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CupZnSnS, (CZTS) FILEM TIPIS DITUMBUHKAN DENGAN

ELEKTROKIMIA ENDAPAN UNTUK SURIA SEL

ABSTRAK

Sejak beberapa tahun kebelakangan ini, sebatian kuatenari Cu,ZnSnS,; (CZTS)
menjadi tarikan sebagai bahan baru yang tidak toksik dan berkos rendah, dengan
sifatnya yang amat sesuai bagi aplikasi filem atau saput nipis fotovoltan (PV).
Dalam tesis ini, satu kaedah pemprosesan larutan berkos- efektif dibangunkan
bagi penyerap saput nipis CZTS melalui pemendapan elektrokimia prekursor
Cu, Zn, dan Sn pada substrat molibdenum (Mo)-bersalut kaca kapur soda (soda-
lime glass,SLG), diikuti dengan rawatan haba dalam atmosfera sulfur. Kesan
daripada parameter elektrokimia yang pelbagai terhadap sifat dan pertumbuhan
saput nipis CZTS juga dikaji . Keputusan menunjukkan bahawa sifat saput nipis.
Pengaruh denyut gelombang segi tiga terhadap sifat saput nipis mampu
meningkatkan struktur dan morfologi sifat sampel melalui peningkatan peluang
bagi elemen yang berlainan bersentuhan. Di samping itu, penggunaan trisodium
sitrat sebagai agen pengkompleksan dalam larutan elektrolit dapat
mengurangkan perbezaan di antara puncak penurunan Zn dan Cu sehingga 0.25
V. Kewujudan garam sulfat dalam elektrolit memudahkan pengurangan ion
logam, dan meningkatkan penghasilan saput nipis. Empat prekursor berbeza
yang terdapat dalam keadaan berjujukan dikaji dan tertib prekursor ditemui
mempunyai kesan yang signifikan terhadap sifat saput nipis yang terhasil.
Pengaruh suhu penyepuhlindapan (420-580 °C), suhu pensulfuran (250400
°C), dan atmosfera (N, dan Ar (5%)) terhadap moforlogi dan struktur sifat saput

CZTS yang terhasil dikaji. Penyepuhlindapan dalam atmosfera N, didapati
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perlu bagi pertumbuhan bijirin. Penggunaan kimia prekursor yang sama, sintesis
akueus daripada nanohablur Cu,ZnSnS,; kubik dan kuboid melalui sintesis
solvohaba penyejatan putaran dikaji untuk mengesahkan keadaan penghabluran,
jurang-jalur dan penyerapan secara langsung, dan ruang antar -satah daripada
CZTS jenis -P. Pencirian sampel yang optimum (disimpan dengan sitrat
trisodium) melalui belauan sinar X (XRD) menunjukkan orientasi pada satah
(112), (220), (200) dan (312), mengesahkan struktur kesterit CZTS. Sampel
mempunyai morfologi padat yang homogen, tanpa sebarang retak, dan saiz
bijirin melebihi 1.5 pm. Pekali penyerapan saput adalah melebihi 10* cm™" dan
jurang-jalur nya meningkat kepada 1.48 eV. Kepekatan dan kelincahan saput
CZTS adalah 4.5 x 10®° cm™ dan 3.79 cm?V 'S '.Sel suria terbaik dengan
struktur peranti gelas /Mo/CZTS/CdS/ZnO/Al:ZnO/Al yang diterbitkan daripada
saput CZTS mempamerkan kecekapan penukaran awal 2.94%. Kajian ini
menunjukkan fabrikasi saput nipis pada substrat molibdenum (Mo)-bersalut
kaca soda kapur (SLG) adalah bermungkinan melalui pemendapan elektrokimia

dengan aplikasi yang berpotensi dalam fotovolta sel suria .
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CupZnSnS, (CZTS) THIN FILM GROWN BY ELECTROCHEMICAL

DEPOSITION FOR SOLAR CELL

ABSTRACT

Cu,ZnSnS, (CZTS) quaternary compounds have attracted much attention in the last
few years as an abundant new low-cost and non-toxic material with desirable
properties for thin film photovoltaic (PV) applications. In this thesis, a cost-
effective solution processing method is developed for the fabrication of CZTS
thin film absorbers by electrochemical deposition of Cu, Zn, and Sn precursors
on molybdenum (Mo)-coated soda-lime glass (SLG) substrate, followed by a
heat treatment in sulfur atmosphere. The effects of varying the electrochemical
deposition parameters on the properties and growth of the CZTS thin films were
investigated. The influence of the triangle wave pulse on the properties of the
CZTS thin films improves the structural and morphological properties of
samples by increasing the opportunities for different elements to come into
contact. Additionally, using trisodium citrate as the complexing agent in the
electrolyte solution reduced the difference between the reduction peaks of Zn
and Cu by up to 0.25 V. The presence of sulfate salts in the electrolyte led to
easy reduction of the metal ions, and improved the thin film produced. Four
different precursor stacking sequences were examined, and the ordering of the
precursors was found to have a significant effect on the properties of the
resulting thin films. The influence of the annealing temperature (420-580 °C),
sulfurization temperature (250-400 °C), and atmