intensity (a.u)

10

Fig. 3.3 XRD patterns of the films sulphurized at different temp eratures

The intensity of Cu,,S peak is found to decrease with
sulphurizing temperature and this peak disappears at 500°C.
According to Long et al. [7], the Cu,,S phase is formed due to low
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bond energy and this phase will migrate into the surface and
subsequently will disappear at higher sulphurization temperature [8].
No extra peaks were observed at the sulphurization temperatures 500
and 550°C (inset of Fig. 3.3). The peak intensity was found to change
when the sulphurizing temperature was changed from 500°C to 550°C.
The increased peak intensity indicates the improved crystallinity of the
film. Lattice constants for tetragonal CZTS crystal structure were
estimated for the films sulphurized at various temperatures and are
shown in Table 4.1. The values obtained for 500°C and 550°C were
found to match with those of the standard ICDD file 26-0575
(a=b=5.42700A, c=10.84800A). The XRD of the film sulphurized at
600°C shows an additional peak at 19.9° (20), which corresponds to
Cu,SnS; phase. In this case, the CZTS peaks are shifted to lower 2
theta angles.

Sulphurization at 600°C caused significant change in

lattice parameter values.

The average crystallite size was calculated using the Scherrer’s

formula [9] as discussed in chapter 2 section 2.1.1. The average size
calculated for the films sulphurized at 500°C, 550°C and 600°C using
the (112) and (220) planes are listed in Table 3.1.

Table 3.1 Lattice parameters and average crystallite size of the CZT S thin

films
Sulphurization Lattice parameter Average
(A) crystallite ) )
temperature — . Micro strain
a=b c size (nm)
500°C 5.430 10.892 47 7.45x10™
550°C 5.430 10.899 58 5.96x10™
600°C 5.382 10.444 25 1.22x107°
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As seen in the table, the size increases with increase in
sulphurizing temperature, upto 550°C. The microstrain (s) of the films
were estimated by using the formula S=Bcos6/4 [9]. The film
sulphurized at 600°C contains secondary phases, but reveals relatively
smaller crystallites of CZTS. The microstrain at this temperature was

found to be very high (Table 3.1).
3.1.5.2 Raman spectra

XRD peaks of CZTS overlap with those of secondary binary or
ternary sulphides, such as, ZnS, Cu,SnS;, etc [7]. Hence, Raman
spectroscopy was used further to analyze phase purity ofthe dip coated
films. The films were scanned in the 200 to 600cm’’ region using a
high resolution grating system and 532nm laser irradiation, as

described in section 2.2.3 of this thesis.

+ Cu,ZnSnS, 1 , 600°C
550°C

) 500°C
e Cu,S /AN asoc
' T 400°C

V Cu,Sns,

Inrensity (a. u)

intensity (a.u)

— T T T T T T " T ‘T T
200 250 300 350 400 450 500 550 600
Raman Shift cm™
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Fig. 3.4 (a) Raman Spectra of films sulphurized at different temperatures;
(b) deconvoluted Raman spectra of films sulphurized at 500°C and
550°C
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Fig 3.4(a) shows the Raman spectra of films sulphurized at various
temperatures. All the films exhibited characteristic peaks of CZTS, at
286cm’ and 334cm’'/332em’’, which corresponds to the A vibrational
mode of CZTS [10]. Films sulphurized at 400°C and 450°C show
additional peaks at 471cm’’, which corresponds to Cu,.,S phase; this
was observed in the XRD analysis also. Films sulphurized at 500°C
and 550°C show three major peaks of CZTS at 286cm’’, 334cm” and
370cm’’, and no secondary or ternary phases were observed in these
sulphurization temperatures. The 286cm’' and 332cm™ /334cm™ peaks
corresponds to the A vibrational mode and 370cm’'/372cm’” peak
corresponds to the B(LO) vibrational mode of CZTS [10]. Fig. 3.4(b)
shows the deconvoluted Raman spectra of films sulphurized at 500°C
and 550°C fitted with Lorentzian function. The CZTSpeak at 352¢m’
which corresponds to the B(TO) vibrational mode [10] of CZTS was
clearly resolved in the deconvoluted spectra. No other impurity peaks
were found after deconvolution. When sulphurization temp erature was
increased to 600°C, two additional peaks at 272¢m’ and 291cm’
corresponding to ZnS and Cu,SnS; [11-14] were observed along with
shift in the positions of the major CZTS peaks. As seen in the inset of
Fig. 3.4(a), the FWHM of the Raman peaks were found to decrease
with increase in sulphurization temperature, indicating the increased
crystallinity of the films [13]. The film sulphurized at 600°C exhibited
a shift for the peak at 334cm’ to lower wave number. However, in
the XRD analysis, the peaks were found to shift to higher 26 angle.
Similar observations were made by Yoo and Kim [12] in spray

pyrolysed CZTS films when Cu content was changed from 2.4 to 1.6.
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3.1.5.3 Rietveld refinement

Structure refinement was carried out by Rietveld method using
the diffraction data collected at room temperature from high resolution
grazing angle XRD. The data was recorded with a step size of 0.02°
and a collection time of 3 sec per step, at 1° grazing angle. Fig 3.5(a)
shows the high resolution grazing incidence x-ray diffraction pattern of
the dip coated CZTS film sulphurized at 550°C. All the peaks
corresponding to kesterite phase are resolved well in the GIXRD
pattern and are indexed with the ICDD file 26-0575. Tetragonal
kesterite type model (a=b=5.427A, ¢c=10.871A, 0=p=y=90°) with S.G
471 (S.G No: 82) was used as starting model in the GSAS software
[15]. In kesterite model, copper occupies 2a (0 0 0) position, zinc is at
2d (0 Y4 %) position, Zinc + copper at 2¢ (0 '2 Y4) position, tin is at 2b
(0 2 '4) and sulphur is at 8g (xy z) position [16,17]. Fig. 3.5(b) shows
the Rietveld refinement pattern of the film sulphurized at 550°C.
Black curve shows the recorded pattern and red curve shows the
calculated one; magenta vertical lines are the Braggs reflection
corresponding to kesterite phase and blue curve is the difference
between recorded and calculated patterns. Refinement parameters
obtamed are Goodness of fit (x2) = 1.102, W, = 0.2081 and R(Fz)
=0.1026. Refined Ilattice parameter for kesterite structure is
a=b=5.4290A, c=10.8312A and c¢Ra=0.998. Lattice parameter
obtained from refinement are in good agreement with the reported
lattice parameter values [16]. Schorr et.al [18] observed variations in
the lattice parameter values when CZTS stannite phase was changed to
kesterite. In the present work, the refined lattice parameter of the

CZTS films perfectly matches with those of the kesterite phase.
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Fig. 3.5 High Resolution Grazing incidence XRD pattern of the film
sulphurized at 550°C (a) and Rietveld refined plot (b)

3.1.6 Defect Physics

P type conductivity in CZTS absorber is mainly due to its
intrinsic point defects. These defects play very important role to yield

highly efficient solar cells by influencing generation, separation and
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recombination of electron hole pair [19-22]. 13 different point defects
were reported for CZTS and are mainly classified as vacancies (V¢ ,
Vo, Vsi©, Vo), antisites (Cug,’, Zngy, , Cusy, Stca s Zngy 5 Sizn’)
and interstitial defects (Cu;, Zn;, Sn;). Defect complexes are also
possible in CZTS system; they are [Ve,tZne], [VzatSnz],
[Zng+2Znc,],  [2CuzytSng,],  [CuzntZngy],  [CugitSnc]  and
[Zng,+Snz,] [19]. These defects and defect-complexes form shallow
accepter/donor levels, deep trap states and mid gap states within the
band gap of CZTS [19]. A few studies were reported describing the
defect physics of CZTS [19-24]. The theoretical studies were based on

DFT calculations.

Cu,ZnSnS, has three different cation species with similar radii
giving rise to various possible antisite defects. [19,22]. Among the
cations, Cu and Zn have small size and valence difference, and hence
the antisite Cuy, can have low formation energy since the difference
between Cu and Zn is smaller than Cu and vacancy. Thus exchange of
Cu and Zn atoms in the Cuy, layer costs very little energy [24].
However, this is different from CulnSe,, where Cu vacancy dominates,
and the transition energy level of this antisite is relatively deeper than
Veco. There is large difference between the cations Cu and In, and
hence the antisite Cuy, is expected to have higher formation energy
than V¢,. The intrinsic p-type conductivity in CZTS is attributed to the
Cuyg, antisite, which has an acceptor level deeper than the Cu vacancy
[21]. The low formation energy of acceptor defects makes n-type

dopingdifficult in Cu,ZnSnS, [19].
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The possible secondary and ternary phases, which have to be
avoided during the phase formation of CZTS, are CuS, Cu,S, ZnS,
SnS, SnS,, and Cu,SnS;, and also other compounds such as CusSn;S;4
or CugZn;SnyS;¢ formed under certain conditions [21]. In order to get
phase pure CZTS, Chen et al constructed a polyhedron of chemical
potential region where CZTS is stable, based on the fact that the
chemical potential of the constituent elements of the concerned
impurity phase must be less than its formation enthalpy. The three
dimensional chemical potential thus obtained was very small. The
group found that the chemical potential of Zn is much lower than that
of Cu, and hence concluded that Cu-rich and Zn-poor conditions are

necessary for the growth of phase pure CZTS.

However, most of the experimental results already reported
point out Cu-poor and Zn-rich conditions for achieving higher
efficiency in CZTS cells [5,25-27]. And the relatively deep acceptor
level of Cuy, may not be ideal for solar cell application [21]. This has
led to the concept of passivation of active point defects through the
formation of the above mentioned defect complexes. It has been
pointed out that the antisite defect pair [Cuy, + Zr1Cu+]0 is easier to
form in CZTS, but will not lead to strong carrier separation [21]. The
other antisite pair Zng, and Cug, is less favorable because of large
chemical and size disparity. The formation energy of the [ch7+ZnCu+]0
is 0.65 eV in the calculated polyhedron of the chemical potential
region, where the intrinsic defects have positive formation energies

[21]. Formation of this pair is said to be beneficial for maximizing
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solar cell performance. The formation energy decreases rapidly when
Cu becomes poorer and Zn becomes richer. But in this case, the

formation of ZnS has to be avoided [21,28].

Since CZTS forms in a very small window, it is very important
to control the deposition conditions. The films have to be grown under
Cu-poor and Zn-rich conditions, which will yield required defects V¢,
and Znc, in the system. However, the formation of secondary phases
has to be avoided during fabrication of the films. Most researchers
have been investigating to explore novel deposition methods for CZTS
thin films to control defect engineering without forming secondary
phases. Studies on elemental composition ratios of CZTS films give

brief information about the Cu poor and Zn rich nature of the films.
3.1.7 Elemental composition analysis

Elemental analyses of films sulphurized at different temperatures
were examined by EDXS and ICP-AES (Inductively Coupled Plasma-
Atomic Emission Spectroscopy). Table 3.2 shows the elemental
composition results. In CZTS, the ideal stoichiometry corresponds to
Cu/(Zn+Sn) and Zn/Sn ratios of unity. As seen in Table 3.2, these
ratios for the films sulphurised at 400°C and 450°C are very low. The
ratios Cu/(Zn+Sn) and Zn/Sn for the films sulphurized at 500°C were
0.80 and 1.03, and the corresponding values at 550°C were 0.84 and
0.98, respectively. To further establish the elemental composition of
the film sulphurized at 550°C, the films were examined by ICP-AES
and the Cu/(Zn+Sn) and Zn/Sn ratios obtained from this study were
0.93 and 1.09, respectively. The results obtained in the EDXS analysis
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for Cu/(Zn+Sn) and Zn/Sn ratios were 0.84 and 0.98, respectively.
ICP-AES results of the film sulphurised at 550°C confirmed the

formation of Cu poor Zn rich films.

Table 3.2 EDXS and ICP-AES results of the CZT S thin films

Temperature Cu (at%) Zn (at%) Sn (at%) S (at%) (foén) Zn/Sn
EDXS
400°C 15.21(3) 8.29(x1) | 12.17(x2) | 64.333) | 0.74 | 0.68
450°C 15.71(£2) 8.82(4) | 11.25(4) | 64.22@6) | 0.78 | 0.78
500°C 17.17(:3) 10.86(3) | 10.53(3) | 61.443) | 0.80 | 1.03
550°C 18.07(£1) 10.61(x2) | 10.793) | 60.534) | 0.84 | 0.98
600°C 16.8(x2) 9.14(x1) | 11.22(22) | 62.844) | 0.83 | 0.81
ICP AES
550°C | 19.0520.01) | 10.68(20.01) | 9.830.1)| 59.99z0.1)| 0.93 | 1.09

3.1.8 Surface morphology

Fig. 3.6 shows the SEM images of the dip coated CZT

precursor films sulphurized at different temperatures. As seen in the

images, the grain size is increased to micrometer range with increase in

sulphurization temperature. Film sulphurized at 550°C consists of

large grains with size ranging from 300 to 700nm. Films morphology
becomes worse due to secondary phase formation when the

sulphurization temperature reaches 600°C.

For better understanding of grain size and grain morphology,
the films sulphurized at 500°C and 550°C were further analyzed by
Field Emission SEM (FESEM). FESEM gives high resolution images
and better focus compared to conversional SEM as discussed in
chapter 2 section 2.2.4. Fig. 3.7 shows the higher resolution field
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emission SEM images of the films sulphurized at 500°C and 550°C.
It can be seen from Fig. 3.7 (a and b) that the grain size of the film
sulphurized at 550°C is very large compared to that of the film
sulphurized at 500°C. The grain and grain boundaries are clearly
visible at this temperature. Fig 3.7(c) shows the cross section of the
film sulphurized at 550°C. Thickness of the film was found to be
~700nm.

Fig.3.6 SEM images of dip coated CZT precursor films sulphurized at
(a) 400°C (b) 450°C (c)500°C (d) 550°C (e) 600°C
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Fig.3.7 FESEM images of CZI precursor films sulphurized at (a)
500°C, (b) 550°C and (c) cross section of 550°C sulphurized
film

3.1.9 Optical Properties

The direct band gap energy of CZTS thin film was calculated
using the Tauc relation [29,30], as described in chapter 2 section 2.2.7.
Fig 3.8 (a) shows the (ohv)” versus hv curve of the films sulphurized at
different temperatures and (b) shows the absorption coefficient vs
wavelength plot of CZT precursor film sulphurized at 500°C and
550°C. Band gap was estimated by extrapolating the linear portion of
the plot of (ochv)2 versus hv tothe x intercepting point at y=0 (inset of
Fig 3.8(a)). As seen in the Figure, the band gap is changed from
1.47eV to 1.65eV with increase in the sulphurization temperature. The
observed change in the band gap may be due to the difference in the
crystallinity and the presence of secondary phases [27,29,30], as
observed in the XRD and Raman studies. Films annealed at 500°C
and 550°C exhibited band gaps of 1.47eV and 1.48eV; these values are
close to the optimum value of 1.5e¢V required for ideal photovoltaic

application [7,29]. Fig. 3.8(b) shows the absorption coefficient versus
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wavelength plot of CZT precursor film sulphurized at 500°C and
550°C. From the Fig. 3.8(b) the absorption coefficient of the films was
calculated and found to be ~ 10* cm™ in the visible region; this value
indicates that the dip coated CZT precursor film sulphurized at 500°C

and 550°C can absorb most of the incident radiation with minimum

film thickness.
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Fig. 3.8 (a) (ahv)’ versus photon energy (hv) of dip coated CZT precursor
films sulphurized at different temperatures and (b) shows the
absorption coefficient versus wavelength plot of CZT precursor
film sulphurized at 500°C and 550°C.
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3.1.10 Electrical Properties

To confirm the p type nature of the films and to measure the
electrical properties, Hall measurements were carried out in van der
pauw configuration with a constant magnetic field of 0.54Tesla
(chapter 2 section 2.2.8). Carrier density, mobility and resistivity of the
films were measured and are given in Table 3.3. P type nature of the
films was confirmed from the positive sign of the Hall coefficient and
carrier concentration. As seen in the Table 3.3, the carrier
concentration increases by one order at 500°C, the mobility shows a
reverse trend. However, the resistivity decreases slightly at this
temperature. The decrease in mobility may be due to the decrease of
Cu,_,S phase as observed in XRD and Raman. Cu,,S phase shows
conductingnature in CZTS thin films [19,31].

Table 3.3 Electrical properties of CZTS films sulphurized at different

temp erature
.. Carrier o .o
Sulphurizing concentration Mobility | Resistivity
temperature (o) (em*/Vs) | (Qcm)
400°C 1.823x10" 46.960 0.729
450°C 3.814x10" 10.680 1.533
500°C 1.629x10'® 2711 1414
550°C 1.434x10"® 5.257 0.828
600°C 3.159x10" 0.291 68.020
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When the sulphurization temperature is increased from 500°C
to 550°C, the carrier concentration decreases from 1.692x10" cm™ to
1.434x10"%cm™. The mobility increases from 2.711em’/Vs  to
5.257cm’/Vs, in this sulphurization temperature. The improved
mobility of the films at 550°C may be attributed to the better structural
quality of the film at this temperature [7] As described in the XRD
results (Fig 3.3 and Table 3.1), the crystallite size of the film increases
from 47nm to 58nm with the increase in sulphurization temperature
from 500°C to 550°C. Long et al [7] reported the electrical properties
of spin coated CZTS films and found a decrease in the carrier
concentration with increase in sulphurization temperature. The film
resistivity reported in this article is very high compared to the results of
this study. However, carrier concentration, mobility and resistivity of
the films of this study are similar to the values reported by several
other groups. The carrier concentration, mobility and resistivity
reported by Tanaka et al. for their CZTS films fabricated via hybrid
sputtering technique [32] were 8x10'*/cm’, 6cm’/Vs and 0.13Qcm,
respectively. The corresponding values reported by Zhang et al. [33]
for the films prepared by sulphurizing ion beam sputtered precursor
films were 8.2x10'%/cm’, 6.3cm’/Vs and 0.16Qcm respectively. In
another article, Zhou et al. [34] reported the electrical properties of
screen printed CZTS films. The carrier concentration, mobility and
resistivity of these films were 3.8><1018/cm3, 12¢m?/ Vs and 0.649Qcm,
respectively. In the present study, the carrier concentration and the
mobility decreased considerably to 3.159x10"/em’ and 0.219cm’/Vs

when the sulphurization temperature was increased to 600°C. The
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increased resistivity (68 Qcm) at 600°C may be due the undesired ZnS

phase, which was observed in Raman and XRD studies.

3.2 Cu,ZnSnS 4 film from CZTS precursor and subsequent

sulphurization

Precursor solution for dip coating containing sulphur was
prepared by dissolving copper (II) acetate monohydrate
[(CH;CO0),Cu.H,O, Merck Emsure, 99-102%], zinc (II) acetate
dihydrate [(CH3COO),Zn.2H,0, Merck Emsure, 99.5-101%], tin (II)
chloride dehydrate [(SnCL.2H,0, Merck Emsure, 98-103%] and
thiourea [(H,NCSNH,, Merck Emparta, 99%] in to 2-methoxy ethanol
[ethylene glycol monomethyl ether, CH;OCH,CH,OH, Merck
Emparta, 99.3%] and monoethanolamine (MEA, C;H;NO,99%).
Thiourea was used as sulphur source in the precursor solution. As
described earlier, 2-methoxyethanol and MEA were used as solvent
and stabilizer, respectively. copper (II) acetate monohydrate, zinc (II)
acetate dihydrate, tin (II) chloride and thiourea were dissolved in the
solution containing 2-methoxyethanol and MEA. The resultant
solution was stirred at 45°C for 1 hour to dissolve the metal complexes

and thiourea completely to obtain a clear and homogeneous solution.
3.2.1 CZTS film fabrication by dip coating

As described in the previous section, the glass substrates were
cleaned with standard cleaning procedure. The films were coated on to
the pre-cleaned glass substrates with dipping/withdrawal speed of

30mm/minute. The dip coated films were dried in air in tubular furnace
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at 300°C for 10 minutes. The process was repeated for 10 times to
increase the film thickness. Flow chart for the coating process adopted

is shown in Fig. 3.9.

Precursor solution of
Cu, 7n, Sn and S salts

le
¢

Dip Coating
L i J l 10times|

Heat Treatment at 300°C ]

'

Cooling ]7
v

Sulphurization ]

N N

Fig. 3.9 Flow chart ofthe coating of CZT Sthin films by dip coating

Precursor films with sulphur were further annealed in reactive
atmosp here [N»(95%)+H,S(5%)] to compensate possible sulphur loss,
which may occur during annealing process [7]. The effects of
sulphurization  temperature on  structural, optical, surface
morphological and electrical properties of the films were studied in

detail.
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3.2.2 Structural studies

3.2.2.1 X-Ray Diffraction studies
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Fig. 3.10 XRD pattems of films annealed at 400°C, 450°C, 500°C, 550°C
and 600°C

XRD patterns of the CZTS precursor films sulphurized at
different temperatures are shown in Fig3.10. Crystal structure and
phase purity of the films were confirmed by comparing the observed d
values with those in the ICDD powder diffraction file 26-0575. The
films showed characteristic peaks of CZTS at 20 angles 28.5°, 32.9°,
47.4° and 56.3°. However, the film sulphurized at 600°C exhibited two
additional peaks at 2 theta 14° and 69°, which are identified as due to
SnS, secondary phase, with the help of ICDD file 89-2028. This higher

annealing temperature might have resulted in melting and evaporation
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of film, which may be the reason for the formation of secondary phases

[14] at this temperature.

Table 34 Lattice parameters and average crystallite size of the films
annealed at different temperatures

Lattice parameter o
Sulphurization temperature (nm) Cry stallite size
(°C) (nm)
a c

400 0.5409 1.0825 6

450 0.5387 1.0963 8

500 0.5387 1.0970 11

550 0.5424 1.0758 14

600 0.5435 1.0981 19
ICDD 26-0575 0.5427 1.0848 --

Lattice constants of the films annealed at different temperatures
were estimated and are shown in Table 3.4. The values are in good
agreement with those of the standard ICDD data of kesterite structure
(a=b=0.5427 nm and ¢=1.0848nm). As seen, the diffraction peaks
become narrow with increase in sulphurization temperature indicating
increased crystallite size for the films. Change in average crystallite
size with annealing temp erature was analyzed using Scherrer’s formula
[9] and results are summarized in Table 3.4. As given in the table, the
film sulphurized at 400°C has average crystallite size of 6 nm, whereas

the size of the film sulphurized at 600°C is 19 nm.

As explained in the previous section, it is difficult to confirm

the formation of exact Cu,ZnSnS, phase from X-ray diffraction studies

Preparation and characterization of solution processed Kesterite
CuzZnSnSy thin films for photovoltaic applications




Cu2ZnSnSy films by dip coating

alone because of the similar crystal structure possessed by other
secondary phases such as ZnS and Cu,SnS; [11,12]. To confirm
formation of phase pure CZTS, the films were further investigated by

Raman spectroscopy.

3.2.2.2 Raman spectroscopic studies

N — 400
—~ i i I i 334 cm™ 0
= i : 333 cm’! 450 C
@ . 331cm” |—— 500°C
= 'l : 332cm’ 0
% i : 335cm’ | 55000
c P @) ——600°C
Q .
£ L
g 7 cml 416-449 cm”’
! 4
§ 8 465 cm/ 400°C
ks 450
2 pa
g 7 00°
(o]
=z 550°C
pd
= 600s

— T T T T T T
200 250 300 350 400 450 500 550 600
Raman Shift (cm™)

Fig. 3.11 Raman spectra of films sulphurized at 400°C, 450°C, 500°C, 550°C
and 600°C

Raman spectra of the CZTS films sulphurized at various
temperatures are shown in Fig. 3.11. The films showed characteristic
CZTS peaks at 332cm’ and 289 cm’', which arises from A sy mmetry
mode of kesterite phase [10]. Film sulphurized at 400°C showed a
peak at 366cm’ ' ,which is due to the B(LO) symmetry mode of CZTS
and another one at 465cm’’ corresponding to the vibrational mode of

Cu,.,S [34,35]. When sulphurization temperature was increased from
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400°C to 450°C, a broad peak was observed at 429cm’ and another
peak at 465cm’. The broad Raman mode observed at 429cm’ could

not be identified, but the peak at 465cm’! corresponds to the vibrational
mode of Cu,_,S phase [35].

At sulphurization temperatures 500°C and 550°C, two peaks at
280cm™ and 366 cm’ were observed, which were identified as the
E(TO) and B(LO) symmetry modes of CZTS, respectively [10,36,37].
Film sulphurized at 600°C consists of four Raman modes, at 2500m‘1,
2850m’1, 335cm and 366cm’’ of CZTS, along with one mode of ZnS
at 275cm’ and one of SnS, at 315cm™ [14,35,38]. Presence of SnS,
secondary phase in the film sulphurized at 600°C has been observed in
the XRD analysis. It is also observed that the major Raman peak
corresponding to CZTS at 332cm’ is shifted its position to higher
wavelength side for the films sulphurized at 400°C, 450°C and 600°C.
The observed shift may be due to the presence of secondary phases in
CZTS [14] at these temperatures. Raman studies confirmed formation
of phase pure CZTS at the sulphurization temperatures 500°C and
550°C.

3.2.3 Elemental composition analysis

Elemental compositions of as-coated and films sulphurized at
various temperatures were studied by EDXS equipped with SEM.
Table 3.5 shows the summary of the EDXS results. As-deposited film
showed traces of oxygen, chlorine and silicon. All films sulphurized at
different temperatures show presence of Si, which might be from the

SLG substrate. The other impurities were removed after high
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temperature annealing in sulphur atmosphere. Si peaks were
subtracted from the experimental data to estimate the exact elemental
ratios. Wang et al. [26] reported composition ratios of 1.2 for Zn/Sn
and 1.85 for Cu/Sn in their 6.8% efficient CZTS solar cell. In the
present study, the corresponding ratios were 1.19, 1.62 and 1.14, 1.75
respectively for the films sulphurized at 500°C and 550°C. As seen in
the table, better composition ratios were obtained for the films
sulphurized at 500°C and 550°C; both films show Cu poor and Zn rich
composition. As described in section 3.1.6, films with Cu poor Zn rich

condition is required for high performance CZT S solar cell fabrication.
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Table 3.5 Elemental composition ratios of films sulphurized at various temperatures

. EDXS results
Sulphurizing 7n Cu/
temperature Cu (at.%) (at.%) Sn (at.%) S (at. %) (Zn+Sn) Zn/Sn | Other elements
0O(5.32at%),
As coated 12.06(£3) | 05.86(£2) [ 06.10(£4) | 50.45(%5) 1.00 0.96 Si(10.61at%),
Cl(9.61at%)
400 C 15.38 (+4) | 1538 (£3) | 5.76 (£3) | 62.20 (+4) 0.79 2.67 -
450 C 21.82 (£7) | 9.75 (£5) 7.83 (+4) | 60.60 (£8) 1.24 1.25 -
500 C 20.86 (£5) | 15.30 (=6) | 12.88 (+4) | 50.96 (£7) 0.74 1.19 -
550 C 23.29 (£5) | 15.23 (£8) | 13.32 (£5) | 48.16 (+6) 0.82 1.14 -
600 C 28.38 (£3) | 11.31(£6) | 11.05 (£6) | 49.26 (£8) 1.27 1.02 -

Note. Silicon is observed in all films, this was subtracted, as mentioned in section 3.2.3)
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To further analyze depth-dependent changes in elemental
composition, EDXS spot analysis at different depths were carried out
on cross-sections. Fig 3.12 shows the SEM cross-sectional image of
film sulphurized at 550°C along with the different spots selected for
elemental analysis. Summary of the EDXS results obtained from
different spots are given in Table 3.6. Similar results obtained from
the elemental analysis at various spots confirmed uniform elemental

composition of the film.

Fig. 3.12 SEM cross sectional image used for studying depth dependent
changes

Table 3.6 Summary of EDXS results at different depths

. EDXS results
Positions

Cu (at. %) | Zn(at. %) | Sn (at. %) | S (at. %)

Spot 1 2331(x2) | 1530(3) | 13.38(x1) | 48.01(2)

Spot 2 2328(4) | 15.28(2) | 13.35(x1) | 48.09(4)

Spot 3 2335(3) | 1531(x4) | 13.32(x2) | 48.02(x4)
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3.2.4 Surface morphology

Fig.3.13 SEM images of films sulphurized at (a) 400°C, (b) 450°C, (c)
500°C, (d) 550°C, (e)600°C and (f) cross section of the film
sulphurized at 550°C

Surface morphologies of dip coated CZTS films sulphurized at
different temperatures studied by scanning electron microscope are
shown in Fig.3.13. As seen in the images, the films consist of particles
with uniform distribution and no cracks were observed in the films.
The grain sizes of the films were found to increase when the
sulphurization temperature is increased from 400°C to 500°C. The
morphology was found to change from porous to dense nature at
500°C sulphurization temperature. As seen, sulphurization at 550°C

leads to completely different surface morphology, where one can see
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comparatively lower grain size. However, XRD and Raman studies
revealed improved crystallinity at this temperature. Though the grain
structures of the films sulphurized at 550°C and 600°C are different
from those of the films sulphurized at lower temperatures, the cross
sectional SEM confirms dense nature of the films. Similar surface
morphology was reported for CZTS films prepared by dip coating
using methanol based precursor solution [39]. Fig 3.13(f) shows the
cross sectional image of film sulphurized at 550°C and the thickness

was found to be ~2um.
3.2.5 Optical properties

Energy band gaps were calculated by extrapolating the linear
portion of (0th)2 versus hv plots (Tauc plot) to the x axis (Fig. 3.14).
The optical band gaps of the films estimated are given in Table 3.7.
The band gap was found to increase from 1.23eV to 1.46eV, when the
sulphurization temperature was increased from 400°C to 600°C.
Raman spectra revealed presence of Cu,.,S, which has relatively
narrow bandgap [27], in the films sulphurized at 400°C and 450°C and
this may be the reason for the lower band gap observed at lower
sulphurization temperatures [27,40]. The band gap calculated for the
film sulphurized at 500°C was 1.39¢V, which is slightly lower than the
values reported earlier [33,34,36]. However, the film sulphurized at
550°C exhibited band gap of 1.43eV, which is close to the required
band gap for CZTS absorber film. Higher band gap was observed for
the film sulphurized at 600°C (1.46eV); however, XRD and Raman

studies revealed the presence of secondary phases in this film.
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Fig.3.14 (a-¢) (o0hv)* versus hv plots of dip coated CZTS films
sulphurized at various temperatures, (f) optical absorption

coefficient versus wavelength plot of the film sulphurized at
550°C.

Fig. 3.14(f) shows the absorption coefficient versus wavelength
plot of the film sulphurized at 550°C. As seen in the plot, the
absorption coefficient is almost constant in the visible region and
decreases thereafter at higher wavelengths. Efficient solar cell
absorber should have an absorption coefficient above 10°cm™. Film
sulphurized at 550°C exhibited an average absorption coefficient of
~1.4x10°cm’" in the visible region (380nm to 780nm) indicating that
film can absorb most of the incident radiations with minimum film

thickness.
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Table 3.7 Optical band gap of films sulphurized at different temperatures

Sulphurizing Band gap

temp erature (eV)
400°C 1.23
450°C 1.36
500°C 1.39
550°C 1.43
600°C 1.46

3.2.6 Electrical properties

Electrical properties of the dip coated Cu,ZnSnS, films
sulphurized at different temperatures were studied using Hall Effect
measurements with magnetic field intensity 0.54T, as described in the
chapter 2 section 2.2.8 of this thesis. The summary of the Hall analysis
are given in Table 3.8. Positive sign of the carrier concentration
indicated p type nature of the films. As seen in the table, carrier
concentrations of the films decrease from 1.4x10" to 1.4x10'°cm”
with increase in sulphurization temperature, from 400°C to 600°C.
Maximum carrier concentration was obtained at 400°C, while the
mobility was low at this temperature. With further increase in
temperature, the carrier concentration decreased (1.4><1019 to 1.4x10'
cm'3) and mobility increased (0.2 to 21.80m2/Vs). Increased mobility
may be due to the improved crystalline size of the film, as observed in
the XRD; better crystallinity will improve carrier mobility by
weakening grain boundary scattering [41]. The carrier concentrations

of the films were found to decrease with increase in sulphurization
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temperature. The observed increase in Cu/(Sn+Zn) ratio with
sulphurization temperature (Table 3.5) indicates decrease in Cu
vacancies which are the main source of holes in CZTS film [42].
However, as seen in the Table, higher Cu/(Zn+Sn) ratio is also
observed for the film sulphurized at 450°C; which also exhibited better
carrier concentration and this may due to the presence of secondary

phases observed in the film after sulphurization [43].

Table 3.8 Electrical properties of the films sulphurized at different

temp eratures
Temperature Carrier concentration Mobility | Resistivity
(°C) (Jem®) (cm?/Vs) (Qcm)
400 1.413x10" 0.2753 1.605
450 1.019x10" 0.3642 16.83
500 6.617x10" 0.6225 15.15
550 3.157x10" 2.577 7.672
600 1.412x10" 21.79 22.90

In the present study, minimum electrical resistivity (1.6Qcm)
was observed for the film sulphurized at 400°C and maximum
resistivity (22.9Qcm) for the film sulphurized at 600°C. Higher
resistivity observed at 600°C may be due to the observed ZnS phase at
this sulphurization temperature [42, 44]. The decrease in resistivity
with increase in sulphurization temperature from 500°C to 550°C may
be because of increased mobility, this may be due to the improved
crystallinity of the film or its changed surface morphology at this

temperature [42,43]. The carrier concentration, mobility and resistivity
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obtained for the film sulphurized at 550°C were 3.157x10" cm’,

2.577cm’/Vs and 7.672Qcm respectively; the values match with the

results of the previous reports [45,46].

33 Comparison of properties of dip coated CZTS thin films

prepared by two routes

Important properties obtained for the CZTS films coated by
two routes are listed in Table 3.9. Of the two routes studied, the CZT S
precursor film further sulphurized exhibited entirely different
properties. While comparing both routes, each route has specific
advantages and disadvantages. Optimized temperature was found to be
550°C for both routes. With same number of coatings, higher
thickness was observed for the CZTS film sulphurized at 550°C.
However, higher crystallite size, optimum band gap and good electrical
properties were observed for CZT precursor films annealed in sulphur
atmosphere. But highest absomption coefficient and comparatively
better composition ratios (Cu poor and Zn rich) were observed for
CZTS precursor film further annealed in sulphur atmosphere. Certain
optimum propetties were obtained in first route, while the second route
exhibited some other excellent properties. For large scale production
by dip coating, the second route, CZTS precursor film annealed in

sulphur atmosphere, appears good.
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Table 3.9 Comparison table of dip coated CZT S thin films by two routes

CZT precursor films

CZTS precursor film

Properties annealed in sulphur annealed in sulphur

atmosphere atmosphere

Optimized

sulphurization 550°C 550°C

temperature

Lattice parameters a=b=5.430A & a=b=5.524A &
c=10.899A c=10.758A

Crystallite size 58nm 14nm

Elemental ratios Cu/(Zn+Sn)=0.93 and Cu/(Zn+8Sn)=0.82 and
Zn/Sn=1.09 Zn/Sn=1.14

Film thickness ~700nm ~2um

Absmptlon 10%cm’! ~10%em’!

coefficient

Band gap 1.48eV 1.43eV

Conductivity type p type p type

Carrier concentration 1.434x10 °cm’ 3.157x10 'ecm”

M obility 5.257cm’/Vs 2.577cm’/ Vs

Resistivity 0.828 Qcm 7.672Qcm

3.4. Summary

Cu,ZnSnS, absorber thin films were successfully fabricated

through a simple dip coating technique. Two types of stable precursor

solutions with and without sulphur were prepared for dip coating The

precursor films prepared from the solution without sulphur were

sulphurized at different temperatures to optimize the sulphurization

temperature. XRD analysis revealed the formation of kesterite phase at

a sulphuizing temperature of 500°C. However, the crystallinity of the

film was found to increase when the temperature was increased to

550°C. Raman spectra of the films did not indicate any secondary
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phases in the films annealed at 500°C and 550°C. The study indicated
that the film annealed at 550°C possesses proper phase and
crystallinity. Rietveld refinement technique was used to extract the
structural properties usingthe GSAS software and the study confirmed
the formation of phase pure kesterite. The absorption co-efficient
calculated from the UV-visible spectra was found to be ~1 0*cm’ in the
visible region and the optical band gap estimated was 1.48 eV, for the
films annealed at 550°C. SEM and FESEM studies show a thickness of
~700nm and good surface morphology with large grains for the film
sulphurized at 550°C. Hall measurements revealed p type nature for all
the films. Carrier concentration, mobility and resistivity of the films
annealed at 550°C were found to be 1.434><10180m'3, 5.2¢cm’/Vs and

0.82Qcm respectively.

In the second route, CZTS precursor films dip coated from
solution containing sulphur were annealed at various temperatures to
study the effect of sulphurization on the structural, optical and
electrical properties of CZTS thin films. XRD and Raman studies
indicated the presence of secondary phases, such as, Cu,_S, ZnS, and
SnS, in the films sulphurized at 400°C, 450°C and 600°C. However,
the studies confirmed the formation of phase pure CuyZnSnS, in the
films sulphurized at 500°C and 550°C. The lattice parameter
calculated for the films sulphurized at 500°C and 550°C were
a=b=0.5387nm, ¢=1.0970nm and a=b=0.5427nm, c=1.0758nm,
respectively. The average crystallite size was found to be 11nm for the

film sulphurized at 500°C and 14nm for the one sulphurized at 550°C.
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EDXS results indicated Cu poor and Zn rich composition for the films
sulphurized at 500°C and 550°C. Surface morphological studies
revealed a dense and improved grain structure for the films sulphurized
at 550°C. The band gap of the film sulphurized at 500°C was
comparatively low (1.39¢V). However, band gap of 1.43 eV and
absorption coefficient of ~10° cm’ in the visible region were obtained
for the film sulphurized at 550°C. Hall Effect measurements indicated
p type nature for the films. The film sulphurized at 550°C exhibited a
carrier concentration of 3.157x10"cm”, mobility of 2.6cm’/Vs and
resistivity of 7.7Qcm. The structural, optical and electrical
investigations indicated optimum material properties required for thin
film solar absorber materials in the dip coated film annealed in sulphur

atmosp here (N,+ H,S) at 550°C.
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Chapter 4

Preparation of Cu2ZnSn$s films by spin
coating and study of their structural,
morphological, optical and electrical

properiies

This chapter describes the fabrication of Cu,ZnSnS, thin films
by spin coating and the studies carried out to investigate their
structural, morphological, optical and electrical properties. Two
different solution based approaches were adopted to prepare precursor
films by spin coating The precursor films were converted to phase
pure CZTS absorber films by various annealing/sulphurization
techniques. Table 4.1 shows the various routes selected for fabricating
phase pure CZTS thin films by spin coating and subsequent
temperature treatment.  Detailed studies on the structural and
photovoltaic propetties of films have been carried out after
annealin g/sulphurizing precursor films at different temperatures. Phase
purity of the films was studied by XRD and Raman spectroscopy.
Surface morphology of the films was examined by scanning electron
microscope. Film thicknesses were determined from the cross-sectional
FESEM images. Elemental compositions were studied by EDXS
coupled to the SEM. UV-visible spectroscopy was used to calculate
optical band gap and absorption coefficient of the films. Electrical

properties of the films were studied using Hall measurements.
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Table 4.1 Various routes adopted for fabricating phase pure CZT S thin films
by spin coating and subsequent temperature treatment

1\?; Sample Code/details | Annealing/sulphurizing treatment
CzT . Annealed at different temperatures in
01 (Precursor solution sulohur environment
without sulphur) p
02 CZTS Annealed a‘F different temperatures in
(Precursor solution sulphur environment
03 with sulphur) Annealed at different temperatures in
P inert atmosp here (nitrogen)

4.1 Cu,ZnSnS 4 films from CZT precursor and subsequent
sulphurization

4.1.1 Preparation of stable precursor solutions for spin coating

Stable precursor solution without sulphur was prepared for spin
coatingusing copper (II) acetate monohydrate (0.6 M), zinc (II) acetate
dihydrate (0.3M), tin (I) chloride (0.3 M), 2-methoxyethanol and
mono-ethanolamine (MEA). 2-methoxy ethanol and MEA were used
as solvent and stabilizer respectively, as described in section 3.1.1 of
this thesis. In spin coating technique, solution preparation and substrate

cleaning procedure are similar to dip coating technique.
4.1.2 Fabrication of CZTS thin film by spin coating

For spin coating on to pre-cleaned glass substrates, 75ul of the
precursor solution was used each time during the deposition process.
The spin coating was performed at a speed of 3000 ipm for 20s. The

films were dried after coating process at 300°C in a tubular furnace for
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10 min to evaporate the solvent completely. The procedure was
repeated for 10 times to achieve films with desired thickness. After the
spin coating, precursor films without sulphur (CZT) were converted to
Cu,ZnSnS, by sulphurizing in an environment of sulphur
[N,(95%)+H,S(5%) gas mixture], as described for dip coated films in
the section 3.1.1 of this thesis. However, after sulphurization, the films
except the ones sulphurized at 500°C and 550°C were peeled off from
the glass substrates. Since the films prepared at 400°C and 450°C did
not yield good quality films, further studies have been carried out with
the films obtained at sulphurization temperatures 500°C and 550°C.
After the sulphurization process, structural, optical, surface

morphological and electrical properties of the films were studied.

4 \
Precursor solution of
Cu, Zn and Sn salts

e

Spin Coating
J I 10 times I

v

Heat Treatment

v
[ C(ioling ]7

Sulphurization ]

e

Fig. 4.1 Flow chart ofthe deposition of CZT S thin films by spin coating

Preparation and characterization of solution processed Kesterite Cu2Zn SnS4
thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

4.1.3 Structural studies
4.1.3.1 X-ray Diffraction Studies

Fig. 4.2 shows the x-ray diffraction pattern of Cu,ZnSnS, film
prepared by spin coating followed by sulphurization in N,+H,S
atmosphere at 500°C and 550°C. The XRD pattern shows peaks
corresponding to kesterite Cu,ZnSnS, structure. The peaks were
indexed as (101), (112), (200), (220) and (303) planes of kesterite
structure, with the help of the ICDD file 026-0575. There are no peaks
corresponding to other secondary phases in the pattern of films
sulphurized at 500°C. However, an additional peak at 31.7° was
observed for the film sulphurized at 550°C. This peak was identified
as due to Cu,.,S phase, with the help of ICDD powder diffraction file
32-0348. Thus the XRD analysis revealed secondary phase in the film
sulphurized at 550°C.

(a) - 550°C
(b) - 500°C

(112)

Intensity (a. u.)
(220)

ii%i§$iii)

30 40 50 60
20 in deg
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o
M
o

Fig. 4.2 XRD pattern of Cu,ZnSnS, film sulphurized at 500°C and 550°C

Prepamtion and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

Lattice constants based on CZTS tetragonal crystal structure
estimated for the films sulphurized at 500°C and 550°C are shown in
Table 4.2. The values obtained were found to match with those of the
standard ICDD file 26-0575 (a=b=5.42700A, ¢=10.84800A), as seen
in the table. The average crystallite size was calculated using the
Scherrer’s formula and W-H relation as described in section 2.2.1. The
average size calculated for the films sulphurized are given in Table 4.2.
The average size increases with increase in sulphurizing temperature.

However, as discussed, secondary phase Cu,.,S was observed for the
film sulphurized at 550°C.

Table 4.2 Lattice parameters and crystallite size for films sulphurized at

500°C and 550°C
Lattice parameter .
Sulphurization (A) Average W-H relation
crystalline -
temperature _ . Crystallite .
a=b c size (nm) . Strain
size (nm)
500°C 5.428(2) | 10.851(1) 39 40 0.0026
550°C 5.435(2) | 10.866(2) 44 51 0.0314

4.1.3.2 Raman spectroscopic Analysis

To further confirm the formation of phase pure Cu,ZnSnS, film
at 500°C in this approach, the samples were investigated by Raman
spectroscopy. Fig 4.3 shows the Raman spectra of CZTS thin films
sulphurized at 500°C and 550°C. As seen, one major peak at 332cm’
and a shoulder peak at 286cm’ were observed, which are of Raman

modes of CZTS and are in agreement with the Raman peaks reported
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for kesterite in literature [1,2]. These peaks do not match with those of
secondary phases B-ZnS and Cu,_,S [3]. For the film sulphurized at
550°C, one major peak at 334cm’ and minor peaks at 248cm’™, 284cm’
' 372cm™ and 474cm’' were observed. Peaks at 334cm’, 248cm’
284cm” and 372cm’ correspond to the A, B(TO), A and B (LO)
vibrational modes of CZTS, respectively [1,4]. Peak at 474cm’ may be
due to the Cu,,S phase [3,4] With the increase in sulphurization
temperature from 500°C to 550°C major CZTS peak shift to higher
wavelength (3320m'1 to 334cm’1) and this may be due to the presence
of secondary phase (Cu,,S), as observed in XRD and Raman analyses

at this temperature.
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Fig. 4.3 Raman spectra of Cu,ZnSnS, film sulphurized at 500°C and 550°C
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4.1.4 Elemental composition

The elemental analysis in the films was estimated by EDXS
carried out along with the SEM study. Table 4.3 shows the summary of
the elemental composition of the CZTS thin films prepared by
sulphurizing spin coated CZT precursor films. As seen, the films
sulphurized at 500°C are Sn poor and Zn rich, and the Cu/(Zn+Sn)
ratio is unity. However, as described in section 3.1.6 of this thesis, Cu
poor Zn rich condition is more preferable in the case of CZTS thin
films. Films sulphurized at 550°C exhibited Cu rich and Zn poor
nature, which is also not favorable for efficient CZTS solar cell [5-7].
The films were sulphur poor at 500°C and 550°C, and this may be due
to the slow reaction of the CZT precursor film with H,S gas mixture

during sulphurization [8].

Table 43 Elemental compositions of films sulphurized at 500°C and 550°C

. EDXS results
Sulphurizing cu Cw
temperature (at.%) Zn (at.%) | Sn (at.%) | S (at %) (Zn+Sn) Zn/Sn
500 °C 2(11)9 13.93(4) | 11.96(=3) | 48.39+7)| 1.00 | 1.16
: 27.89
SS0°C | “y) [ 11:6363)| 1161(+4) | 4887(+4) | 120 | 1.00
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4.1.5 Surface morphology

Fig. 4.4 shows the SEM image along with the cross sectional
image of CZTS thin films sulphurized at 500°C. Grains were
distributed uniformly on the surface with average grain size of
~200nm. Thickness of the film measured from the cross-sectional SEM

images was found to be ~1.5um

Fig.4.4 SEM image (a) and its cross sectional image (b) of the films
sulphurized at 500°C

4.1.6 Optical properties

Fig4.5 (a) shows the absorption spectra of Cu,ZnSnS, films
sulphurized at 500°C in this route. Optical absorption coefficient (a) of

the films calculated from the spectra was found to be ~10°cm’ in the

visible region. This large value of a indicates that a layer thickness of
a few micrometers is sufficient to absorb ~90% of the incident photons

[4,9].

The energy band gap for direct band gap materials can be

estimated using the well known Tauc’s relation, as discussed in chapter
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2 section 2.2.7. Band gap energy was deduced by extrapolating linear

portion of (O(hv)2 versus hv plot to the x-axis.
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Fig.4.5 (a) Absorption spectra of Cu,ZnSnS, film sulphurized at 500°C,
and (b) (chv)* versus hv plot used for determining band gap
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Fig4.5 (b) shows the tauc’s plot of the thin films sulphurized at
500°C. The band gap estimated for the film was 1.47¢V. This is close
to the optimum value for thin film solar cells, and in consistent with
earlier report by Tanaka et al [8]. This group prepared CZTS thin films
by spin coating followed by sulphurizing method and studied the
effects of pre-annealing of precursor of Cu,ZnSnS, thin films. They
observed a variation in band gap from 1.20 to 1.53eV, in their study.
Band gap of 1.47eV was observed for CZTS films pre-annealed at
560°C in air, followed by further sulphurization in N,+H,S atmosp here
at 500°C for 1 hr. However, the same band gap was obtained in the
present study without pre-annealing. Band gap of the film prepared by
the present route indicates that the Cu,ZnSnS, film can be used as an

absorber layer in thin film solar cells.
4.1.7 Electrical properties

Electrical properties of the films were studied by Hall Effect
measurement system. p type nature of the film was confirmed from
Hall measurement studies. Carrier concentration, mobility and
resistivity of the CZTS films sulphurized at 500°C were 1.71x10'[]
cm?3, 48.20cm?/Vs and 0.812 Qcm, respectively. This is the highest
mobility for CZTS films of all samples studied for the present thesis
work. The electrical resistivity of the films was also found to be small
(0.812 Qcm). To the best of the author’s knowledge, the highest
mobility of 65cm?/Vs was reported for CZTS films prepared by co-
sputtering using metal targets and sulphurization in H,S atmosphere

[10]. As seen in section 4.1.4, the EDXS results revealed Cu rich, Zn
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rich, and Sn poor compositions for the film sulphurized at 500°C.
Muhunthan et. al. [10] reported similar composition for higher
mobility for the film prepared by co-sputtering of metal targets. M etal
rich (Cu,Zn) composition of films may be the reason for higher

mobility of CZTS films [11,12].

4.2 Cu,ZnSnS 4 films from CZTS precursor and subsequent
sulphurization

4.2.1 Preparation of stable precursor solutions for spin coating

In this route, precursor solution for spin coating was prepared
by incorporating thiourea as sulphur source. Copper (II) acetate
monohydrate, zinc (II) acetate dihydrate, tin (II) chloride, thiourea, 2-
methoxyethanol and mono-ethanolamine (MEA) were used for
preparing stable precursor solution, as described in section 3.2.1 of this

thesis.
4.2.2 Fabrication of CZTS thin film by spin coating

75ul of precursor solution was used each time during the
deposition process. The spin coating was p erformed at a speed of 3000
rpm for 20s on pre-cleaned glass substrates. The films were dried after
coating process at 300°C in a tubular furnace for 10 min to evaporate
the solvent completely. The procedure was repeated for 10 times to
achieve films with desired thickness. After spin coating, precursor
films with sulphur (referred to as CZTS) were further sulphurized in an
environment of N»(95%)+H,S(5%) gas mixture, as described in section

3.1.4 of this thesis. Films were sulphurized at different temperature to
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study the effects of sulphurization temperature on the structural, optical
and electrical properties of the CZTS thin films. After the
sulphurization, structural, optical, surface morphological and electrical

properties of the films were sy stematically studied.

Precursor solution of
Cu. Zn. Sn and S salts

Te
v

Spin Coating
L J I 10 times I

Heat Treatment

!
[ Cooling ]7
|
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[ Sulphurization

Fig. 4.6 Flow chart ofthe deposition of CZT S thin films by spin coating
4.2.3 Structural studies

4.2.3.1 X-ray Diffraction Studies

In this study, CZTS precursor thin films were prepared by spin
coating technique using sulphur containing solution and the films were
sulphurized subsequently at different temperatures (400°C, 450°C,
500°C, 550°C and 600°C) to investigate the effect of sulphurization
temperature on phase formation. As described in the previous section,
phasepurity ofthe films was investigated initially by X-ray diffraction.
Fig. 5.5 shows the XRD pattern of CZTS films sulphurized at different

temp eratures.
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Fig. 4.7 XRD patterns of the films sulphurized at different temperatures

From the XRD patterns, all films were observed to be grown
well with good crystallinity. For all annealing temperatures, film
showed peaks correspondingto (101), (112), (200), (220), (312), (008)
and (332) planes of kesterite phase, which are the characteristic peaks
of CZTS. In addition to these peaks, CZTS films sulphurized at 450°C,
550°C and 600°C exhibited a few additional peaks, which were
identified as due to Cu,SnS; phase. Inset of Fig. 4.7 shows the
magnified image of (112) plane of kesterite phase. As seen, the full
width at half maximum (FWHM) of the peaks are found to decrease
when sulp hurizing temperature is increased from 400°C to 600°C. The
film shows a shift in the position of (112) peak at 600°C sulphurization
temperature. The shift in 20 angle may be due to the presence of
ternary phases [4,13]. The decrease of the FWHM of peaks with

increase in sulphurization temperature may due to the improved
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crystallinity of the CZTS films. Lattice constants of the films
sulphurized at different temperature were estimated based on
tetragonal symmetry. Table 4.4 shows the summary of the values of
lattice constants estimated. These values are good agreement with the
standard data, a = 0.5427nm and ¢ = 1.0848nm (ICDD-PDF No.26-
0575).

Table 4.4 Lattice parameters estimated for the films annealed at different

temp eratures
. Scherrer
o Lattice Equation W-H relation
Sulphurization | Parameter (nm)
Temp. (°C) (nm)
' B Crystallite | Crystallite .
a=b c . . Strain
Size Size (nm)
400 0.5430 [ 1.0901 15 34 0.0048
450 0.5427 | 1.0919 22 36 0.0034
500 0.5440 | 1.0861 31 38 0.0009
550 0.5430 [ 1.0956 33 48 0.0017
600 0.5442 | 1.0988 40 63 0.0011
ICDD 26-0575 | 0.5427] 1.0848 |  ----- | = === | -—---

Variation in crystallite size with sulphurization temperature
was studied using Scherrer formula and Williamson-Hall (W-H)
method. The W-H relation accounts the contribution from strain
broadening as well. The results obtained from W-H relation and
Scherrer method are given in Table 5.2. It can be seen that the values
calculated for crystallite size using Scherrer formula is less than those
obtained by W-H method. The differences in values of crystallite size
by two methods are due to the strain observed (Table 4.4) in the CZTS

films [14]. It reveals that importance of strain calculation in estimating
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average crystallite size. As given in Table 4.4, the average crystallite
size of the films increases with the increase in sulphurization

temperature. Higher crystallite size was observed for films sulphurized
at 600°C.

Crystal structure and phase purity of CZTS film cannot be
distinguished clearly by X-ray diffractometry alone because of the
identical crystal structure possessed by secondary phases such as ZnS,
Cu,SnS;. The films were further investigated by Raman spectroscopy

to confirm the phase formation.

4.2.3.2 Raman spectroscopic Analysis

Raman spectra of spin coated CZTS films sulphurized at
different temperatures are shown in Fig4.8. As shown in the Figure,
the spectra are characterized by the presence of two main peaks at
about 286cm ' and 332cm . These peaks were identified as the main
vibrational Al symmetry modes from CZTS [1-3]. The films
sulphurized at 400°C and 450°C show one peak at 275cm’”, which can
be assigned to the characteristic peaks of ZnS phase [3]. In addition to
the aforementioned peaks of CZTS, the films sulphurized at 500°C,
550°C and 600°C exhibits peaks at 352cm’’ and 371cm™, which can be
assigned to the B(TO) and B(LO) vibrational modes of CZTS,
respectively [1,15]. Two other distinct peaks were observed clearly in
the films sulphurized at higher temperatures (550°C and 600°C). The
film treated at 550°C and 600°C shows peaks at 317cm’ and 362cm’;

the 317cm’”’ peak can be assigned to the characteristic peaks of
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Cu;SnS, phase [16]. The origin of the other peak at 362cm’ s still
unclear. A few reports show a mode at 366cm’', which is also a
vibration mode of CZTS phase [15,17], and another mode at 360cm’,
which is the characteristicpeak of Cu,SnS; [16,18]. A mode at 296cm’™
due to Cu,SnS; [19,20] was also observed for the films sulphurized at
550°C.
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Fig. 4.8 Raman spectra of spin coated CZTS films sulphurized at different
temperatures
Inset of Fig. 4.8 shows magnified image of the 332cm’ peak of
CZTS films sulphurized at different temperatures. The modes are
found to shift to higher wavelength, with increase in sulphurization
temperatures. Several factors could contribute red shit in Raman peaks,

mainly phonon confinement, strain, non-homogeneity in size
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distribution [21], non-stoichometry in films and defects in the crystal
lattice [22,23]. Variation in crystallite size was observed with increase
in sulphurization temperature, in the XRD analysis. From XRD and
Raman spectroscopy, except the film sulphurized at 500°C, all films
irresp ective of annealing temperature were found to contain secondary

(ZnS) or ternary phases (Cu,SnS;, CuszSnS,).
4.2.3.3 Rietveld refinement

Rietveld refinement analysis was carried out to further study
the structural parameter of the spin coated films prepared in this route.
The studies were conducted using GSAS software described earlier in
section 3.1.5.3, with the high resolution data collected from the grazing
incidence x-ray diffraction analysis (GIXRD) of the film sulphurized at
500°C. Fig. 4.9 shows the rietveld plot of CZTS film sulphurized at
500°C. Black curve is the observed XRD pattern for the film, red curve
is the calculated pattern, vertical magenta lines are the Bragg
reflections and blue line gives the difference curve between observed

and calculated patterns.
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Fig. 49 Rietveld refinement plot of CZTS thin films sulphurized at 500°C
(black curve is the observed XRD pattern, red curve is the
calculated pattern, vertical magenta lines are the Bragg reflections
and blue line gives the difference curve between observed and
calculated patterns)

Lattice constants were extracted from the refined data. Lattice
parameter after refinement for the CZTS thin film on glass substrates
were a=b=5.4213(3)A, =10.8391(5)A and ¢/2a=0.9996(4), Refined
lattice parameters matches with the standard kesterite lattice
parameters obtained from mineral data [14]. The rietveld refinement
results confirm formation of phase pure kesterite phase. Detailed
analysis of the rietveld results is presented in the section 3.1.5.3 of this

thesis.
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4.2.4 Elemental composition analysis

Elemental compositions of the spin coated CZTS films
sulphurized at different temperatures were investigated by Energy
dispersive X-ray spectroscopy (EDXS) equipped with SEM. Table 4.5
shows the summary of the EDXS results of CZTS films sulphurized at
different temperatures. It can be seen from Table 4.5 that the
Cu/(Zn+Sn) ratio of the film decreases with increase in sulphurization
temperature. Films were Cu rich and Zn poor a 400°C sulphurization
temperature; Cu ratio is found to decrease with increase in
temperature. The films sulphurized at 500°C were Cu poor and Zn
rich, such a condition will enhance the solar cell efficiency in CZTS
device [24-27], as detailed in section 3.1.6 of this thesis. In the present
study, considering the Zn/Sn ratios, films sulphurized at 400°C and
500°C were Zn rich, whereas other CZTS films were Sn rich. Taking
into consideration of the optimum case of Cu poor and Zn rich
conditions, the film sulphurized at 500°C in the present study exhibited
composition ratios similar to those observed in high performance

CZTS devices [28-31].

Table 4.5 EDXS results of CZT S films sulphurized at different temperatures

.. EDXS results
Sulphurizing = 5
temperature 0 0 0 0 u
Cu (at%) | Zn(at%) Sn(at%) S(at%) (Zn+Sn) Zn/Sn (Cu+Zn+Sn)
400°C 25.80(£5)| 10.16(x1)| 9.20(%7) | 54.84(%8) 1.33 1.10 1.21
450°C 24.73(%2)| 11.14(x3)| 11.43(%4)| 52.70(£7) 1.10 0.97 1.11
500°C 23.82(£3)| 12.95(x4)| 11.3(x6) | 51.90(%5) 0.98 1.14 1.08
550 C 23.12(=6)] 11.12(x4)| 12.65(£5)| 53.11(£8) 0.97 0.88 1.13
600 C 20.01(x4)] 10.23(x6)| 10.98(x5)| 58.78(%7) 0.94 0.93 1.43
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4.2.5 Surface morphology

Surface morphology of the films were analysed by scanning
electron microscope, as described earlier (chapter 2 section 2.2.4). Fig
4.10 (a-e) show the SEM images of the spin coated CZTS films on
glass substrates sulphurized at 400°C to 600°C.

Fig. 4.10 SEM image of CZT Sthin films sulphurized at (a) 400°C, (b)
450°C, (c) 500°C, (d) 550°C and (e) 600°C.

As seen in the images, the grain sizes of the films increase with
increase in sulphurization temperature. Different mormphologies are
observed for the films sulphurized at 400°C and 450°C. This may be
due to the incomplete grain growth of the film [32]. The film becomes
dense and grains are uniformly distributed at 500°C sulphurization
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temperature. Average grain size was found to be ~400nm for the film
sulphurized at this temperature. Higher sulphurization temperatures
(550°C and 600°C) improved grain size; however, detected Cu,SnS;
and Cu3SnS, secondary phases at these temperatures, as seen in XRD
and Raman studies. A few voids were observed for film sulphurized at

600°C. In the present work, best film morphology was obtained for the
film sulphurized at 500°C.

4.2.6 Optical properties

Optical properties of the spin coated and sulphurized CZTS
films were studied using UV-visible sp ectroscopy.
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Fig. 4.11 Absomption coefficient versus wavelength plot for the film
sulphurized at 500°C
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The absorption spectra of film sulphurized at 500°C is shown in
Fig. 4.11. Absorption coefficient of the film was calculated in the
380nm-750nm wavelength region. As shown in the Fig. 4.11, the film
has absorption coefficient of ~2x10° em’ in the visible region. Higher
absorption coefficient of the film indicates that it can absorb most of

the incident p hotons with minimum thickness.
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Fig. 4.12 (ahv) versus hv plots of spin coated CZT S films sulphurized at
different temperatures

The energy band gap for the direct band gap materials can be
estimated using the well known Tauc’s relation as described in section
2.2.7 of this thesis. The bandgap energy was estimated by
extrapolating the linear portion of (ochl))2 versus energy plot to the x-
axis (Fig. 4.12). The change in band gap energy with sulphurizing

temperature is summarised in Table 4.6
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Table 4.6 Optical band gap of spin coated CZT S films sulphurized at
different temperatures

Sulphurizing Band Gap

Temp. (°C) eV
400 1.37
450 1.41
500 1.45
550 1.43
600 1.31

Optical band gap is found to increase up to the sulphurization
temperature 500°C and thereafter reduces with further increase in
sulphurization temperature (Table 4.6). Increase in bandgap with
increase in sulphurization temperature may due to the improved
crystallinity of the films. Sulphurization at lower temperatures (400°C
and 450°C) revealed impurity phases and this could be a reason for the
observed lower band gaps at these temperatures. The band gap value
observed at 500°C sulphurization temperature was 1.45eV, and this
value is close to the optimum band gap energy required for thin film
photovoltaic cell. With further increase in sulphurization temperature
>500°C, the band gap of the film decreases from 1.45eV to 1.31 eV,
this drastic decrease may be due to formation of ternary phases

Cu,SnS; and CusSnS4. These phases were detected in the XRD and
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Raman studies. These ternary phases are n type semiconductors and

possess lower band gap [21,33,34].
4.2.7 Electrical properties

Hall measurement was performed in a magnetic field intensity
of 0.54T. Hall measurement with van der Pauw configuration showed
positive sign for the Hall coefficient and carrier concentration,
indicating p type conduction for the film. Summary of the data
obtained from the Hall measurement analysis of the spin coated CZTS

films sulphurized at different temperatures are given in Table 4.7.

As seen in Table 4.7, carrier concentration of the film decreases
and mobility increases with the increase in sulphurization temperature.
Increase in mobility may be due to the improved crystallinity of the
films, as observed in XRD patterns [35]. Resistivity ofthe CZTS films
significantly increased at the sulphurization temperature 600°C; this
may due to the presence of ternary phases [11,12], as observed in XRD
and Raman studies. The carrier concentration, mobility and resistivity
of the film sulphurized at 500°C were found to be 1.022x10"cm>,
0.2295cm>V''s" and 2.662Qcm respectively. Rajeshmon et. al. [36]
reported the the values as 1.03x10"%em™,  0.2295cm*V''s” and
2.662Qcm respectively for spray coated CZT'S thin films. This is close
to the values observed for CZTS films sulphurized at 500°C. The Hall
measurement studies revealed favourable electrical propertties in the

film sulphurized at 500°C.
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Table 4.7 Electrical properties of CZT S films sulphurized at different

temp eratures
Sulphurizing | Carrier concentration | Mobility | Resistivity
Temp. (°C) (cm’3) (cmz/Vs) (Qcm)
400 5.92x10" 0.1669 6.946
450 6.34x10" 0.1914 6.513
500 1.02x10" 0.2295 2.662
550 5.58x10" 1.089 1.026
600 2.62x10" 24.22 98.26

43  Cu,ZnSnS, films from spin coated CZTS precursor samples
and post-deposition annealing in inert atmosphere

4.3.1 Fabrication of CZTS thin film by spin coating and further

annealing in inert atmosphere

In this route, CZTS precursor films were spin coated as
described in the section 4.2.1 of this chapter; the films were further
annealed in inert (nitrogen) atmosphere to complete phase formation.
Annealing at different temperatures help to study the effect of inert
atmosp here on the structural, optical and electrical properties of CZTS
films. These films were treated at different temperatures ranging from
400°C to 550°C for 30 minutes in nitrogen atmosphere. Fig4.13
depicts the experimental set up used for annealing films. This process
was carried out in tubular furnace (Lenton, USA Make) with a gas
flow rate of SSCCM using controlled gas purging set up. Heating rate
was set to 5°per min up to the annealing temperature (350°C, 400°C,
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450°C, 500°C, 550°C) and the dwell time given was 30min. After
dwell time, heater was switched off and the furnace was cooled down
to room temperature. Gas purging was kept in the same flow rate in
the entire annealing process. The flow rate was controlled by a
standard gas flow meter attached with cylinder regulator. After
annealing, the structural, optical and electrical properties of the films

were studied in detail.

Heat Shield —— EXIT

Valve 2
Quartz Tube
L Sample
]

’ Furnace Controller ‘

Fig.4.13 Experimental set up used for annealing films in nitrogen atmo sphere

4.3.2 Structural studies
4.3.2.1. X-ray Diffraction Studies

Structural properties of the films were studied by x-ray
diffraction. Fig 4.14 shows the XRD patterns of as-deposited film
along with those of the films annealed in nitrogen atmosphere at
various temperatures between 350°C and 550°C. As seen in the XRD
patterns, the as-deposited film exhibits predominantly amorphous
phase, while the nitrogen annealing was found to improve the
crystallinity of the films. Peaks at 26=28.5° and 26=47.3° are clearly
visible in all the patterns. The peaks were identified as (112) and (220)
planes of Cu,ZnSnS, with the help of ICDD powder diffraction file
026-0575. The XRD peak of the film annealed at 500°C and 550°C
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become sharp and strong compared to other patterns. Lattice
parameters of the annealed films were calculated based on tetragonal
system [37,38]. The values obtained are given in Table 4.8 are in good
agreement with those in the ICDD file 26-0575 (a=b=0.5427nm,
c=1.0848nm).

(112)
(220)

Intensity (a. u.)

0 20 30 40 50 60 70

20 in deg

Fig. 4.14 XRD pattem of spin coated CZT Sthin films annealed at different
temp eratures

The average crystallite size of the CZTS was calculated using
the Scherrer’s formula and W-H relation. The full width at half
maximum (FWHM) of diffraction peaks and average crystalline size
calculated for the films annealed at different temperatures using the
(112) plane. As seen in the table (Table 4.8), the average crystallite
size is found to increase with increase in annealing temperature. The
improvement in crystallite size with temperature is lower compared to

the other route attempted for the present study (section 4.1.3.1 and
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4.2.3.1). The highest crystallite size in the present study was observed
for the films prepared by this route. The XRD analysis did not indicate

any secondary orternary phases at this temperature.

Table 4.8 Lattice constants and average crystallite size of the as-deposited
and films annealed at different temperatures

Lattice parameters : W-H relation
N, annealing Cryssit;élme
temperature (°C) a=b ¢ d (nm) nystalhte Strain
(A) A) size (nm)
As-deposited 5.4611 10.8319 15.8 16 0.1480
350 5.4738 10.8213 17.1 19 0.0892
400 5.4722 10.8611 20.7 20 0.0061
450 5.4068 10.8208 21.0 22 0.2801
500 5.4315 10.8260 22.2 24 0.6210
550 5.4427 10.8320 22.9 31 0.0154

4.3.2.2 Raman spectroscopy

In kesterite, two dominant peaks normally observed are at
286cm ' and 332cm’’, when irradiated with 532nm laser beam [39-41].
Here, as seen in Fig4.15, all films show one major peak at 332cm’’,
which corresponds to the A vibration mode of kesterite structure
[1,42]. The as-deposited film revealed predominantly amorphous phase
in the XRD, which may due to unreacted complexes of Sn and S
[4,40]. Films annealed in nitrogen environment at 350°C shows two
additional peaks, one at 286cm’ corresponding to CZTS [1,2] and
another peak at 360cm ', which may be due to the presence of ZnS
phase; identification of this mode with ZnS phase is difficult because
of the lack of ZnS major peak at 348cm'[42]. Films annealed at
400°C, 450°C and 500°C exhibited two more peaks of kesterite at
286cm’ ' and 356cm '/368cm™ , which indicate improved crystallinity
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of the film [43]. No other impurity peaks correspondingto B ZnS, Cu,.
S, Cu,SnS;, SnS,, etc., were observed in the Raman spectra of these
films [43]. Raman spectra of the film annealed at 550°C shows two
kesterite peaks at 283cm”  and 368cm’ along with peaks
corresponding to other impurity phases, at 303cm’ and 433cm’
[44,45]. The low intensity peak at 303cm’’ corresponds to Cu,SnS;
phase [44]. The presence of this phase was not detected in XRD,
which may be due to the low concentration of this phase in the film.
The other impurity peak at 433cm’ in the Raman spectra of film
annealed at 550°C could not be identified. XRD and Raman confirm
the formation of phase pure CZTS at 500°C.

5(332cm") — 550°C

Raman Intensity (cm™)

T T T T I: T T T T T T T T T T
200 250 300 350 400 450 500 550 600
Raman Shift (cm™)

Fig. 4.15 Raman spectra of CZT'S thin films annealed in inert atmosphere at
different temperatures
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4.3.3 Elemental composition analysis

Table 4.9 shows the results of the elemental composition
analysis of CZTS thin films annealed in inert atmosphere at different
temperatures. It can be seen that the elemental composition of Cu, Zn
and Sn increases and sulphur decreases with increase in annealing
temperature. As deposited film showed higher sulphur content;
however, the sulphur concentration decreases with increase in
annealing temperature. This may be due to the evaporation of sulphur
at higher temperatures [6,8]. The film annealed at 500°C is found to be
Cu poor and Zn rich, this condition is favourable for high performance
CZTS solar cells [24,26,30]. The SEM analysis indicated a few voids
or pores in the film annealed at 550°C. The elemental analysis revealed
very low sulphur at higher temperatures (550°C); the porous nature of
films may be due to the evaporation of sulphur at higher (550°C)
temp erature.

Table 49  Summary of elemental composition study of CZT Sthin films
annealed at various temperatures

.. EDXS results
Sulphurizing
temperature
mp Cu (at. %) Zn (at. %) Sn (at. %) S (at. %) (Zr?—!l-ls/n) er]l/s
As deposited 10.74 (£3) 11.38 (£2) 8.65 (12) 69.23 (£3) 0.54 1.32
350C 18.76(£5) 11.22 (2) 9.58 (#4) 60.44 (£5) 0.90 1.17
400C 20.51 (£3) 11.89 (+4) 11.37 (£3) | 56.23 (£3) 0.88 1.05
450°C 22.34 (£2) 12.96 (+4) 11.94 (£3) | 53.66 (£3) 0.93 1.01
500°C 23.74 (+4) 13.03 (+4) 11.96 (£3) | 51.27 (£5) 0.95 1.09
550C 27.39 (£2) 14.43 (£3) 14.41 (£3) | 43.77 (+4) 0.95 1.00
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4.3.4 Surface morphology

Fig 4.16 (a) shows the FESEM images of as-deposited and
annealed films. As seen, the surface image of as deposited CZTS film
shows a different feature on the surface, which may be due to the

unreacted complexes of Sn and S, as explained earlier [44].

Fig.4.16 FESEM images of the films (a) as deposited and (b) annealed
at 350°C, ¢) 400°C, d) 450°C, e) 500°C and f) 550°C in
nitrogen atmosphere
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As seen in the FESEM image, no grains are visible when the
film is annealed at 350°C. With increase in annealing temperature, the
particle size is found to increase, which can be clearly seen in the
images. The improved grain size is reported to enhance the
photovoltaic properties by reducing the carrier recombination [46].
Many voids are appeared when the film is annealed at 550°C; these
large voids in absorber layer will result in lower conversion efficiency
[46]. In the present study, best film morphology was obtained for the
film annealed at 500°C, which has uniformly distributed grains with

size ~100nm.
4.3.5. Optical properties

Fig 4.17 (a) shows the absomption coefficient versus
wavelength plot in the range 300nm-1100nm of the as-prepared and
nitrogen annealed films. It can be seen from the absorption spectra
that the photon absomption properties are mainly in the visible light
region. Band gap was estimated using the Tauc’s relation, [47] by
extrapolating the linear portion of the plot of (()th)2 versus hv to the x
intercepting point at y=0 (inset of Fig. 4.17(b)). As seen in the Fig
4.17(b), the band gap is found to vary from 1.46eV to 1.56eV when the
annealing temperature was increased from 300°C to 550°C. Lower
band gap at lower temperatures (300°C, 350°C) may due to the
secondary phases or the organic precursor materials existing on the
system [39]. The band gap was found to change from 1.56 to 1.49
when annealed from 400°C to 500°C, which can be attributed to the

increased crystallinity of the film [48]. The band gap was further
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increased when the temperature reached 550°C, this may be due to the

loss of sulphur [49].

Fig.4.17
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(a) Absorption coefficient versus wavelength plot of thin films
annealed at 300°C-550°C, (b) (ahv)’ versus (hv) plots for
estimating band gap.
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The band gap obtained at 500°C (1.49¢V) is close to the
optimum band gap for thin film absorbers [50-53]. Absorption
coefficient of the CZTS was calculated to be ~ 10* cm’' in the visible
region, from 400nm (3.1eV) to 700nm (1.77eV). This shows that the
spin coated film can absorb most of the incident radiation with
minimum film thickness. Kahraman et al. [39] reported optical band
gap values between 1.32 to 2.27eV for their CZTS films depending on
sulphurization temperature and the absorption coefficient obtained was
10%cm’". Fischereder et al [54] reported the preparation of CZTS thin
films using thio-acetamide as sulphur source and studied the influence
of vacuum annealing. In their work, all films exhibited optical
absorption coefficient of the order of 10%cm™ and the films had optical
band gap between 1.41eV and 1.81eV with respect to annealing

temp erature.
4.3.6 Electrical properties

Hall measurements were performed with a constant magnetic
field 0.54T at room temperature and resistivity measurements were
carried out using van der Pauw configuration equipped with Hall
measurement system. p type nature of the films was confirmed from
the positive signs of Hall coefficient and carrier concentration. Carrier
concentration, mobility and resistivity of the films measured are given
in Table 4.10. Lower resistivity of the as-deposited film and the film
annealed at 350°C may be due to the presence of the carbon contents
and the amorphous nature of the films [54,55]. Accordingto Patel et al,
high mobility may also be due to enrich of Zn and S content [56].
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When annealing temperature was increased from 400°C to 500°C, the
carrier concentration increased and mobility decreased, which may be
due to the decrease of ZnS phase on the surface [57]. However,
presence of ZnS was not detected in the present study; the ZnS on the
surface may not be detectable in Raman spectra with a 532nm laser
excitation because of its deeper penetration, as reported by Zakaria et
al and Long et al. [58,59]. Higher value for carrier concentration
(2.16><1019 crn'3) was obtained for the film annealed at 500°C. Hall
mobility and resistivity at this temperature was 41.41 cm*/Vs and
0.0880 Qcm, respectively. Previous reports indicate wide variation the
resistivity, from 107 to 10* Qcm [4,33,36]. The low resistivity of the
films in the present study may be due to the enhanced crystallinity of
the CZTS [60,61]. Resistivity of the material mainly depends on the
Cu/(Zn+Sn) and Zn/Sn ratios of the sample [52,60]. On further
increasing the temperature to 550°C, the carrier concentration and
mobility decrease to lower values, which increases the resistivity ofthe
film. This may be due to the formation of secondary phases and this
was evident in the Raman analysis [56]. The structural, optical and
electrical investigations revealed that the film annealed in nitrogen at
500°C possesses excellent absorber material properties required for

thin film solar cells.
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Table 4.10 Electrical properties of CZT Sthin films annealed at different

temp eratures
A ling t ¢ Carrier concentration | Mobility | Resistivity

nnealing temperature (cm™) (cm>/Vs) (Qem)
as deposited 2.280 x10™° 7192 0.0381
350°C 8.075 x10" 53.53 0.1444

400°C 1.877 x10° 4551 0.7309

450°C 1.198 x10™ 3947 0.1320

500°C 2.164 x10" 4140 0.0880

550°C 3.024 x10°° 1732 0.1192

4.4 Comparison of properties of spin coated CZTS thin films

prepared by three routes

Formation of phase pure CZTS was confirmed at lower
sulphurization temperature (500°C) by spin coating compared to the
case of dip coated films described in the previous chapter, where the
proper phase was formed at sulphurization temperature of 550°C.
Similar to the dip coated film, higher crystallinity is observed for the
CZT precursor film annealed in sulphur atmosphere. The spin coated
films prepared by all the three routes show optimum band gap, the
highest value obtained was 1.49eV for the CZTS precursor film
annealed in nitrogen atmosphere. The CZTS precursor film further
annealed in sulphur (second route) atmosphere exhibited the highest
optical absorption coefficient (loscm'l) in the visible region. The
elemental composition ratios of the CZTS precursor film annealed in
sulphur environment were found to be Cu poor and Zn rich, while the
films annealed in inert atmosphere showed Cu poor nature and but

stoichiometric ratios for Zn and Sn. The CZT film annealed in sulphur
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atmosphere (first route) showed Cu/(Zn+Sn) ratio equal to unity and
Zn/Sn ratio to 1.16; this shows the Zn rich nature of the films. High
carrier concentration of the films fabricated by the second and third
routes may be due to the Cu poor nature of the films. Carrier motilities
of the films prepared by the first and third routes were very high
compared to the CZTS film annealed in sulphur atmosphere (second
route). Similar trends were observed in the case of dip coated films,
discussed in the previous chapter. With same number of coatings, the
CZTS precursor film annealed in sulphur atmosphere (second route)
gave higher film thickness; hence this route would be favorable for
large scale fabrication. Among the three routes, the films fabricated by
the second route had better properties in terms of Cu poor Zn rich
nature, absorption coefficient, carrier concentration and film thickness.
The summary of the properties obtained for the films of the three spin

coating routes are given in Table 4.1
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Table 4. 11 Summary of the properties of the CZT S thin films fabricated by
three different spin coating routes.

.CZT precursm: ?‘ZTS precurso.r CZTS precursor
p . films annealed in films annealed in . .
roperties . . films annealed in
reactive (sulphur) reactive (sulphur) .
inert atmosphere
atmosphere atmosphere
Optimized 500°C 500°C 500°C
temperature
Film Area 1x1 inch 1x1 inch 1x1 inch
Crystallite size 39nm 31nm 22nm
+
Cw/(Zn+Sn) 1.00 0.98 0.95
ratio
Zn/Sn ratio 1.16 1.14 1.01
Energy Band 1.47¢V 1.45¢V 1.49¢V
Gap
Absorption 4 -1 5 -1 4 ]
Cocfficient >10" cm >10" cm ~10"cm
Carrier Type p type p type p type
gamer , 1.7x10"%cm 1.02x10" cm™ 2.17x10" em™
oncentration
Resistivity 0.8 Qem 2.66 Qcm 0.09 Qcm
Mobility 48.20cm”/Vs 0.2295cm"/Vs 41.40cm”/Vs
Film Thickness ~1.5um ~2.2um ~1.2um

4.5 Summary

CZTS thin films were coated successfully by spin coating
technique followed by annealing/ sulphurization. Two different
precursor solutions with and without sulphur were prepared for spin

coating Films were sulphurized or annealed in three different routes.

For the fabrication of CZTS thin films by the first method,
precursor films without sulphur coated on pre-cleaned glass substrates
were converted to Cu,ZnSnS, by annealing in sulphur environment at
various temperatures. Phase purity of the films was confirmed by x-ray

diffraction and Raman spectroscopic studies. No impurity phases were
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detected for the precursor film sulphurized at 500°C. For the film
sulphurized at 550°C showed peak corresponding to Cu,_.,S secondary
phase. Elemental composition ratios of both films were calculated and
the Cu/(Zn+Sn) and Zn/Sn ratios of films sulphurized at 500°C were
1.00 and 1.16 respectively. This composition ratios are not favourable
for efficient CZTS solar cell fabrication. Surface morphology and grain
size were examined by SEM. Film thickness obtained from SEM cross
section was ~1.5um for the films sulphurised at 500°C. Optical
absorption coefficient of the films calculated from the UV-Vis
absorption spectra was ~ 10°cm’ in the visible region. Optical band
gap estimated was ~1.47eV, which is quite close to the optimum band
gap energy for thin film photovoltaic cells. The carrier concentration,
mobility and resistivity of the films sulphurized at 500°C were
1.7x10"%cm>, 48.20cm™/Vs and 0.8 Qcm, respectively. Highest

mobility of 48.20 cm’/Vs was observed in this route.

In the second route, precursor films with sulphur spin coated on
pre-cleaned glass substrates were annealed further in sulphur
atmosphere at various temperatures. Formation of Cu,ZnSnS, phase
was confirmed from XRD and Raman studies. The crystallinity of the
films was found to increase with sulphurization temperature. Films
sulphurized at 500°C were found to be phase pure from the XRD and
Raman studies. Surface morphology of spin coated films sulphurized
at 500°C exhibits dense, uniform and improved crystallite structure.
The films sulphurized at 500°C exhibited optical bandgap of 1.45eV

and absorption coefficient of >10°cm’. Hall measurement indicated p
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type conduction for all films. The electrical properties such as
resistivity, carrier concentration and mobility of the films sulphurized
at 500°C were 2.662Qcm, 1.022><1019/cm3, 0.23 cmz/Vs, respectively.
Thus, the CZTS thin films fabricated by spin coating technique
exhibited required photovoltaic propetties.

In the third route, Cu,ZnSnS; precursor films fabricated
through spin coating route using sulphur containing solution were
annealed in inert (nitrogen) atmosphere and studied the effect of
annealing temperature in the range 350-550°C on the structural, optical
and electrical properties. XRD results revealed the formation of
kesterite phase at all annealing temperatures, while the Raman studies
indicated Cu,SnS, impurity phase in the film annealed at 550°C. The
band gap of the films annealed in nitrogen varies from 1.46eV to
1.56eV, depending on the annealing temperature. Good crystallinity,
dense structure, ideal band gap (1.49¢V) and good absorption
coefficient (104 cm'l) were obtained for the film annealed at 500°C for
30 minutes in nitrogen. Thus the film annealed at 500°C in inert
atmosphere possesses the optimum properties required for thin film

absorber.

Prepamtion and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

4.6
1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

Referen ces

Dumcenco D, Huang Y S, The vibrational properties study of
kesterite Cu,ZnSnS; single crystals by using polarization dependent
Raman spectroscopy, Opt. Mater. 35 (2013) 419.

Dimitrievska M, Xie H., Fairbrother A, Fontané X, Gurieva G,
Saucedo E, Pérez-Rodriguez A, Schorr S, Izquierdo-Roca V.
Multiwavelength excitation Raman scattering of Cu,ZnSn(S,Se; )4

(0 < x < 1) polyerystalline thin films: vibrational properties of
sulfoselenide solid solutions, Appl. Phys. Lett. 105 (2014) 031913.

FernandesP A, Salomé P M, Da Cunha A F, Study of polycrystalline
Cuw,ZnSnS, films by Raman scattering, J. Alloys Compd. 509 (2011)
7600.

Ge J, Chu J, Jiang J, Yan Y, Yang P, Characteristics of In-Substituted
CZTS Thin Film and Bifacial Solar Cell, ACS Appl. Mater.
Interfaces. 6 (2014) 21118.

Scragg J J, Dale P J, Peter L M, Towards sustainable materials for
solar energy conversion: Preparation and photoelectrochemical
characterization of Cu,ZnSnS,, Electrochem. Commun. 10 (2008)
639.

Catlow CR, Guo Z X, Miskufova M, Shevlin S A, Smith A G, Sokol
A A, Walsh A, Wilson D J, Woodley S M, Advances in

computational studies of energy materials, Philos. Trans. R. Soc., A.
368 (2010) 3379.

Chen S, Walsh A, Yang JH, Gong X G, Sun L, Yang P X, Chu J H,

Wei S H, Composttional dependence of structural and electronic
properties of Cu,ZnSn(S,Se), alloys for thin film solar cells, Phys.
Rev. B. 83(2011) 125201.

Tanaka K, Moritake N, Oonuki M, Uchiki H, Pre-annealing of
precursors of Cu,ZnSnS, thin films prepared by sol-gel sulfurizing
method, Jpn.J. Appl. Phys. 47 (2008) 598.

Guan H, Shen H, Gao C, He X, Sulfurization time effects on the
growth of Cu,ZnSnS, thin films by solution method, J. Mater. Sci.:
Mater. Electron. 24 (2013) 2667.

Muhunthan N, Singh O P, Singh S, Singh VN, Growth of CZT Sthin
films by co-sputtering of metal targets and sulfurization in H,S, Int. J.
Photoenergy. 2013 (2013) 7.

Preparation and characterization of solution processed Kesterite Cu2Zn Sn54

thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Long B, Cheng S, Zheng Q, Yu J, Jia H, Effects of sulfurization time
and H,S concentration on electrical properties of Cu,ZnSnS, films
prepared by sol-gel method, Mater. Res. Bull. 73 (2016) 140.

Long B, Cheng S, Lai Y, Zhou H, Yu J, Zheng Q, Effects of
sulfurization temperature on phases and opto-electrical properties of

Cuw,ZnSnS; films prepared by sol—gel deposition, Thin Solid Films.
573 (2014) 117.

Ge J, Wu Y, Zhang C, Zuo S, Jiang J, Ma J, Yang P, Chu J,
Comparative study of the influence of two distinct sulfurization
ramping rates on the properties of Cu,ZnSnS, thin films, Appl. Surf.
Sci. 258 (2012) 7250.

Zak A K, Majid W A, Abrishami M E, Yousefi R, X-ray analysis of
ZnO nanoparticles by Williamson—Hall and size—strain plot methods,
Solid State Sci. 13 (2011) 251.

Girel T, Sevik C, Cagin T, Characterization of vibrational and
mechanical properties of quaternary compounds Cu,ZnSnS, and
Cu,ZnSnSe, in kesterite and stannite structures, Phys. Rev. B. 84
(2011) 205201.

Fontané X, Calvo-Barrio L, Izquierdo-Roca V, Saucedo E, Pérez-
Rodriguez A, Morante J R, Berg D M, Dale P J, Siebentritt S, In-
depth resolved Raman scattering analysis for the identification of
secondary phases: characterization of Cu,ZnSnS, layers for solar cell
applications, Appl. Phys. Lett. 98 (2011) 181905.

Khare A, Himmetoglu B, Johnson M, Norris D J, Cococcioni M,
Aydil E S, Calculation ofthe lattice dynamics and Raman spectra of

copper zinc tin chalcogenides and comparison to experiments, J.
Appl. Phys. 111 (2012) 083707.

Gurieva G, Guc M, Bruk LI, Izquierdo Roca V, Pérez Rodriguez A,
Schorr S, Arushanov E, Cw,ZnSnS, thin films grown by spray

pyrolysis: characterization by Raman spectroscopy and Xray
diffraction, Phys. Status Solidi C. 10 (2013) 1082.

Fernandes P A, Salomé P M, Da Cunha A F, Cu,SnS,, (x=2,3) thin
films grown by sulfurization of metallic precursors deposited by dc
magnetron sputtering, Phys. Status Solidi C. 7 (2010) 901.

Fernandes P A, Salomé P M, Da Cunha A F, A study of temary
Cu,Sn'S; and Cu;SnS, thin films prepared by sulfurizing stacked
metal precursors, J. Phys. D: Appl. Phys. 43 (2010) 215403.

Ge J, Wu Y, Zhang C, Zuo S, Jiang J, Ma J, Yang P, Chu J,
Comparative study of the influence of two distinct sulfurization

Prepamtion and characterization of solution processed Kesterite CuzZnSnSy

thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

ramping rates on the properties of Cu,ZnSnS, thin films, Appl. Surf.
Sci. 258 (2012) 7250.

Kermadi S, Sali S, Ameur FA, Zougar L, Boumaour M, Toumiat A,
Melnik N N, Hewak D W, Duta A, Effect of copper content and
sulfurization process on optical, structural and electrical properties of
ultrasonic spray pyrolysed Cu,ZnSnS, thin films, Mater. Chem. Phys.
169 (2016) 96.

Sepanovié M J, Gruii¢-Broigin M, Dohéevic-Mitrovié Z D, Popovié
Z 'V, Characterization of anatase TiO, nanopowder by variable-
temperature Raman spectroscopy, Sci. Sintering, 41 (2009) 67.

Mitzi D B, Gunawan O, Todorov T K, Wang K, Guha S, The path
towards a high-performance solution-processed kesterite solar cell,
Sol. Energy Mater. Sol. Cells. 95 (2011) 1421.

Shin B, Gunawan O, Zhu Y, Boiarczuk N A, Chey SJ, Guha S, Thin
film solar cell with 8 4% power conversion efficiency using an earth
abundant Cu,ZnSnS, absorber, Prog. Photovoltaics Res. Appl. 21
(2013) 72.

Chen S, Gong X G, Walsh A, Wei S H, Defect physics of the
kesterite thin-film solar cell absorber Cu,ZnSnS,, Appl Phys. Lett.
96 (2010) 021902.

Samji S K, Mannam R, Rao M R, Do defects get ordered in
Cw,ZnSnS,?, Scr. Mater. 117 (2016) 11.

Das S, Mandal K C, Low-cost Cu,ZnSnS, thin films for large-area
high-efficiency heterojunction solar cells, 38th IEEE Photovoltaic
Specialists Conference (PVSC), 38 (2012) 002668.

Redinger A, Berg D M, Dale P J, Valle N, Sicbentritt S, Route
towards high efficiency single phase Cu,ZnSn(S,Se), thin film solar

cells: Model experiments and literature review, 37th IEEE
Photovoltaic Specialists Conference (P VSC), 37 (2011) 000025.

Shin B, Zhu Y, Bojarczuk N A, Chey S J, Guha S, High efficiency
CwZnSnSe, solar cells with a TiN diffusion barrier on the
molybdenum bottom contact, 38h IEEE Photovoltaic Specialists
Conference (PVSC), 38 (2012) 000671.

Gunawan O, Gokmen T, Shin BS, Guha S, Device characteristics of
high performance CwZnSnS, solar cell, 38th IEEE Photovoltaic
Specialists Conference (PVSC), 38 (2012) 003001.

Zoppi G, Forbes I, Miles R W, Dale P J, Scragg J J, Peter L M,
Cw,ZnSnSe, thin film solar cells produced by selenisation of

Preparation and characterization of solution processed Kesterite Cu2Zn SnS4

thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

magnetron sputtered precursors, Prog. Photovoltaics Res. Appl 17
(2009) 315.

Akkari A, Guasch C, Kamoun Turki N, Chemically deposited tin
sulphide, J. Alloys Compd. 490 (2010) 180.

Jemetio J P, Zhou P, Kleinke H, Crystal structure, electronic structure

and thermoelectric properties of CuSn;S;6, J. Alloys Compd. 417
(2006) 55.

Dhanasekar M, Bhat S V, Facile synthesis of Cu,ZnSnS, absorber
layer for thin film solar cells using a highly stable precursor solution,
Appl. Surf. Sci. 418 (2017) 194.

Rajeshmon V G, Kartha C S, Vijayakumar K P, Sanjeeviraja C, Abe
T, Kashiwaba Y, Role of precursor solution in controlling the opto-
electronic properties of spray pyrolysed Cu,ZnSnS, thin films, Sol.
Energy. 85 (2011) 249.

Romanyuk Y E, Fella C M, Uhl A R, Wemer M, Tiwari A N,
Schnabel T, Ahlswede E, Recent trends in direct solution coating of

kesterite absorber layers in solar cells, Sol. Energy Mater. Sol. Cells.
119 (2013) 181.

Tanaka T, Yoshida A, Saiki D, Saito K, Guo Q, Nishio M,
Yamaguchi T, Influence of composition ratio on properties of
Cu,ZnSnS, thin films fabricated by co-evaporation, Thin Solid Films.
518 (2010) 29.

Kahraman S, Cetinkaya S, Podlogar M, Bernik S, Cetinkara H A,
Giuder H S, Effects of the sulfurization temperature on sol gel-
processed Cu,ZnSnS, thin films, Ceram. Int. 39 (2013) 9285.

Tanju Gurel, Cem Sevik, Tahir Cagin, Characterization of vibrational
and mechanical properties of quatemary compounds Cu,ZnSnS, and
Cu,ZnSnSe, in kesterite and stannite structures, Phys. Rev. B 84
(2011) 205201.

SuZ, Yan C, Sun K, Han Z, Liu F, Liu J, Lai Y, Li J, Liu Y,
Preparation of Cu,ZnSnS, thin films by sulfurizing stacked precursor

thin films via successive ionic layer adsorption and reaction method,
Appl. Surf. Sci. 258 (2012) 7678.

Fernandes P A, Salomé PMP, Cunha da A F, Growth and Raman
scattering characterization of Cu,ZnSnS, thin films, Thin Solid Films
517 2009) 2519.

Fontane X, Calvo-Barrio L, Izquierdo-Roca V, Saucedo E, Perez
Rodriguez, Morante J R, Berg D M, Dale P J, Siebentritt S, In-depth

Prepamtion and characterization of solution processed Kesterite CuzZnSnSy

thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

resolved Raman scattering analysis forthe identification of secondary
phases: Characterization of Cu,ZnSnS, layers for solar cell
applications, Appl. Phys. Lett. 98 (2011) 181905.

Fernandes P A, Salom’el PMP, Cunha A F da, A study of temary
Cu,Sn'S; and Cu;SnSy thin films prepared by sulfurizing stacked
metal precursors,J. Phys. D. Appl Phys. 43 (2010) 215403.

Serrano J, Cantarero A, Cardona M, Garro N, Lauck R, Tallman R E,
Ritter TM, Weinstein BA, Raman scattering in f-ZnS, Phys. Rev. B.
69 (2004) 014301.

Kunihiko Tanaka, Noriko Moritake, Masatoshi Oonuki, Hisao
Uchiki, Pre-Annealing of Precursors of Cu,ZnSnS, Thin Films
Prepared by Sol-Gel Sulfurizing Method, Jpn. J. Appl. Phys. 47
(2008) 598.

Pawar B S, Pawar SM, Gurav K V, Shin SW, Lee J Y, Kolekar S S,
Kim J H, Effect of annealing atmosphere on the properties of
electrochemically deposited Cu,ZnSnS, (CZTS) thin films, ISRN
Renewable Energy. 2011 (2011) 934575.

Bodnar I V, Telesh E V, Gurieva G, Schorr S, Transmittance Spectra
of Cu,ZnSnS,, Thin Films, J. Electron. Mater. 44 (2015) 3283.

Suna Y M, Yaoa B, Mengc X C, Wangc D, Longc D, Huac Z, Effect
of Annealing Temperature and Ambient on Formation, Composition
and Bandgap of Cu,ZnSnS, Thin Films, ACTAPHYS. POL. A.126
(2014) 751.

Tapas Kumar Chaudhuri N, Devendra Tiwari, Earth-abundant non-
toxic CwZnSnS, thin films by direct liquid coating from metal-
thiourea precursor solution, Sol. Energy Mater. Sol. Cells 101 (2012)
46.

Nitsche R, Sargent D F, WildP, Crystal Growth of Quatemnary 1(2)I1-
IV-VI(4) Chalcogenides by lodine Vapor Transpott, J. Cryst. Growth
1 (1967)52.

Hironori Katagiri, Nobuyuki Sasaguchi, Shima Hando, Suguru
Hoshino, Jiro Ohashi, Takaharu Yokota, Preparation films by and
evaluation of Cu,ZnSnS, thin sulfurization of E-B evaporated
precursors, Sol. Energy Mater. Sol. Cells 49 (1997) 407.

Kamoun N, Bouzouita H, Rezig B, Fabrication and characterization
of Cu,ZnSnS, thin films deposited by spray pyrolysistechnique, Thin
Solid Films. 515 (2007) 5949.

Preparation and characterization of solution processed Kesterite Cu2Zn SnS4

thin films for photovoltaic applications



Cu2ZnSnSy films by spin coating

54)

55)

56)

57)

58)

59)

60)

61)

Fischereder A, Rath T, Haas W, Amenitsch H, Albering J, Meischler
D, Larissegger S, Edler M, Saf R, Hofer F, Trimmel G, Investigation

of Cu,ZnSnS, formation from metal salts and thioacetamide, Chem.
Mater. 22 (2010) 399.

Liu R, Tan M, Zhang X, Chen J, Song S, Zhang W, Impact of sol—gel
precursor treatment with preheating temperature on properties of
Cu,ZnSnS, thin film and its photovoltaic solar cell, J. .Alloys.
Compd. 655 (2016) 124.

Patel M, Mukhopadhyay I, Ray A, Structural, optical and electrical
properties of spray-deposted CZTS thin films under a non-
equilibrium growth condition, J. Phys. D. Appl Phys. 45 (2012)
445103.

Zhenghua Su, Chang Yan, Kaiwen Sun, Zili Han, Fangyang Liu, Jin
Liu, Yanqing Lai, Jie Li, Yexiang Liu, Preparation of Cu,ZnSnS,
thin films by sulfurizing stacked precursor thin films via successive
ionic layer adsorption and reaction method, Appl. Surf. Sci. 258
(2012) 7678.

Zakaria Z, Chelvanathan P, Rashid M J, Akhtaruzzaman M, Alam M
M, Al-Othman Z A, Alamoud A, Sopian K, Amin N, Effects of
sulfurization temperature on Cu,ZnSnS, thin film deposited by single
source thermal evaporation method, Jpn. J. Appl. Phys. 54 (2015)
08KC18.

Long B, Cheng S, Lai Y., Zhou H, Yu J, Zheng O, Effects of
sulfurization temperature on phases and opto-electrical properties of
Cu,ZnSnS, films prepared by sol—gel deposition, Thin Solid Films.
573 2014) 117.

Patel M, Mukhopadhyay I, Ray A, Structural, optical and electrical
properties of spray-deposited CZTS thin films under a non-

equilibrium growth condition, J. Phys. D. Appl. Phys. 45 (2012)
445103.

David Mitzi B, Oki Gunawan, Teodor Todorov K, Kejia Wang,
Supratik Guha, The path towards a high-performance solution-
processed kesterite solar cell, Sol. Energy. Mater. Sol. Cells 95
(2011) 1421.

Prepamtion and characterization of solution processed Kesterite CuzZnSnSy

thin films for photovoltaic applications



Chapter 5

Preparation of Cu2ZnSnS$4 films by spray
coating and study of their structural,
morphological, optical and electrical
properties

This chapter describes the fabrication of CZTS thin films by
simple spray coating technique. As in the case of spin coating, two
different solution based approaches were adopted to prepare precursor
films by spray coating Three different temperature treatments as given

in Table 5.1 were adopted to preparephase pure CZTS films.

The precursor films were annealed or sulphurized at different
temperatures and carried out detailed studies on their structural, surface
morphological, optical and electrical properties. Phase purity of the
films was studied by X-ray diffraction and Raman spectroscopy.
Surface morphology of the films was examined by both scanning
electron microscopy and field emission scanning electron microscopy.
Film thickness was estimated by FESEM cross sectional analysis.
Elemental composition analysis was carried out by EDXS coupled to
the SEM. UV-visible spectroscopy was used to study the optical
properties. Hall measurement technique was used to measure the

electrical properties for the spray coated films.
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Table 5.1 Various routes adopted for fabricating phase pure CZT Sthin films
by spray coating and subsequent temperature treatment

Sl. | Sample Code/details | Annealing/sulphurizing treatment

No.

01 | (Pre CWSS,,Z STO lution Annealed at different temperatures in
without sulphur) sulphur environment

02 CZTS Annealed at different temperatures in

(Precursor solution sulphur environment
03 with sulphur) Annealed at different temperatures in
P inert atmosp here (nitrogen)

5.1 Cu,ZnSnS, films from spray coated CZT precursor and
subsequent sulphurization

5.1.1 Precursor solution for spray coating

Several groups investigated various different parameters of spray
coating to improve phase purity of CZTS thin films [1-3]. Kumar et al.
studied the effect of concentration of Cu and S [2], while Rajeshmon et
al. studied the role of precursor solution in controlling optoelectronic
properties of CZTS thin films [3]. Water is used as solvent in spray
coating process in most of the already published reports. Dependence
of solvent type on the final properties of CZTS films is also reported.
[4]. In several studies, 2-methoxy ethanol is used as solvent, as
mentioned in chapter 3 section 3.1.1 of this thesis. In view of this, the

use of organic solvent was explored in this study for fabricating CZTS
thin films by spray coating

Stable precursor solution without sulphur source was prepared

for spray coating in a similar manner described in section 4.1.1 with

@ Preparation and characterization of solution processed Kesterite
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same chemicals, but with different concentrations. 0.02M copper (II)
acetate monohydrate, 0.01M zinc (II) acetate dehydrate, 0.01IM tin
(IT) chloride and 100ml 2-methoxyethanol were used for preparing

precursor solution.

5.1.2. Fabrication of CZTS thin films by spray coating

[ Substrate cleaning J

|

Precursor solution of
Cu, Zn and Sn salts

|

Spray coating - 8ml/min

!

[ Sulphurization ]

Fig. 5.1 Flow chart ofthe deposition of CZT S thin films by spray coating

Cleaning of glass substrates were carried out as per the standard
cleaning procedure described in section 3.1.2. CZT precursor films
were coated by spraying precursor solution on to the pre-cleaned glass
substrates at the rate of 8ml/minute, through locally fabricated spray
set up. Substrate temperature was kept at 300°C throughout the
process. Air blast atomizer contains pure nitrogen gas with flow rate

41/minute was used for coating, The distance between spray nozzle and

Preparation and characterization of solution processed Kesterite CuzZnSnSy
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substrate kept was 10cm. After coating, the film was allowed to cool to
room temperature. Fig. 5.1 shows the flow chart indicating the spray
coating procedure used in this study. The CZT precursor thin films
were sulphurized in N,+H,S atmosphere to complete the Cu,ZnSnS,
phase formation by incorporating sulphur into the crystal lattice. The
sulphurizations were carried out at different temperatures (450°C-
600°C) to study the effect of sulphurization temperature on the
structural, optical and electrical properties of the CZTS thin films. The
sulphurization setup was described in the section 4.13 of this thesis.
The structural, morphological, optical and electrical propetties of the

spray coated films were studied in detail.

5.1.3 Structural studies

5.1.3.1 X-ray Diffraction Studies

Structural properties of the films were investigated by High
Resolution grazing incidence XRD (GIXRD), as described in chapter 2
section 2.2.1 of this thesis. Fig. 5.2 shows the GIXRD pattern of
CZTS films sulphurized at different temperature. All films showed
characteristic peaks of CZTS phase and the peaks were marked with
the help of ICDD file 26-0575. Films sulphurized at 450°C exhibited a
few peaks other than CZTS planes. These peaks were identified as
SnS,, with the help of its ICDD file, 89-2028. Similarly, additional
peaks were observed in the film sulphurized at 500°C, and were
identified as that of Cu,SnS; phase, with the help of its ICDD file
27-0198.

Preparation and characterization of solution processed Kesterite
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Fig. 52 GIXRD pattern of precursor films after sulphurizing at different
temperature

In addition, the films sulphurized at 600°C exhibited extra
peaks, and these were identified as those of secondary phases, SnS,
and CuySnS, (ICDD file for CusSnS,; used was 27-0196). As seen in
the XRD patterns, the film sulphurized at 550°C is phase pure. Lattice
constants for the films were calculated based on tetragonal system.
Table 5.2 lists the calculated values of lattice constants for films
sulphurized at various temperatures. The values of lattice constants
were found to match with those in the kesterite mineral data [5]. The
lattice parameter calculated for the films sulphurized at 550°C
parameters were a=b=5.424A and ¢=10.821A. The corresponding
values of kesterite mineral are a=b=5.428A and c=10.864A [5].

Average crystalline size of the films was calculated using
Scherer’s formula and Williamson-Hall (W-H) relation. The W-H

analysis was described in section 2.2.1 of chapter 2 in this thesis. Table
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5.2 shows the calculated average crystallite size and strain of films
sulphurized at different temperatures. It can be seen that the values
calculated for crystallite size using Scherrer formula is less than those
obtained by the W-H method. As seen in table, the average crystallite
size increases with increase in sulphurization temperature. Higher
crystallite size was observed for the films sulphurized at 600°C;
however, X-ray analysis revealed the presence of secondary/ ternary
phases along with CZTS. The average size of the crystallites in film
sulphurized at 550°C was 52nm by Scherrer analysis, whereas the

same by W-H relation was 56nm.

Table 5.2 Lattice parameters and crystallite size of films sulphurized at
different temperatures

o Lattice parameter ) W-H relation
Sulphurization Crystallite -
temp erature a=b c(4) size (nm) Crystallite strain
(A size (nm)
450°C 5423 | 10.817 42 43 0.0007
500°C 5.440 | 10.823 46 50 0.0043
550°C 5424 | 10.821 52 56 0.0012
600°C 5.433 | 10.785 56 62 0.0342
ICDD
26-0575 5.4270 [ 10.8480 |  --------
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5.1.3.2 Raman spectroscopic Analysis

ZnS, CuyZnS;, CuyZnSnS, are the major secondary/ternary
phases commonly observed in the preparation of CZT S phases [6]. X-
ray diffraction peaks of these phases coincide with the CZTS peaks,
and hence it is difficult to confirm the exact CZTS phase formation
from XRD alone. Raman spectroscopy was further used to investigate
phase purity of the films. Fig. 5.3 shows the Raman spectra of CZTS

thin films sulphurized at various temperatures.

—450°C ! ' i(szgcm‘)

(328cm™)
(332ecm™)

e - ZnS o (331cm™)

+ - sns,/Cu,shs,

- Ccusns, | |
)

5 - Sn,S,

Normalzed Raman Intensity (a. u.)

I
I I
; | 600°C
; T T T z 1 : T c
200 250 300 350 400 450

Raman Intensity cm™

Fig. 5.3 Raman spectra of CZT S films sulphurized at different temperatures
The films sulphurized at different temperatures showed
characteristic vibrational modes of CZTS at 250cm’1, 328—332cm'1,
286cm'1, 351cm’ and 374cm’’. Peaks at 2500m'l, 328-332cm'l,
286cm™, 351cm’ and 374cm’ correspond to the B(LO), A, A, B(TO)
and B(LO) vibrational modes of kesterite phase, respectively [3,6,7].
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Raman spectra of film sulphurized at 450°C consist of a few additional
peaks due to Cu,SnSn;, ZnS and SnS,/Cu;SnS,, in addition to the
kesterite vibrational modes. These peaks observed at 275cm™, 291cm’
and 316cm' are identified as the vibrational modes of ZnS [6,8],
Cu,SnS; [6], SnS,/Cu;SnS, respectively [8-11]. Origin of the mode at
317cm’’ is not clear since this is coinciding with the major modes of
SnS, and Cu;SnS, [8,12]. XRD analysis revealed the presence of SnS,
phase in the film sulphurized at 450°C. Raman spectra of films
sulphurized at 500°C exhibited vibrational modes at 291cm” and
316cm’ corresponding to impurity phases Cu,SnS; and SnS,/Cu;SnS,
respectively [9,11]. The film sulphurized at 600°C showed peaks at
304cm” and 316cm™ corresponding to secondary phases Sn,S; and
SnS,/CusSnS,, respectively [9-12]. Raman studies confirmed phase
purity in the film sulphurized at 550°C. However, the broad peak
observed in this case may include peaks from other secondary phases
also. To further confirm the phase purity of the CZTS films prepared in
this route undoubtedly, the Raman spectra of films sulphurized at
500°C and 550°C were deconvoluted with Lorentzian peak fitting
function [13].

Fig 5.4 shows the deconvoluted Raman spectra of films
sulphurized at 500°C and 550°C. Eight peaks were deconvoluted from
the broader peaks for the films sulphured at 500°C. Major Peak of
CZTS at 332cm’' was found to be shifted to lower angle, may be due

to the presence of secondary phase. The deconvolution revealed that
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the peak at 328cm’ composed of two peaks; and corresponds to CZTS
and SnS, [7,12].

1) - 245¢cm'- E(TO)

8 Spectra
2)-273cm’- ZnS (6) — Fit
3)-284cm™- A | = Peaks (deconvoluted
4) - 291cm™- Cu,SnS, (a) 500°C

5) - 317cm™- Cu,SnS,
6)-332cm™- A
7) - 349cm’- B(TO/LO)

(
(
(
(
(
(
(
(8) - 369cm - B(LO)
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Raman Shift (cm™)

(1) - 250cm - B(LO) o Spectra

(2) - 268cm™-B(TO)  (5) — Fit
—|(3) - 286cm - A —— Peaks (deconvoluted)
: -
4| (4)-304cm™- A (b) 550°C
2| (8)
2|(®)
&
£((7)
[ =
©
E
1]
14

T T T T T T T T
200 250 300 350 400 450
Raman Shift (cm'1)

Fig. 5.4 Deconvoluted Raman spectra of films sulphurized at (a) 500 and (b)
550°C
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Shift in Raman peaks was observed for CZTS due to the
presence of secondary phases as discussed in the section 3.1.5.2 of
chapter 3. Deconvoluted Raman spectra of films sulphurized at 550°C
composed of seven peaks at 250cm'1, 268cm’1, 286cm’1, 304cm'1,
332cm’, 351cm 'and 374cm’, and these peaks were assigned to the
B(LO), B(TO), A, A, A, B(LO) and B(LO) vibrational modes of CZTS
respectively [6-11]. Thus, the XRD and Raman studies confirmed the
formation of phase pure CZTS when the spray coated precursor films
were sulphurized at 550°C.

5.1.3.3 Rietveld refinement studies

Structural properties of the films were further investigated by
rietveld refinement technique. Refinements were carried out using
GSAS software, as described in section 4.2.3.3 of this thesis.
Tetragonal kesterite type model (a=b=5.427A, c=10.871A,
0=P=y=90°) in the S.G 1471 (S.G No: 82) was used as the starting
model [5]. Fig 5.5 shows the rietveld refined plot of films sulphurized
at 550°C. Black dots represent experimental data, red line is the
calculated fit, pink vertical lines are the positions of refined phase
reflections and blue line is the difference line between the experimental
and fitted data. The agreement factors of the fit are Wrp=0.2030,
Rf*=0.1448 and x’=1.287.
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Fig. 55 Rietveld refinement results of spray coated CZT thin film
sulphurized at 550°C. Black dots represent experimental data, red
line is the calculated fit, pink vertical lines are the positions of
refined phase reflections and blue line is the difference line between
experimental and fitted data

The lattice parameters a=b and c of films sulphurized at 550°C
were extracted from the refined data. Refined lattice parameters were
a=b=5.4309465A, c=10.858355A and ¢/2a=0.9993, which is close to
the reported values of lattice constants for kesterite mineral data
(a=b=5.428(2)A, c=10.864(4) A and c/2a = 0.9854(5)) [5,14,15]. In
the case of kesterite type crystals, tetrahedral distortion can be
expressed in terms on cation-anion-cation bond angles. Ideally, the
bond angle in tetrahedral symmetry is 109.47°. However, in kesterite
crystal structure, the Cu-S-Sn and Zn-S-Sn angles are smaller and Cu-
S-Zn and Cu-S-Cu angles are larger than this ideal value. In this study,
for the spray coated CZT precursor film sulphurized at 550°C, the
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bond angles obtained were 107.317(6)°, for Cu-S-Sn, 108.21(10)°, for
Zn-S-Sn, 111.321(11)° for Cu-S-Zn and 110.510(9)° for Cu-S-Cu. The
bond angle values calculated are in agreement with the reported values

for kesterite structure [5,15].
5.1.4 Elemental composition analysis

Elemental compositions of the films were investigated by
EDXS equipped with SEM. EDXS results of films sulphurized at
different temperatures are shown in Table 5.3. In the stoichometric
conditions, the Cu/(Zn+Sn) and Zn/Sn ratios are unity [16-18]. As seen
in the table, the stoichometry is considerably deviated for the film
sulphurized at 450°C. This indicates that CZTS phase may not be
formed completely when sulphurized at 450°C [11]. The sulphur
concentration decreases with increase in sulphurization temperature to
550°C. According to Katagiri et al [19], non-stoichometric
composition ratios (Cu poor and Zn rich) were obtained for high
performance CZTS cells. In this work, these composition ratios of the
spray coated films were Cu/(Zn+Sn)=0.91 and Zn/Sn=0.92 for the film
sulphurized at 550°C; this condition is not favourable as explained in
section 3.1.6 of this thesis. Similar results were published by Araki et
al [20], observed Cu poor with Sn and Zn rich composition at this
temperature. The composition ratios of CZTS film sulphurized at
600°C, which contain secondary phases, were Cu/(Zn+Sn)=1.05 and
Zn/Sn=1.22.
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Table 5.3 Summary of EDXS results of the films sulphurized at different

temp eratures
Sulphurizing EDXS results
temperature Cu (at%) Zn (at%) Sn (at%) S (at%) Cu/(Zn+Sn) | Zn/Sn
450°C 14.49¢4) | 9.01 @5 | 17.17@2) | 59.33 @4) 0.55 0.52
500 C 20.88 (£5) | 10.83(33) | 10.79 () | 57.55 (6) 0.97 1.00
550 C 23.64 (4) 12.38(£5) 13.39 (£2) 50.59 (£5) 0.91 0.92
600 C 23.29 (4) 12.23(+5) 10.05 (4) 54.43 (£5) 1.05 1.22

5.1.5 Surface morphology

Surface morphologies of the films were analysed by SEM and
FESEM. Fig. 5.6 (a-d) show the SEM images of films sulphurized at a)
450°C, b) 500°C, c) 550°C and d) 600°C. As seen, cracks were
observed in the film sulphurized at 450°C. Dense surface morphology
with large grains was observed for the films sulphurized at 500°C and
550°C. However, grains with different sizes and shapes were observed
when sulphurized at 600°C. The XRD and Raman studies revealed
secondary and ternary phases in the films sulphurized at 600°C. Higher
temperature sulphurization may lead to decomposition of CZTS and
form secondary or ternary phases [21]. However, XRD and Raman
investigations confirmed the phase pure nature of the film sulphurized
at 550°C. Fig 5.6 (e) shows the FESEM image of the film sulphurized
at 550°C. Grain and grain boundaries are clearly visible at this
temperature. The cross-sectional image of the film sulphurized at
550°C is shown in Fig. 5.6 (f). Thickness of the film was found to be ~
1.9um from this image.
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Fig.5.6 SEM images of films sulphurized at a) 450°C, b) 500°C, ¢) 550°C
and d) 600°C, e) FESEM images of films sulphurized at 550°C
and f) cross section of the films sulphurized at 550°C.

5.1.6. Optical properties

Fig. 5.7 shows the optical properties of the films sulphurized at
various temperatures. As described in the previous chapters, the optical
band gap of the films were estimated by extrapolating the linear
porttion of the Tauc plot, (ochl))2 vs hv, to the x axis. Calculated band
gaps for the films sulphurized at different temperatures are listed in
Table 5.4. Band gap of the films were found to decrease from 1.53eV
to 1.33eV with increase in sulphurization temperature. The observed

change in band gap may due to the increase in crystalline size and the
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presence of secondary phases [16,22,23]. The higher band gap of films
sulphurized at 450°C may due to the presence of ZnS (Eg=3.7eV) [22].

The band gap was found to be 1.47eV for the film sulphurized at
550°C.
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Fig.5.7 (ahv)® versus hv plot of the films sulphurized at different

temperature; (inset) absorption coefficient versus wavelength plot
of films sulphurized at 550°C

Inset of Fig 5.7 shows the absomption coefficient versus
wavelength plot for the films sulphurized at 550°C. As shown, the
film exhibits an average absorption coefficient of ~8x10* cm™ in the
visible region. The higher absorption coefficient indicates that a thin
film with thickness ~ 1.9um fabricated in this study can absorb most of

the incident p hotons.
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Table 5.4 Optical band gap of films sulphurized at varioustemperatures

Sulphurizing temp erature Band gap
450°C 1.53eV
500 C 1.49¢V
550°C 1.47eV
600 C 1.33eV

5.1.7. Electrical properties

Hall measurements were performed with constant magnetic
filed 0.54T at room temperature, as described in section 2.2.8 of
chapter 2 of this thesis. p type nature of the films were confirmed from
the positive sign of the carrier concentration. Carrier concentration,
mobility and resistivity of the film sulphurized at 550°C obtained were
1.544x10"cm’’, 0.87cm’V''S" and 0.46Qcm, respectively. Similar
results were published by Rajeshmon et al. [3] for CZTS films coated
by spray coating using chloride precursor solution and water as
solvent. According to Long et al, the optimum values for resistivity,
mobility and carrier concentration for CZTS films are 10 to 10°Qem,
10" to 10"®cm” and 1 to 10 cm’/Vs, respectively [24]. However,
several articles were published later with different electrical properties
for CZTS films, fabricated by various techniques. Most of these

articles reported lower resistivity, higher mobility and moderate carrier

concentration for CZTS films [25-32].
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5.2. Cu,ZnSnS, films from spray coated CZTS precursor and
subsequent sulphurization

5.2.1 Preparation of stable precursor solution for spray coating

In this route, the precursor solution for spray coating was
prepared with sulphur source (referred to as CZTS precursor solution)
was prepared by dissolving copper (II) acetate monohydrate (0.02M),
zinc (II) acetate dehydrate (0.0IM), tin (I) chloride (0.01M) and
thiourea (0.16M) into 100ml 2-methoxyethanol. All chemicals were
purchased from Merck and were used without further purification.
Thiourea was used as the sulphur source. The resultant solution was
stirred at 45°C for 1 hour to dissolve precursor salts completely, as in

the case of the previous case described in section 5.1.1 of this thesis.
5.2.2 Fabrication of CZTS thin film by spray coating

CZTS precursor films were coated by spraying the precursor
solution on to a pre-cleaned substrate. Glass substrates were cleaned by
a standard cleaning procedure described in section 3.1.2. Substrate
temperature and spray coating conditions were described in section
5.1.2 of this chapter. The CZTS precursor films were sulphurized at
different temperatures to study the effect of sulphurization temperature
on the phase formation and the structural, optical and electrical
properties. The experimental setup used for sulphurizing CZTS thin
films were described in section 3.1.4. After the sulphurization

structural, optical and electrical properties of the films were studied.
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Fig. 5.8 Flow chart ofthe deposition of CZT S thin films by spray coating
5.2.3 Structural studies
5.2.3.1 X-ray Diffraction Studies

Fig. 5.9 shows the x-ray diffraction patterns of spray coated
CZTS films sulphurized at different temperatures. Crystal structures of
the films were identified by comparing the d values with those in the
ICDD-PDF 26-0575. The film sulphurized at 400°C showed four peaks
corresponding to (112), (220), (312) and (332) planes of CZTS.
Almost all peaks of kesterite phase were observed when sulphurization
temperature was increased. As seen in the XRD patterns, number of
peaks and peak intensity increases with sulphurizing temp erature. Thus
the crystallinity of the film is found to increase when sulphurization
temperature was increased from 400°C to 600°C. All CZTS peaks

were present even at lower sulphurizing temperature (400°C). XRD
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studies did not reveal any secondary phases in the films irrespective of
the sulphurization temperature. The film did not show any phases other
than CZTS even at higher sulphurizing temperatures (550°C and
600°C).
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Fig. 5.9 XRD pattem of CZTS thin films sulphurized at different
temp eratures

Lattice constants were estimated from the XRD patterns.
Cu,ZnSnS, possesses tetragonal structure and the lattice constants were
calculated based on the tetragonal symmetry. Table 5.5 shows the
lattice constants calculated for the CZTS films sulphurized at different
temperatures. These values are in good agreement with the single
crystal data, a = 0.5427nm and ¢ = 1.0848nm (ICDD-PDF No.26-
0575). Change in crystalline size with sulphurizing temperatures was
studied using Scherrer’s formula and W-H relation and the results are

given in Table 5.5. Average crystalline size of the CZTS thin films was
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found to increase with sulphurizing temperature. Higher crystalline

size was observed for the films sulphurized at 600°C.

Table 5.5 Lattice constants of CZTS films sulphurized at different

temp eratures
Lattice parameter .
Sulphurization (fIl)m) Cry gta]lite W-H relation
Temp S12¢ Crystallite .
a=b c (nm) ) Strain
size (nm)
400°C 0.5434 | 1.0805 20 31 0.0651
450°C 0.5427 1.0887 38 39 0.0087
500°C 0.5426 | 1.0911 47 51 0.0023
550°C 0.5428 1.0882 59 60 0.0008
600°C 0.5424 | 1.0744 70 69 0.0021
ICDD 26-0575| 0.5427 1.0848 - -— -—

5.2.3.2. Raman spectroscopic Analysis

As discussed in the previous chapters, it is difficult to confirm
the exact formation of kesterite phase from XRD measurements due to
similar crystal structure possessed by other impurity phases, such as
ZnS and Cu,SnS;. Hence the films were investigated by Raman
spectroscopy to further confirm phase formation. Raman spectra of

films sulphurized at different temperatures are shown in Fig. 5.10

As shown in Fig. 5.10, all films possess characteristic Raman
peaks of CZTS at 249c¢m’’, 334cm” and 366 cm’, irrespective of the
sulphurization temperature. Films sulphurized at 400°C and 450°C
showed another peak at 274cm’', which is due to Zn$S phase [6,7].
This secondary phase was not observed in the XRD analysis. In
addition to the peaks at 249cm’™’, 334cm™ and 366 cm™', Raman spectra
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of the films sulphurized at 500°C and 550°C showed peaks at 284cm’”
and 352cm’. Among the peaks, those at 284cm’’ and 334cm’
correspond to the A vibrational mode, whereas peaks at 249cm’’,
352cm’ and 366 cm’! correspond to the B(TO LO) vibrational mode of
CZTS [7].
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Fig. 5.10 Raman spectra of CZTS thin films sulphurized at different
temperatures.

When sulphurization temperature was increased to 600°C, peak
at 160 cm'of SnS and another peak at 287cm’ of Cu,SnS; were
observed along with the peaks of CZTS [6]. Thus, Raman studies
confirmed the formation of phase pure CZTS when the films were
sulphurized at 500°C and 550°C. FWHM of intense Raman peaks were
calculated and shown in Fig 6.8. As seen, FWHM of intense peak

(334cm’") decreases with increase in sulphurization temperature. This
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may be due to the improved crystallinity of the films [33]. For
photovoltaic devices, crystallinity of the film is also important [16,34].
Here, the film sulphurized at 600°C exhibited higher crystallinity, but
contains secondary phases. Hence the film sulphurized at 550°C

possesses phase purity and better crystallinity .
5.2.3.3. Rietveld refinement

In addition to the phase formation and identification,
investigations such as lattice and bond angle distortion are also
important in the structural characterization of CZTS thin films
prepared in this study. In order to carry out structural refinement by
Rietveld analysis, high quality data were obtained from high resolution
grazing incidence x-ray diffraction. Fig. 5.11 shows the high resolution
GI-XRD patterns of film sulphurized at 550°C and its Rietveld refined
pattern. For refinement, high resolution data was recorded with a step
size of 0.02° and collection time of 3s per step, at 1° grazing angle.
EXPGUI, the graphical interface of GSAS (General structural analysis
system) software, is used for the refinement process [35]. All peaks
observed in the GI-XRD pattern were indexed with the help of ICDD
file 26-0575. No peaks from secondary phases were observed in this
GI-XRD study. For refinement, the kesterite type model was used as
starting model and the details were discussed in the section 5.1.3.3 of

this thesis.
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Fig.5.11 (a) High resolution GI-XRD pattern of CZT S film sulphurized at
550°C and (b) its Rietveld refined pattern

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Cu2ZnSnSy films by spray coating

Observed refinement parameters are goodness of fit (x2)=1.260
Wrp=0.2789and R7=0.2592. Lattice constants obtained after
refinement are a=6=5.4307, ¢c=10.8294 and ¢/2a=0.9971. These values
are in good agreement with those obtained earlier for the kesterite type

structure [5,34].

As discussed in the previous section, tetrahedral distortion in
kesterite type ctystal can be expressed in terms on cation-anion-cation
bond angles. Ideally, the bond angle in tetrahedral structure is 109.47°.
However, in kesterite crystal structure, the Cu-S-Sn and Zn-S-Sn
angles are smaller and Cu-S-Zn and Cu-S-Cu angles are larger than
this ideal value. In this study, for the CZTS film sulphurized at 550°C,
the bond angles obtained are 108.528(14)° for Cu-S-Sn, 109.33(7)° for
Zn-S-Sn, 112.257(7)° for Cu-S-Zn and 109.612(7)° for Cu-S-Cu. The
bond angle values calculated are in agreement with the reported values

for kesterite structure [15].
5.2.4. Elemental composition analysis

Elemental compositions of the spray coated CZTS films
sulphurized at various temperatures were analysed by EDXS . Table
5.6 shows summary of elemental compositions of the films. For CZTS,
ideal stoichiometry is when Cu/(Zn+Sn) and Zn/Sn ratios are unity.
However, it has been reported that non-stoichometry in CZTS is
favourable for obtaining higher efficiency [36-38]. The results shown
in Table 5.6 indicate non-stoichometry in the films sulphurized at all

temperatures. Similar stoichometric variations were also reported by
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Huang et al. for spray coated CZTS films with ultrasonic spray
pyrolysis setup [37]. Higher variations in stoichiometry were observed
for the film sulphurized at 400°C. The ratios Cu/(Zn+Sn) and Zn/Sn of
films sulphurized at 550°C were 0.97 and 0.99 respectively.
Cu/(Zn+Sn) ratios of CZTS films varies with sulphurization
temperature. Cu poor Zn rich conditions are preferred in CZTS solar
cells as discussed in chapter 3 section 3.1.6 [2,3,24]. In the present
study, as seen in the table, copper concentration increases, while the Zn
concentration decreases with increases in sulphurization temperature.
The Zn/Sn ratio is found to decrease with increase in sulphurization
temperature. Thus, in this route, Cu poor and Sn rich films were
obtained for films sulphurized at 550°C; this condition may not be
preferable for high performance CZTS solar cells [19].

Table 5.6 EDXS results of CZT S films sulphurized at different temperatures

Sulphurizing EDXS results

temperature Cu Zn Sn S Cu/(Zn+Sn)| Zn/Sn
400 C 21.66(£3) | 16.38(£1)| 5.65(£2) | 56.31(£5) 0.98 2.90
450 C 22.87(£6) | 11.75(£3) | 10.83(£3) | 54.55(%6) 1.01 1.08
500 C 23.0(+4) [ 11.7(£4) | 11.8 (£3) | 53.5 (#4) 0.98 0.99
550 C 22.78(+4) [ 11.67(£5)| 11.8 (+4) | 53.75(%3) 0.97 0.99
600 C 26.39(£2) | 11.31(£4) | 13.05(%2) | 49.25(%8) 1.08 0.87
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5.2.5 Surface morphology

Fig.5.12 SEM images of films sulphurized at a) 400°C, b) 450°C, c)
500°C, d) 550°C, e) 600°C, and f) cross-sectional view of the
film sulphurized at 550°C

Surface morphology and film thickness of spray coated CZTS
films sulphurized at different temperatures were analysed by scanning
electron microscope. Fig. 5.12 shows the SEM images of films
sulphurized at various temperatures. Features with large size were
observed in the SEM images of the films sulphurized at 400°C and
450°C; these large grains may be of the secondary phases and are
confirmed using EDXS analysis. Secondary phases were also detected
in the XRD and Raman studies. Grains and grain boundaries are

clearly visible for the films sulphurized above 450°C. As seen in the
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figures, the grain sizes increase with sulphurization temperature. The
grain size is very small at lower sulphurization temperatures, 400°C
and 450°C. The films became dense when sulphurized at 500°C and
550°C and large grains were observed at these temperatures. This may
be due to Ostwald ripening of grains at higher temperatures [39,40].
Thus, a dense CZTS film with good microstructure was formed at
500°C and 550°C sulphurizing temperature. Average grain size of the
films sulphurized at 550°C was found to be ~600nm. However, voids
and cracks were observed when the temperature was increased to
600°C (Fig 5.12¢). The cross-section of the film sulphurized at 550°C
film is shown in Fig. 5.12 (f). The thickness of the film was estimated
to be 2.02um from the SEM image.

5.2.6. Optical properties

Fig. 5.13 (a-f) show the (()th))2 versus hv plots of the CZTS
films sulphurized at various temperatures and a typical curve
indicating the absorption coefficient versus energy curve obtained for
the film sulphurized at 550°C. The optical absorption coefficient a, of
the film sulphurized at 550°C was found to be 10°cm™ in the visible
region, as seen in Fig 5.13 (f). Optical band gap for direct band gap
materials are estimated using the well known Tauc’s relation
[16,34,39]. Band gaps were deduced from the (()thu)2 versus hv plots by
extrapolating the linear portion of plot to the x-axis. Table 5.7 gives
the band gaps of the films sulphurized at different temp eratures.
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Fig.5.13 (ohv)® versus hv plot of the films sulphurized at different

temperature (a-e) and absorption coefficient versus wavelength
plot of the film sulphurized at 550°C (f)

Table 5.7 Band gaps obtained for the CZT'S films sulphurized at different

temp eratures

Sulphurizing

temperature Band gap
400 C 2.22eV
450 C 1.83eV
500 C 1.48¢V
550 C 1.49eV
600 C 1.38¢eV
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As seen in the table, band gaps of the films were found to
decrease with increase in sulphurization temperature. The band gap
was found to be very high at the sulphurization temperature 400°C.
This may be due to the presence of secondary phase ZnS, which was
identified in Raman analysis [33]. The band gap decreased to 1.83 eV
after sulphurizing at 450°C, the difference in band gap with
sulphurization temperature may due to the difference in crystallinity
and the decrease in ZnS phase at higher temperature [16,34]. When
sulphurization temperature is increased, ZnS react with other metallic
sulphides and form CZTS phase [33]. In the Raman spectra, intensity
of the ZnS peak was found to decrease when sulphurizing temperature
was increased from 400°C to 450°C. However, optical band gaps
became 1.48¢V for the film sulphurized at 500°C and ~1.49¢V for the
fil sulphurized at 550°C. These values are close to the ideal value
required for single junction solar cells. The band gap was found to
decrease with further increase in sulphurization temperature (600°C).
This is may be due to the presence of secondary and ternary phases
(SnS, Cu,SnS;) observed at this higher temperature [16,34]. The n type

semiconductors SnS has much lower bang gap energy [33].
5.2.7. Electrical properties

Electrical propertties using Hall set up were investigated with
0.54T magnetic field intensity, as described in the previous chapters.
The Hall measurement revealed positive sign for the hall coefficient
and the carrier density, indicating p type conduction for the films.

Table 5.8 lists the summary of the results of electrical studies carried
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out on the films sulphurized at various temperatures. As seen, the
carrier concentration of the films increases with increase in
sulphurization temperature (from 400°C to 500°C), while the mobility
decreases; this trend may be due to the decrease in ZnS phase, as
observed in the Raman spectra [34]. Patel et al [1] reported that
decrease in Zn and S contents will lower the carrier mobility in CZTS
film. Further increase in sulphurization temperature increases in
mobility, which can be attributed to the improved crystallinity of the
film, as observed in the XRD analysis.

Table 5.8 Electrical properties of CZTS films sulphurized at different

temperatures
Sulphurization Carrier Mobility | Resistivity
Temperature (°C) [ Concentration (cm'3) (cmzvls‘l) (Qcm)
400 1.93x10"* 0.87 4.01
450 1.56x10" 0.81 0.47
500 4.12x10" 0.15 1.01
550 3.67x10" 0.33 0.52
600 5.26x10" 2.33 5.11

Higher resistivity and lower carrier concentration were
observed at 600°C, which may be due to the secondary phases
observed in the film at this sulphurization temperature [22]. At this
sulphurization temperature, SnS phase was observed, which is n type
and is unfavourable to device performance. Larger voids observed in

the SEM image of the film sulphurized at 600°C may increase the
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resistivity of the CZTS films [41]. As given in Table 5.8, the films
sulphurized at 500°C and 550°C possesses higher carrier concentration
and lower resistivity. Optimum electrical properties required for CZTS
absorber material were discussed in the previous section of this
chapter. The carrier concentration, mobility and resistivity of the film
sulphurized at 550°C were 3.67><10190m'3, 0.33cm’V's'and 0.52Qcm,
respectively. In this work, better structural and optical properties were
obtained for the film fabricated by spray coating followed by
sulphurization at 550°C. The film possessed higher carrier

concentration, but the hole mobility was very low.

5.3. CuZnSnS, film from spray coated CZT S precursor and subsequent
annealing in inert atmosp here

In this third route, CZTS precursor films were spray coated on
to pre-cleaned glass substrates, as described in the section 5.2.1 of'this
chapter. The films were further annealed in inert (nitrogen)
atmosphere to complete phase formation. Substrate cleaning and
precursor solution preparation were carried out in a similar manner
described in the previous route (section 5.2.1). The spray coated films
were heat treated at different temperatures 400°C, 450°C, 500°C and
550°C for 30 minutes in nitrogen atmosp here. Experimental setup used
for annealing CZTS thin films was described in section 4.3.1. The
structural, optical and electrical propetties of the films were

investigated.
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5.3.1. Structural studies
5.3.1.1. X-ray Diffraction Studies

CZTS precursor films were fabricated by spray coating
technique and the films were further annealed in nitro gen atmosp here
to study the effect of annealing temperature on the phase formation.
Fig. 5.14 shows the XRD patterns of as-deposited and nitrogen
annealed CZTS thin films. The as-deposited film did not show any
peaks in the XRD analysis indicating the amorphous nature of the film.
Two peaks were observed in the XRD pattern of films annealed at
400°C, corresponds to (112) and (220) planes of kesterite phase. As
seen in the XRD pattern, the film annealed at 450°C exhibited three
peaks correspondingto (112), (220) and (224) planes of CZTS (ICDD-
PDF 26-0575). This indicates the formation of kesterite phase at
450°C. The film annealed at 500°C had relatively high intense peaks
corresponding to (112), (200), (220), and (312) planes of kesterite. At
550°C, a peak corresponding to the secondary phase Cu,.,S; was
observed, in addition to the (112), (200), (220) and (224) planes of
CZTS [42]. Annealing at high temperature may have resulted in
melting and subsequent evaporation [43] of the film and this may be

the reason for the appearance of secondary phase.
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Fig.5.14 XRD pattems of CZT S films annealed at different temperatures

Lattice constants and crystalline size were estimated from the
XRD patterns.  Average crystalline size was calculated using
Scherrer’s formula and W-H relation [44]. Table 5.9 shows the values
of lattice constants and average size of the CZTS films annealed at
450°C and 500°C. These values are in good agreement with the single
crystal data, a = 0.5427nm and ¢ = 1.0848nm (ICDD PDF No.26-
0575). The crystal structure and size of CZT S thin films were found to
vary with annealing temperature. Also, the peak width is narrowed
with temperature. As seen in the figure, the peak intensity is found to
increase with the increase in annealing temperature. Thus, the average
particle size and the crystallinity of the particles were found to increase
with the annealing temperature. It has been reported that the

improvement in crystallinity of the absorber layer enhances the
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efficiency of solar cells [45]. In this study, the kesterite phase was
formed at 450°C and the crystallinity was found to increase when the
annealing temperature was increased to 500°C. Lattice strain of the
CZTS film was calculated using W-H relation and found to increase
with sulphurization temperature.

Table 59 Lattice parameters and average crystallite size of the films
annealed at 450°C and 500°C

Lattice
i parameter i W-H relation
Annealing (nm) Crystalline
temperature size (nm) -
_ Crystallite :
a=b c . Strain
size (nm)
500°C 0.543 | 1.08 44 48 0.0034
450°C 0.544 | 1.09 42 44 0.0022

5.3.1.2 Raman spectroscopic Analysis

To confirm the formation of single phase Cu,ZnSnS,, the films
were further investigated by Raman spectroscopy. Cu,ZnSnS, has a
space group of I4, primarily consists of two alternating cation layers
each containing Cu and Zn atoms [15]. CZTS contains 8 atoms per
primitive cell and there are 24 vibrational modes, in which 15 Raman
active modes exist for kesterite structure [46] and 14 for stannite
structure [47, 48]. It includes A, B and E modes. A mode arises from
the symmetric vibration of anions, B mode arise from the movement of

cations along the z-direction and E mode from the motion of cation in
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the X-Y plane. Among these modes, B and E may lead to TO/LO

splitting due to their (cation) polar character [46].
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Fig. 5.15 Raman spectra of films annealed at different temp eratures

Raman spectra of the films annealed at different temperatures
are shown in Fig. 5.15. The films annealed at 350°C and 400°C
exhibited major peak of CZTS at 332cm’. The film annealed at 450°C
and 500°C showed peaks at 332cm 'and 286¢m’, which arises from
the vibration of A mode [49]. No other peaks from any binary or
ternary secondary phases were observed. This indicates phase pure
nature of the films annealed at 450°C and 500°C. One major peak at
465cm” was observed in the spectra of the film annealed at 550°C,
which may be due to Cu,,S [42], and a shoulder peak at 331cm’
belongs to Cu,ZnSnS,, but with shift in the peak position. XRD and
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Raman studies confirmed formation of single phase kesterite in the

films annealed in inert atmosphere at 450°C and 500°C.
5.3.2. Elemental composition analysis

Elemental compositions of the films were analysed by EDXS
equipped with SEM. The EDXS results of the CZTS films annealed at
different temperatures are given in Table 5.10. As seen in the table, the
sulphur content decreases with annealing temperature and this may be
due to the evaporation of sulphur with increase in temperature. It is
found that the Copper concentration increases with increase in
annealing temperature. However, Sn and Zn concentrations do not
show systematic variations in the temperature range studied. Lowest
Cu/(Zn+8Sn) and highest Zn/Sn ratios were observed for films annealed
at 400°C. As described in the previous sections, Cu poor and Zn rich
conditions are favourable for high efficient CZTS solar cell [36]. In the
present route, the CZTS films sulphurized at 450°C and 500°C were

phase pure. Cu poor and Zn rich condition were not observed in these

films.

Table 5.10 EDXS results of CZT S films annealed at different temperatures

. EDXS results
Annealing C 7 S
u n n

temperature (at. %) (at. %) (at. %) S (at. %) | Cu/(Zn+Sn) | Zn/Sn
400 °C 21.65(X2) | 11.65(£2) | 14.77(x3) | 53.23(4) 0.94 1.02
450 °C 23.74(x4) | 11.06(£3) | 13.54(£2) | 51.66(+3) 0.97 0.82
500 °C 24.67(£3) | 12.12(£2) | 12.11(x3) | 51.01(4) 1.02 1.00
550 °C 26.39(x4) | 14.33(+4) | 14.51(2) | 44.77(+4) 0.92 0.99
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5.3.3. Surface morphology

Fig.5.16 FESEM images of the CZTS films annealed at (a) 400°C, (b)
450°C, (c) 500°C, (d) 550°C and (e) cross-sectional image of
CZT S film annealed at 500°C

Fig. 5.16 (a-d) shows FESEM micrographs of CZTS films
annealed at different temperatures from 400°C to 550°C in inert
atmosphere. As seen in the images, surface morphology of the films is
significantly affected by post-annealing treatment in inert atmosp here.
Grain size is found to be very small when annealed at 450°C.
However, the film annealed at 500°C showed densely packed grains
with large grain size. Thus, a dense CZTS film with improved

microstructure was formed at an annealing temperature of 500°C. Fig

Preparation and characterization of solution processed Kesterite CuzZnSnSy
thin films for photovoltaic applications



Cu2ZnSnSy films by spray coating

5.16 (e) shows the cross section of film annealed at 500°C and the

thickness of the film measured from the cross section was ~1.2um.

5.3.4. Opftical properties

Optical absorption coefficient a, of the film was calculated
from the transmittance spectra. Energy bandgap was estimated by
extrapolating the linear portion of the (ochv)2 versus hv plot to the x
intercepting point at y=0 (inset of Fig. 5.17). Band gaps of the films
obtained were in the range 1.51-1.87eV at room temperature,
depending on the annealing temperature. The band gap was found to
decrease with increase in annealing temperature. The decrease in
bandgap from 1.81eV tol.51eV may be due to the improved
crystallinity of the film [50]. The bandgap is found to increase at
higher temperatures, above 500°C, and this may be due to the
formation of secondary phases in the films. Secondary phase was
observed in the XRD and Raman studies carried out in the films
annealed at this temperature. The band gap was found to be ~1.51 eV
for the film annealed at 500°C in nitrogen atmosphere. This value is
close to the optimum band gap energy needed for thin film
photovoltaic cell. The absorption coefficient (o) was found to be ~10°
cm’ in the visible region; the higher value indicates that it can absorb
most of the incident photons with minimum thickness. As discussed in
the previous sections in this chapter, band gap energies of the spray
coated thin films were 1.47eV and 1.49¢V for CZT precursor film
sulphurized at 550°C and CZTS precursor film sulphurized at 550°C,
respectively. Thus, the spray coated films fabricated through the three

Preparation and characterization of solution processed Kesterite
CuzZnSnSy thin films for photovoltaic applications



Cu2ZnSnS; films by spray coating

routes exhibited band gaps close to 1.5eV, which is considered as the

ideal value for solar cells.
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Fig.5.17 (ahv)® versus hv plot for the CZT S films annealed at different
temperatures in inert atmosphere

5.3.5. Electrical properties

Hall measurements were carried out in magnetic field intensity
of 0.54T. The measurements in van der Pauw configuration revealed
positive Hall coefficient, indicating p type nature of the films.
Electrical properties of the films annealed at different temperature are
summarized in Table 5.11. As seen, the carrier concentration is found
to increase with annealing temperature, while the mobility and
resistivity are found to decrease up to 500°C. This may be due to the
improved crystallinity of the films at higher temperatures [34,42].

Carrier concentration, mobility and resistivity of the films annealed at
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500°C were observed to be 2.37><10180m'3, 12 em*V's! and 0.22Qcm,
respectively. Similar results have been reported by Swami et al and
Rajeshmon et al. for spray pyrolysed film [18, 42] Zhang et al. and
Tanaka et al. for sputtered and sulphurized film (in N/Ar+S
atmosp here) and Zhou et al for screen printed and argon annealed film
[51-53]. The study conducted reveals that the non-vacuum and non-
toxic process described in this section is suitable for deposition of
phase pure CZT'S thin films for photovoltaic applications.

Table 5.11 Summary ofthe Hall Measurement studies of CZT S thin films
annealed at different temperatures

Annealing Carrier Mobility | Resistivity
temperature (°C) | concentration (cm’3) cm’/Vs Qcm
350 4.299 x10" 47.04 30.86
400 2.128x10"° 40.24 18.07
450 5.147x10" 33.94 0.36
500 2.368x10"° 12.03 0.22
550 8.448x10" 100.4 73.62

5.4. Comparison of properties of spray coated CZTS thin films

prepared by three different routes

Two different solutions, with and without sulphur source, were
used to prepare precursor films by spray coating Three different
temp erature treatments have been adopted to prepare phase pure CZTS
films. In the first and second routes, that is, CZTS films from solutions
without and with sulphur respectively, the optimized phase formation
temperature was 550°C. However, the processing temperature could

be brought down in the third route, where the sulphur incorporated
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precursor films were annealed in inert (nitrogen) atmosphere. The
properties of the spray coated CZTS films were entirely different from
those of the films processed through spin and dip coating techniques.
Higher crystallite size was observed for the precursor film with sulphur
further annealed in sulphur atmosphere. Cu poor condition was
observed in the films prepared by first and second routes, but obtained
Cu rich condition for the films fabricated by third route. In all three
routes, Zn rich condition was not observed. Hence the favorable Cu
poor and Zn rich conditions were not observed in any of the three
spray coating routes. The spray coated films exhibited optimum band
gap; the highest value obtained was 1.51eV for the film prepared by
the third route. Similar values were observed for the spin coated CZTS
films (section 4.1.6 of this thesis). The CZT S precursor films annealed
in sulphur (second route) and inert (third route) atmospheres exhibited
higher optical absorption coefficients (105cm'1) in the visible region.
Hall measurements indicated p type conductivity for all films. Carrier
mobility was low in the CZTS films sulphurized from the precursors
without and with sulphur (first and second routes); however, higher
mobility was observed when the precursor film containing sulphur was
annealed further in inert atmosp here (third route). The resistivities of
films obtained were almost similar. With same parameters of spray
coating, maximum film thickness was obtained when the precursor
film with sulphur was annealed further in sulphur atmosphere (second
route). This route appears favorable for large scale fabrication. Spin
and dip coatingroutes, discussed in the previous chapters, also yielded

films with higher thickness when the precursor films with sulphur were
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further annealed in sulphur atmosphere. Though Cu poor and Zn rich

condition was not obtained in the CZTS films prepared from the

second route, these films exhibited better properties for band gap,

absorption coefficient, carrier concentration and film thickness. The

summary of the properties obtained for the films of the three spray

coatingroutes are given in Table 5.12.

Table 5.12 Summary of the properties of the CZT S thin films fabricated by
three different spray coating routes.

CZT precursor

CZTS precursor

films annealed in | films annealed in CZTS precursor
. . films annealed
Properties reactive reactive ininert
(sulphur) (sulphur)
atmosphere
atmosphere atmosphere (Third Route)
(First Route) (Second Route)

Optimized 550°C 550°C 500°C
temperature
Film Area 1x1 inch 1x1 inch 1x1 inch
Crystallite size 52nm 59nm 44nm
Cu/(Zn+5n) 0.91 0.97 1.02
ratio
Zn/Sn ratio 0.92 0.99 1.00
Band Gap 1.47eV 1.49¢V 1.51eV
Energy
Absorption 4l 5. -l 5 -l
Coefficient >10"em >10%cm ~10°em
Carrier Type p type p type p type
gamer . 1.6x10"°cm 3.67%10" cm® | 2.37x10" cm®

oncentration
Mobility 0.87cm“V's™ 0.33cm“V's™ 1203cm™V's™
Resistivity 0.46 Qcm 0.52 Qcm 0.22 Qcm
Film Thickness ~1.9um ~2.02 ym ~1.2um
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5.5.  Summary

Two different precursor solutions, with and without sulphur,
were prepared for coating precursor films by spray coating These
precursor films were converted to phase pure CZTS through three
different temperature treatments. The precursor films were coated on

pre-cleaned glass substrates using a custom made spray coater.

In the first approach, CZTS thin films were prepared by spray
coating of precursor solution without sulpur (CZT precursor solution)
followed by sulphurization in N,+H,S atmosphere. The films were
sulphurized at 450°C, 500°C, 550°C and 600°C to study the effect of
sulphurization temperature on their structural and various other
optoelectronic properties. Structural properties and phase purity of the
films were investigated by XRD and Raman spectroscopy. Raman and
XRD studies indicated phase pure nature of the film sulphurized at
550°C. Sulphurizations at lower or higher temperature were resulted in
the formation of secondary or ternary phases. Structural properties of
the 550°C sulphurized films were further investigated by rietveld
refinement technique. Refined lattice parameters are a=b=5.4309465A,
c=10.858355A and ¢/2a=0.9993, which is close to the reported lattice
parameter for kesterite mineral. The changes in the bond angle were
also studied and the refined bond angles were found to match with the
reported values. Elemental compositions of the films were studied by
EDXS equipped with SEM. Cu/(Zn+Sn) and Zn/Sn ratios of the film
sulphurized at 550°C were 0.91 and 0.92, respectively. SEM and
FESEM studies show a thickness of ~1.9um and good surface
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morphology with large grains for films sulphurized at 550°C. Band gap
and absorp tion coefficient of the 550°C sulphurized films were 1.47eV
and 8x10%cm’ respectively. Carrier concentration, mobility and
resistivity of the films sulphurized at 550°C were found to be
1.544x10"cm, 0.87cm’V''s™ and 0.46Qcm respectively.

In the second approach, CZTS precursor films were prepared
by spray coating and sulphurization in 95% N,+5% H, S atmosp here at
various temperatures ranging from 400C to 600C. Formation of
Cu,ZnSnS, phase was confirmed from XRD and Raman studies. XRD
and Raman studies revealed phase pure kesterite phase at 500°C and
550°C. The lattice parameter calculated for the films sulphurized at
550°C were a = b =0.5431nm, ¢ = 1.083nm, and ¢/2a = 0.9971 and are
closely matching with the ICDD data. The study indicated that the film
sulphurized at 500°C and 550°C exhibited proper phase and
crystallinity. However, better crystallinity was observed for the film
sulphurized at 550°C. Further structural studies were carried out with
rietveld refinement technique and cation-anion-cation bond angles
obtained for the CZTS film sulphurized at 550°C were 108.528(14)°
for Cu-S-Sn, 109.33(7)° for Zn-S-Sn, 112.257(7)° for Cu-S-Zn and
109.612(7)° for Cu-S-Cu. SEM image exhibited dense grain structure
for the film sulphurized at 550°C. The thickness of the film was found
to be ~2um from the cross-sectional image. Elemental composition of
the film studied by EDXS were found to be Cu/(Zn+Sn)=0.97 and
Sn/Zn=0.99 for the film sulphurized at 550°C. The absorption

coefficient estimated from UV-visible spectra was ~10°cm’'in the
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visible region and the optical band gap calculated was 1.49¢V for the
film sulphurized at 550°C. Carrier concentration, mobility and
resistivity of the film sulphurized at 550°C were 3.67x10"cm”,
0.33cm’V's ™ and 0.52Qcm, respectively.

In the third approach, CZTS precursor films fabricated by spray
coating were further annealed in inert (nitrogen) atmosphere. X-ray
diffraction, Raman spectroscopy, FESEM, UV-visible spectroscopy
and Hall Effect measurements were carried out to characterize the
spray coated films. Formation of phase pure Cu,ZnSnS, was confirmed
from the XRD patterns and Raman spectra. XRD analysis indicated
the formation of kesterite phase at an annealing temperature of 450°C.
However, crystallinity was found to increase when the annealing
temperature was increased to 500°C. Raman spectra of the films did
not indicate any secondary phases in the films annealed at 450°C and
500°C. The study indicated that the film annealed at 500°C possesses
proper phase and crystallinity. The absomption co-efficient calculated
from the UV-visible spectra was found to be ~10°cm™ in the visible
region and the optical band gap estimated was 1.51 eV for the films
annealed at 500°C. Microstructure of the film annealed at 500°C
exhibited dense and improved grain structure. Hall measurements
indicated p type nature for all the films. Hole concentration and
resistivity of the films were found to be 2.37x10"%cmand 0.22Qcm
respectively. Thus, the Cu,ZnSnS, absorber film fabricated through

spray coatingtechnique possesses required photovoltaic properties.
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Chapter 6
Prototype CZTS Solar cell fabrication and

further study for conversion efficiency
improvement

Coating of phase pure CZTS thin films on glass substrates by
spin, dip and spray coating routes has been discussed in the previous
chapters. In this chapter, a method to fabricate a prototype CZTS solar
cell is demonstrated. For efficiency measurement studies, absorber
films have been prepared with various thicknesses. After this study,
analysis of the interface of various layers has been done to throw new
light on improving the conversion efficiency. The chapter is divided in
to two subsections. The first section described efficiency
measurements carried out using absorber layers with different
thickness and the second section discusses the difference in the
structural properties of CZTS film on glass substrates and device
quality CZTS film on molybdenum coated soda lime glass substrates.
The study reveals important features on the structure of CZTS, when
deposited on Mo coated glass using the same process methodology

optimized for coating CZTS on glass substrates.

6.1 Fabrication of Cu,ZnSnS, solar cell using ZnS as buffer
layer
The highest efficiency CZTSSe thin film solar cells reported
was fabricated by hydrazine based solution technique and using
cadmium sulphide as buffer layer. Hence, preparation of CZTS films
using non-toxic solvent is important. For CZTS/CdS junction devices,

solar cell efficiency drop at shorter wavelength due to optical
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absorption losses from the cadmium sulphide buffer layer [1-3].
Replacing CdS buffer layer also helps to avoid toxic Cd from the solar
cells; this will lead to the fabrication of eco-friendly thin film solar
cells [4]. Selection of wide band gap material as buffer layer is
important; the selected material should be able to form good p-n
junction with absorber layer and also should be a good hetero junction
partner in terms of band alignment and lattice matching [4-6]. An n
type semiconductor with wide bandgap ensures maximum transmission

of photons to the absorber layer [6].

Many alternatives to cadmium sulphide buffer layer is currently
available. Commonly used buffer layer materials are ZnS, ZnO, In,S;
and zinc tin oxide [6]. Only a few reports have investigated the effect
of alternate buffer layers in CZTS solar cells [4,5]. Among the
available buffer layer materials, ZnS is a promising earth abundant
eco-friendly wide band gap (3.6eV) material. This is widely used for as
an alternative to CdS in CIGS solar cells [7,8]. For CZTS solar cell,
the highest efficiency of 5.83% with an active area of 0.54cm’ was
reported by Sakai et al. [9] with ZnS buffer layer. They have prepared
CZTS thin films by evaporation technique and ZnS buffer layer by
chemical vapour deposition. In the Zn based buffer cell, they also
observed different behaviour with respect to the Zn/Sn ratio of
absorber, compared to Cd based buffer layer cells [9]. In 2014, Kim et
al [10] prepared CZTS thin film by sequential sputtering and ZnS by
RF sputtering The group reported a conversion efficiency of 2.11%

with an active area of 0.44cm’.

Chemical bath deposition is the widely accepted method for

buffer layer coating CdS thin film with good surface coverage can be

m Preparation and characterization of solution processed Kesterite
CuzZnSnSy thin films for photovoltaic applications
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obtained by chemical bath deposition technique. However, coating of
ZnS thin film by chemical bath deposition is a difficult task due to
complex reaction mechanism and the formation of secondary phases
[5]. Hence it is challenging to coat ZnS thin film by chemical bath
deposition onto CZTS absorber layer. Park et al. [5] and Nguyen et al.
[11] deposited ZnS thin film by chemical bath deposition on to
CZTSSe absorber layer and the cell exhibited an efficiency of 3.8%
and 4.5% respectively. As far as the author knows, no reports are
available for cells with solution processed CZTS absorber and
chemical bath deposited ZnS buffer layer. In the present work, the
effect of absorber layer thickness on the photovoltaic propetties of
solar cell with solution processed CZTS and chemical bath deposited
ZnS buffer layer is studied. Fig. 6.1 shows the schematic diagram of
the CZTS solar cell fabricated in the study.

i M M i / Agcollectiongnd

AZ0 Top Contact

nlayer (ZnS)

Mo back Contact

Glass Substrate

Fig. 6.1 Schematic diagram of CZT Ssolar cell
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6.1.1 Fabrication of Cu,ZnSnS, absorber layer by spin coating

For fabricating prototype CZTS solar cell, CZTS thin films
were prepared by spin coating and post-sulphurization in sulphur
(N,+H,S) atmosphere at 500°C, as described in the section 4.2.2 of this
thesis. The optimised technology was used for fabricating CZTS films
on Mo coated soda lime glass (SLG) substrate, for device fabrication.
Films with different thicknesses were prepared by controlling the
number of coating cycles to 8, 10 and12 times, and studied the effect

of film thickness on the photovoltaic propetties of the cell. The

thicknesses of the films were estimated from the SEM cross-sections.

Fig. 6.2 shows the cross-sectional SEM images of the CZTS
films coated with different numbers of spin coating cycles (8,10 and 12
times). Thicknesses for the films were found to be 1.8um, 2.2um and
2.7um, respectively. The boundaries between glass (SLG), Mo and
CZTS films are clearly visible in the SEM images.

Preparation and characterization of solution processed Kesterite
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(2) t=1.8um

Fig.6.2SEM images of CZTS films with different thicknesses indicating
various cross-sections

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
thin films for photovoltaic applications



Prototype CZTS Solar cell fabrication

6.1.2 Fabrication of ZnS buffer layer

ZnS buffer layer was coated on to the already prepared CZTS
film by chemical bath deposition (CBD). For this, 0.5M NH,OH
(complexing agent) solution was stirred with 50ml of distilled water
and 0.44M tri-sodium citrate (complementary complexing agent) was
added to this, followed by 0.03M ZnSO, (zinc source). 0.05M thiourea
(sulphur source) was added to the resulting solution, as sulp hur source.
The substrates were mounted near vertically in this solution and heated
for two hours at 80°C. Details of chemical bath deposition carried out
were described in section 2.1.2.4 of this thesis. After deposition, the
films were washed with distilled water and finally dried at 100°C for
10 minutes. Thickness of the ZnS film was found to be 60nm by
ellipsometric technique. Before coating ZnS buffer layer on to the
SLG/Mo/CZTS device structure, its structural, surface morphological

and optical properties were studied by coating on glass substrates.

6.1.2.1 Structural characterization

Fig. 6.3 shows the X-ray diffraction pattern of ZnS thin film
coated by CBD. The pattern shows low intense peaks at 28.5°, 33.1°,
47.6° and 56.3° corresponding to the (111), (200), (220) and (311)
peaks of cubic ZnS, respectively. The observed peaks were identified
with the help of ICDD powder diffraction file 05-0566. The XRD
pattern observed in this study is in good agreement with those in the

previous reports [4,5]. The low intense of XRD peak observed may be
due to the small thickness of the thin film.

Preparation and characterization of solution processed Kesterite
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6.1.2.2 Surface morphological studies

200nm
—

Fig. 6.4 SEM image of ZnS film coated by CBD
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Surface morphology of the films was studied by scanning
electron microscopy. Fig. 6.4 shows the SEM image of ZnS film
coated by chemical bath deposition. Film possesses uniform
distribution with comparatively good grain structure. No voids or

cracks were observed in the ZnS film.
6.1.2.3 Optical properties

The optical absorption coefficient a, of the film was calculated
from the UV-visible transmittance data. The band gap energy for the

direct band gap materials was calculated using the well known Tauc’s

relation as described in chapter 2 section 2.2.7.
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Fig. 6.5 T auc plot of ZnS film coated by CBD to determine band gap

Fig. 6.5 shows the Tauc plots of ZnS films prepared by
chemical bath deposition. Band gap of the ZnS films were calculated
was found to be 3.53eV. The wider band gap of ZnS film ensures the

Preparation and characterization of solution processed Kesterite
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maximum transmittance of light in to the pn junction. Park et al [5]
fabricated CZTSSe solar cell with ZnS as buffer layer; the ZnS film
had a thickness of 53nm with band gap 3.53eV.

6.1.3 Fabrication of Al doped ZnO top electrode by RF sputtering

The top electrode, aluminium doped zinc oxde (AZO) was
deposited over the SLG/Mo/CZTS/ZnS device structure by RF
sputtering ZnO sputter target doped with 2wt% Al was used for the
sputtering.  Sputtering conditions were optimized initially on SLG
substrate. Prior to sputter deposition, a base pressure of ~1.9x1 0°mbar
was achieved using a diffusion pump. Sputter depositions were carried
out at a working pressure of 3.8x10 mbar with argon and a flow rate
of 80sccm was maintained. Substrate to target distance was set to 7cm
and RF power used was 100W throughout the deposition. Before
coating AZO onto the device structure to fabricate CZTS solar cell, its
structural, surface morphological, optical and electrical properties were

studied by coatingon glass substrate.
6.1.3.1 Structural characterization

Fig. 6.6 shows the XRD patterns of AZO film coated on glass
substrates. The XRD patterns were compared with the standard ICDD
pattern (ICDD PDF 36-1451). The patterns exhibited 20 peaks at
31.7° and 34.4° corresponding to the (100) and (002) crystal planes of
hexagonal wurtzite type ZnO, respectively. The XRD pattern indicated
the polycrystalline nature of the films. The high intense (002) peak

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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observed indicates the orientation of the film along the c-axis. No other

secondary phases were observed in the XRD analysis.

(002)
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Fig. 6.6 XRD pattern of AZO thin film coated by RF sputtering

6.1.3.2 Surface morphology and film thickness

Surface morphology of the films was studied by SEM. Fig 6.7
shows the SEM image of Al doped ZnO thin films coated by RF
sputtering Grains and grain boundaries were not observed in the SEM
image. Inset of Fig. 6.7 shows the cross-sectional SEM image and the
thickness of the films estimated from this was found to be ~700nm.
Densely packed nature of the films can be observed in the cross

sectional SEM image.

Preparation and characterization of solution processed Kesterite
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Fig. 6.7 Surface and cross-sectional (inset) SEM images of AZO films
6.1.3.3 Optical properties of AZO film

Optical properties of the AZO films were studied by UV-Vis
spectroscopy. Fig 6.8 shows the transmittance and Tauc plots of AZO
film coated on glass substrate. Film shows an average transmittance
(~70%) in the visible wavelength region. Optical band gap of the films
were estimated to be 3.59¢eV. The wider band of AZO films ensures the
maximum transmittance of light in to the pn junction through AZO

coating

Preparation and characterization of solution processed Kesterite Cuz ZnSnSy
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Fig. 6.8 Transmittance curve and Tauc plot of AZO film deposited by RF
sputtering

6.1.3.4 Electrical properties of AZO film

Electrical properties of Al doped ZnO thin films were studied
by Hall Effect measurement system. n type conductivity of the films
were confirmed from the negative signs of the Hall coefficient and the
carrier concentration. Carrier concentration, mobility and resistivity of
the films were 3.69X10200m'3, 20.9cm*/Vs and 6.31x10™Qcm
respectively.  Electrical studies revealed the excellent -electrical

conductivity ofthe AZO film deposited by RF sputtering
6.1.4 Development of prototype non-toxic solar cell

In order to complete the cell fabrication, collection grid was
coated manually using room temperature curable silver paste (Alfa

Aesar, sheet resistance: <0.0250hm/square at 0.00linch thick).

E Preparation and characterization of solution processed Kesterite
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Prototype cell with structure SLG/Mo/CZTS/ZnS/AZO/Ag has been
fabricated for photovoltaic efficiency measurement. Efficiency
measurements were carried out in a standard test condition, as
described in section 2.2.9 of this thesis, with an active area of 0.21cm’.
Fig. 6.9 shows the illuminated J-V characteristics of the prototype
CZTS solar cell fabricated with non-toxic ZnS buffer layer and
manually coated collection grid. The summary of the studies are given
in Table 6.1. The values V., Js, Inas Vmaxs FF, [, Rg Ry, are open
circuit voltage, short circuit current density, maximum current,
maximum voltage, fill factor, efficiency, series resistance and shunt
resistance, respectively. The parameters were directly obtained from

the J-V measurement setup used for the experiment.
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Vog =0.3763V
e , [ 1.8um
175 4 Jge = 17.19 mA/lcm 2.2}.lm
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Fig. 6.9 J-V characteristics of CZT S solar cell with different absorber layer
thickness
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Table 6.1 J-V characteristics of CZTS solar cells with different absorber
layer thickness

(ffyzrs Ve (V) Yoo | Tme | Ve | FF Eeﬁiccyl Rs | Rsh
thickness | (mA/em) | (mA) | (V)| C6) | g | Qem” | Qem
1.8um 0.3763 17.19 2.50 | 0.2538| 46 3.02 24 224
2.2um 0.3621 15.11 2.05 | 0.2452] 43 2.39 35 81

2.7um 0.2686 1397 1.64 | 0.1494| 31 1.17 59 154

As seen in Table 6.1, J,. and Voc of the CZTS cells fabricated

The cell with
absorber layer thickness 1.8um exhibited open-circuit voltage (Voc) of
0.38V and short circuit current density (Ji) of 17mA/cm’. When

decrease with increase in absorber layer thickness.

thickness of the absorber layer is increased from 2.2um to 2.7um, Voc
is found to drop by 100mV; this may due to the increase in absorber

film thickness as observed from cross-sectional SEM analysis.

Nguyen et al. [11] reported Voc of 0.596V, Jsc of 15.4 and
power conversion efficiency of 4.5% for CZTSSe solar cell with ZnS
absorber layer. Park et al. [5] reported a conversion efficiency of
3.84% with V,.= 0.309V and Jsc=23.5rnA/cm2 for sputter deposited
CZTS absorber with ZnS buffer layer. The short circuit current density
obtained in this work is low compared to that of other reported cells [5,
12,13]; this may be explained on the basis of low mobility
(0.22950m2/Vs) of the CZTS absorber film, though possessed

commendable carrier concentration (1.O2><10190m'3) [13-15]

For an ideal PV device, shunt resistance should be very high

(>SOOQcm2) and series resistance should be very low (<9OQcm2)
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[16,17]. For the best cell in this work, shunt resistance and series
resistance were 224Qcm’” and 24Qcm’, respectively. Fill factor of the
device was found to decrease with increase in absorber layer thickness.
The high efficiency sputter deposited CZTS cell reported so far has
values for Ry = 4.25Qcm’ and R5h=370£20m2 [18,19]. National
Renewable Energy Laboratory (NREL) reported typical values of Ry
and Ry, for CIGS devices; these values are Rs=0.22Qcm2 and
Ry;=5.9kQcm” with fill factor >78% [19,20]. High series resistance
and low shunt resistance arise mainly from the poor transport in
absorber layer and buffer layer, from interfaces, and also due to bad
contact of electrode to the cell [21,22].

In the present study, the highest efficiency, 3.02%, was
observed for the CZTS film with lower thickness (1.8um). As far the
author knows, the efficiency obtained in this work is the highest value
reported so far for cadmium free cell with solution processed CZTS
absorber. The efficiency may be improved by reducing the absorber
thickness further [23-26]. It has been reported that recombination rate
increases with higher thickness, which can reduce the performance of
the device [5,27]. According to Lee et al. [25], the thickness of the
solar cell has to be less than the diffusion length of the induced
carriers. Hence, further study is required to fix optimum thickness for
CZTS absorber layer. In the present case, the cell was fabricated
without intrinsic ZnO (i-ZnO) layer and anti-reflection coating. The
main use of 1-ZnO layer in solar cell is to provide a barrier for shunting
path between ZnS and AZO layer and this layer also make a protection
for CBD deposited ZnS layer. Chemically deposited ZnS layer can be
very easily damaged during AZO sputtering deposition [28,29]. M ost
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of the incident photos are reflected back at the surface of solar cell and
this can be reduced by providing antireflection coating on the top of
solar cell. M gF, film is generally coated as antireflection layer [30,31].
Hence, efficiency of the cell can be improved by incorporating these
layers. Theoretical studies predict that ZnS is not a suitable buffer
layer for CZTS system due to a high spike in the band alignment and
this will act as a barrier for electron transport across the interface
[5,11]. However, ZnS absorber layer is a suitable candidate for the
CZTSSe system [5, 32]. ZnS is considered to be the suitable choice
due to the lattice match, strain and inter-diffusion of particles between
ZnS and CZTSSe absorber layer [32]. However, ZnS deposited by
chemical bath deposition in this system contains defects, which are
liable to diffuse into the absorber layer. This can be avoided by using
different methods for fabrication of ZnS buffer layer [32].

6.2. Further structural study by Rietveld refinement on device
point of view

In most cases, processing conditions of CZTS films are
optimized on normal soda lime glass substrates and then transfer the
process to Mo coated SLG substrates for device fabrication. This is due
to the difficulty in analyzing some of the properties of CZTS films
coated on opaque metallic film substrate. As far as the authors know,
there are no reports on the effect of substrate type on the propetties of
solution processed CZTS film. Structural parameters of thin films were
found to vary with the type of substrates in many cases [33]. In the
present study, CZTS films were fabricated on glass substrate and Mo
coated SLG substrates using similar spin coating and sulphurization

conditions. Rietveld refinement technique has been used in this study
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for detailed structural analysis. Kesterite structure was used as the
starting model for the refinement, in which Cu occupies on 2a as well
as 2c¢ positions and Zn, Sn and S are in the 2d, 2b, 8g positions,

respectively [34].
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Fig. 6.10 High resolution grazing incidence x-ray diffraction (GIXRD)
patterns of CZTS films on (a) glass and (b) Mo coated SLG
substrates.
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Fig. 6.10 shows the GIXRD patterns of the CZTS thin films
coated on glass and Mo coated substrates. As seen, the X-ray
diffraction peaks are closely match with that of the ICDD data of
CZTS (PDF No: 00-26-0575, tetragonal, a=b=5.427nm, c=10848nm).
Both patterns exhibited almost all the characteristic peaks of CZTS. A
low intense peak of M o was observed in the GIXRD pattern of the film
on Mo coated substrate. Average crystallite sizes of the films were
calculated from Scherrer’s formula and Williamson Hall method.
Williamson-Hall method is more effective method to calculate

crystallite size by considering the effect of strain broadening [35].
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Fig. 6.11 W-H plots (4sinf versus Bcos0) for the CZT S films deposited on (a)
SL.G and (b) Mo coated SLG substrates; strain is extracted from
the slope, and the crystallite size is extracted from the y-intercept
of the fit.

Fig. 6.11 shows the W-H plot, i.e., 4sin versus BcosO for the
films deposited on glass and Mo coated SLG substrates. Strain can be
extracted from the slope and the crystallite size from the y-intercept of
the fit. The average crystallite sizes estimated using these methods are

given in Table 6.2. The strain is found to be 0.91x10” for films on
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glass substrate and 1.29x10° for films on Mo coated substrate.

Average crystallite size estimated from Scherrer equation is ~3 Inm for
both films; while with W-H relation, it is ~38nm for the film on glass
substrate and ~40nm for the film on Mo coated SLG substrate. As seen

in the table 6.2, there is difference in the strain on CZTS films coated

on glass and Mo coated substrates, which may due to the difference in

the expansion coefficient of the substrates [33].

Table 6.2 Average crystallite size and strain of the films on glass substrate
and Mo coated SLG substrates

Average crystallite size (nm) | Strain calculated
Substrate from W-H plot
Scherrer’s W-H p
Glass 31 38 0.00091
Mo coated SLG 31 40 0.00129
Mo | [cars cbinserack s =
——Glass i3 :
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‘Es; Raman shift (o)
%
ko)
=

T T T Y T
200 250 300

T y T
350 400

Raman Shift (cm™)

Fig. 6.12 Raman spectra of the CZT S films coated on glass and Mo coated
SL G substrates
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Fig. 6.12 shows the Raman spectra of films deposited on glass
and Mo coated SLG substrates. Both films show Raman peaks at
284cm’’, 334cm” and 368cm’’, which corresponds to the A and B
vibrational modes of CZTS. The peaks at 284cm’’ and 334cm’
belongs to the A vibrational modes and 368cm’’ corresponds to the B
(LO) vibrational modes of CZTS [36-38]. Dumitru et al [36] show that
the peak corresponds to 284cm’ is due to the vibration mode of
kesterite structure. Inset of Fig. 6.12 shows the FWHM of the
characteristic peak of CZTS at 334cm’'. A small shift of ~lem™ in the
major peak of CZTS can be seen for the film on Mo coated SLG
substrate. In addition, the FWHM of the CZTS peak was found to
decrease when substrate changes from glass to Mo coated SLG; the
reduction in FWHM may be due to the increased crystallite size of the
film [39-41]. The observed shift in Raman peaks of CZTS on Mo
coated SLG may also be due to the increased crystallinity of the film
[40,41]. As discussed in the chapter 3 section 3.1.5.2, we observed a
shift in Raman peak to higher wave number, which was interpreted on
the basis of improved crystallinity of the film. The improvement in the

crystallinity of the absorber film improves the solar cell efficiency

[35].
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Fig. 6.13 Deconvoluted Raman spectra of the CZT'S films coated on (a)
glass and (b) Mo coated SLG substrates.

To further analyse the Raman spectra of the films, the peaks
were deconvoluted with Lorentzian peak fitting function [40]. Fig
6.13 shows the deconvoluted Raman spectra of CZTS thin film coated

on the two substrates. Two more peaks of CZTS phases were resolved
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in the Lorentzian peak fitting, at 254cm’ and 368cm’. These peaks
correspond to the B(LO)/E(LO) vibrational modes of CZTS [36,40].
No peaks corresponding to any other secondary phases were observed

in the deconvoluted spectra.

Rietveld refinement of the GIXRD data was carried out with
GSAS (General Structure Analysis System) package. Tetragonal
kesterite type model (a=b=5.427A, c=10.871A, a=B=y=90°) in the S.G
I417 (S.G No: 82) was used as the starting model. [3] The structural

parameters used for refinement are listed in Table 6.3.

Table 6.3 Structural parameters used for refinement

Element Z Wy ek X Y Z SOF
Cu 29 2a 0 0 0 1
Cu 29 2¢ 0 ! Ya 0.5
Zn 30 2d ! 0 Ya 0.5
Sn 50 2b ! ! 0 1
S 16 8g 0.7560 0.7566 0.8722 1

In the refinement procedure, all the structural parameters, such
as, atomic positions, scale factor, lattice parameters, occupancy,
preferred orientation correction, isotropic atomic displacement
parameters, peak width and shape functions were refined until the
goodness of fit (Xz) becomes an acceptable value (ideally, 1) or a good
fit between the observed and the calculated pattern is observed. In this

refinement, pseudo-Voigt profile shape was assumed [42],
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4i=Y (O'izp_o'izb)(l_vl_)(;;/iu_yic)z 6.1)

Where, X2 is the goodness of fit, o;, is the standard deviation
associated with the peak, oy, is the standard deviation associated with
background intensity, y;, is the observed intensity, y;, is the
background intensity, y;. is the calculated intensity, N is the total
number of observations, P is the number of variables in least square

refinement. y;. can be calculated using the equation,
2
Yie =S L;M;PLi|F|"G(86;) +yy,  (62)

Where, M; is the multiplicity factor, PL; is the Lorentz
polarization factor, F; is the structure factor, S is the scale factor, G is

the reflection factor and AO;; is the calculated position of Bragg peak.

All parameters were refined for the films on both substrates.
The Rietveld refinement results are presented in Fig. 6.14. Black curve
is the experimental pattern, red curve is the Rietveld fit, the magenta
ticks (vertical lines) are the positions of phase reflection and the blue

curve is the difference between observed and calculated intensities.
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Fig. 6.14 Result of the rietveld refinement for CZTS film on (a) glass
substrate (b)on Mo coated SLG Substrate

As seen in Fig.6.14, all background parameters (global profile

refinement parameters, such as scale factor, peak shape function {U,V,
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W}, etc) are well refined. The refinement results and unit cell
parameters for the films on both substrates are given in Table 6.4.
According to Susan et al [43], crystal structure is same for kesterite
and stannite phases, but there are differences in the lattice constants.
Lattice parameter for kesterite structure is a = b = 5.428(2)A, ¢
=10.864(4)A and c/2a = 0.9854(5) and a = b = 5.444(2)A, ¢ =
10.729(4)A and c/2a = 1.0008(5) for stannite structure. These values

reported by Susan et al. are similar to the mineral data for kesterite and

stannite phases [34]. In the present study, the unit cell parameters

estimated from the refinement match with those ofthe kesterite phase.

Table 6.4 Rictveld refinement results for the films on glass and Mo coated

SL G substrates
Parameter On glass On Mo coated
substrate SLG substrate
% 1.294 1.256
Refinement | R¥ 0.0896 0.0774
results Rwp 0.2049 0.2069
Rp 0.1518 0.1481
' A 5.4213(3)A 5.4371(3)A
;;Z;;;zter C 10.8391(5)A 10.8475(5)A
c2a 0.9996(4) 0.9975(4)
Cu-S-Sn 107.867(24) 105.88(4)
Bond Zn-S-Sn 108.180(11) 110.072(21)
angles Cu-S-Cu 111.177(11) 108.147(21)
Cu-S-Zn 110.915(11) 115.170(20)
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Table 6.4 shows slightly different lattice constants for the films
on glass and Mo coated SLG substrates. The X-ray diffraction studies
revealed higher lattice strain for the film on Mo coated SLG substrate
(table 7.2). The changes observed in the lattice strain and lattice
constants with respect to substrates may be due to the difference in the
coefficient of thermal expansion (CTE) of substrates [44,45]. The
CTE of glass and SLG substrates are 45x10° K" and 8.6x10° K,
respectively [44]. Sarswat et al. [46] and Singh et al. [47] reported the
CTE of CZTS as 1.8x10° K, which is close to that of the glass

substrate.

According to Susan et al, tetrahedral distortion can be
expressed in terms of cation-anion-cation bond angles [48]. Structural
parameters were extracted from the refined data to obtain bond angle
and bond length. Ideal cation-anion-cation bond angle for a tetrahedral
system is 109.47°. In the case of kesterite tetragonal crystal system,
bond angles differ substantially from 109.47° [48]. Cu-S-Sn=108.172°
and Zn-S-Sn=108.206° angles are smaller than 109.47, while Cu-S-
Cu=110.788° and Cu-S-Zn=110.712° angles are larger than this ideal
value. In the present investigation, as seen in Table 6.4, the cation-
anion-cation bond angles in the film on Mo coated substrate are
disordered in contrast to the earlier report [48]. However, the cation-
anion-cation bond angles calculated for the film on glass substrate is
close to the reported value [48]. The shifts observed in the bond angles
can be related to the induced strain on the film (Table 6.2) [44]. The
higher strain in the film may affect photovoltaic properties [44]. The
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present study indicates that a different strategy has to be adopted for
coating film on Mo coated glass substrate, instead of following the

same processing conditions used for coating CZTS on glass substrate.
6.3 Summary

CZTS solar cell was fabricated with ZnS buffer layer and Al
doped ZnO transparent conducting layer. Prior to fabrication, the
structural, optical and electrical properties of the ZnS and AZO layers
were studied. Prototype CZTS solar cells with device structure
SLG/Mo/CZTS/ZnS/AZ0O/Ag were fabricated with different absorber
layer thicknesses (1.8um, 2.2um and 2.7um). Highest efficiency of
3.02% was observed for film with lower thickness (1.8um). Efficiency
of the cell was found to decrease with increasing absorber layer

thickness.

Further structural studies on device point of view were carried
out by Rietveld refinement technique. For this, CZTS thin films were
coated on glass substrates and Mo coated SLG substrates by spin
coating followed by sulphurization at 500°C for 30 min. Phase purity
of the films was analyzed and confirmed by GIXRD and Raman
spectroscopy. The crystallite sizes were found to be 38nm for the film
on glass substrate and 40nm for the film on Mo coated SLG substrate,
using the W-H relation. The films on both substrates showed Raman
peaks at 284cm’’, 334cm™ and 368cm’’, corresponding to the A and B
vibrational modes of CZTS phase. Further structural studies were
carried out with Rietveld refinement technique using GSAS package.

For refinement, kesterite model with space group 14 (SG No:82) was
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chosen as starting model. All background parameters, such as, scale
factor, peak shape function {U, V, W}, etc) are well refined. The
difference between observed and calculated refined pattern for the
films on both substrates is negligible. xz for films on glass substrate is
1.294 and on Mo coated SLG is 1.256. The calculated lattice constants
after the refinement for the film on glass substrates were a = b =
5.4213(3)A, ¢ =10.8391(5) A and c/2a = 0.9996(4) and for the film on
Mo coated SLG substrates were a = b= 5.4371(3)A, ¢ = 10.8475(5)A
and ¢/2a =0.9975(4). Refined lattice constants match with those of the
standard kesterite structure obtained from the mineral data. Analysis of
calculated and actual bond angles in the film on Mo coated SLG
substrate showed a mismatch, while these were close enough in the
film on glass substrate. The reported coefficient of thermal expansion
(CTE) of CZTS is close to that of the glass than the SLG substrate.
The difference in the CTE may be the reason for lattice strain and
different bond angles in the film on Mo coated SLG substrate. The
observed small deviation in the lattice constants of the film on Mo
coated SLG substrate may be due to the lattice strain in the film. The
study indicates that it is important to adopt a different strategy for
coating CZTS film on Mo coated SLG substrate, instead of adopting
the same processing conditions used for coating the film on glass

substrate.
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Chapter 7
Brief summary of thesis and scope for
future work

71 Summary of thesis

The studies presented in this thesis were mainly focussed on the
fabrication of phase pure kesterite Cu,ZnSnS, films by dip, spin and
spray coating routes and their characterization. The thesis completely
covers the proposed objectives. The study addressed the Cupoor and
Zn rich nature of the films, which will yield required defects in the
material, by investigating the elemental composition ratios of CZTS
films. Phase pure films were fabricated by eight different routes and
investigated their photovoltaic properties. Separate procedures for thin
film coating and optimizing annealing temperature were adopted for
each route. Structural properties and phase purties of the films were
investigated by XRD, Raman spectroscopy and Rietveld refinement
technique. Elemental compositions of the films were calculated by
EDXS equipped with SEM. The important photovoltaic properties
such as band gap and absorption coefficient were calculated from the
UV-visible absorption spectra. Hall Effect measurements were
employed to study the electrical properties of the films. Prototype
CZTS solar cells with non-toxic ZnS buffer layer were fabricated and

efficiency measurements were conducted under standard test condition.

The major results obtained from this work are,



Summary

1) Phase pure CZTS thin films were fabricated in two different
methods by dip coating For this, precursor films were coated
from solutions without sulphur (CZT) and with sulphur
(CZTS), and sulphurized at different temperature to optimise
the preparation conditions. The CZT films sulphurized at
550°C formed phase pure Cu,ZnSnS,, whereas the second
route yielded phase pure films at 500°C and 550°C. However,
higher absorption coefficient ( lOscm'l), with comparatively
lower band gap (1.43eV) was observed for the film sulphurized
at 550°C. The band gap and absorption coefficient of the films
optimized through the first route were 1.48eV and 10°cm™” in
the visible region, respectively. The average crystallite sizes of
the films from the first and second routes were 25nm and 14nm
respectively. Comparing both techniques, the lowest electrical
resistivity of 0.828CQcm and the highest carrier concentration of
1.43x10'"%cm™ were observed for the CZT films sulphurized at
550°C. Cu,ZnSnS, films fabricated by both approaches
exhibited Cu poor and Zn rich compositions required for solar

cell application.

2) Three different approaches were used for preparing Cu,ZnSnS,
films by spin coating Two different precursor solutions with
and without sulphur were prepared for coating precursor films.
The precursor films were converted Cu,ZnSnS, films by
annealing in sulphur or nitrogen atmospheres. The

annealing/sulphurization conditions were optimized for all the
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3)

three routes; the optimized temperature for phase pure films
was 500°C for all approaches. Of the three routes, the highest
absorption coefficient of 10°cm’’ was observed for the
Cu,ZnSnS, film fabricated by annealing sulphur containing
precursor film (CZTS) in sulphur atmosphere. However, the
film prepared by annealing sulphur containing precursor film in
nitrogen atmosphere exhibited better properties, except
absorption coefficient; the band gap obtained was close to the
ideal band gap (1.49¢V) and higher carrier concentration
(2.17><1017cm'3) with lower resistivity (0.09Qcm). The highest
average crystallite size (38nm) was observed for the CZTS
precursor film annealed in nitrogen atmosphere. The precursor
films without sulphur were peeled off from the substrate when
sulphurized at certain temperatures. The phase pure Cu,ZnSnS,
films prepared by annealing precursor films with sulphur in
nitrogen and sulphur environments exhibited the required Cu

poor and Zn rich compositions.

Similar to the spin coating process, three different routes were
adopted for fabricating Cu,ZnSnS, films by spray coating For
this, precursor films were prepared from solutions without
sulphur (CZT) and with sulphur (CZTS) by spray coating and
these films were sulphurized or annealed at various
temperatures to optimise the conditions. The CZT precursor
films were converted to phase pure kesterite by sulphurizing at

550°C. However, the optimised temperatures in the case of
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CZTSprecursor films were 550°C and 500°C when annealed in
sulphur and nitrogen atmospheres, respectively. Among the
three routes, the best optical properties (band gap of 1.49¢V
and absorption coefficient of 10°cm™) were exhibited by the
film sulphurized at 550°C. The carrier concentration and
resistivity of these films were 3.67x10"cm” and 0.52Qcm,
respectively. However, copper poor and zinc rich compositions
were not observed in the phase pure films prepared by this
route. Higher crystallite size of 59nm was observed for the
CZTS thin film sulphurized at 550°C. Compared with other
coating techniques, the spray coating technology can be easily
up-scaled to any size. In this study, the coating procedure was

optimized up to a substrate size of 2 inch by 2 inch.

After optimizing the sulphurization temperature, prototype
CZTS solar cells were fabricated with different absorber layer
thickness (1.8um, 2.2um and 2.7pum). Non-toxic zinc sulphide
film was used as buffer layer instead of the commonly used
CdS. The solar cell was fabricated with device structure
Mo/CZTS/ZnS/AZO/Ag on soda lime glass (SLG) substrates
and efficiency measurements were carried out under standard
test condition. Highest efficiency of 3.02% is observed for film
with lower thickness (1.8um). Efficiency of the CZTS cell was
found to decrease with increasing absorber layer thickness. As

far the author knows, the efficiency obtained in this work may
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5)

7.2.

be the highest value reported so far for cadmium free cell with

solution processed CZTS absorber.

The study was extended further with Rietveld refinement
technique to find out the possible reasons for the observed low
efficiency of solar cells. For this, Cu,ZnSnS, films were
prepared on glass substrates and Mo coated SLG substrates by
spin coating followed by sulphurization a 500°C for 30 min.
The calculated lattice constants after the refinement for the
films on glass substrates and on Mo coated SLG substrates
match with those of the standard kesterite structure obtained
from the mineral data. Analysis of calculated and actual bond
angles in the film on Mo coated SLG substrate showed a
mismatch, while these were close enough in the film on glass
substrate. The study indicates that it is important to adopt a
different strategy for coating CZTS film on Mo coated SLG
substrate, instead of adopting the same processing conditions

used for coating the film on glass substrate.
S cope for future work

Relying on the investigations carried out, it is possible to

extend the study for further efficiency improvement in CZTS solar

cell. In the present study, higher efficiency was observed with lower

absorber thickness, and hence further study is required to optimise

minimum thickness required for efficient CZTS cell. The solar cells in

this study were fabricated without intrinsic ZnO layer and anti-

reflection coating. The efficiency may be increased by incorporating
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there layers in the device structure. A few theoretical models predict
that ZnS is not a suitable buffer layer for CZTS system, due to a high
spike in the band alignment, which will act as a barrier for electron
transport across the interface. In addition to this, further studies on the
interfacial properties of the various layers have to be studied
thoroughly for optimum performance of the cell Towards other
applications, Cu,ZnSnS, is useful for photosensing applications and

also for DSSC and perovskite based solar cells.
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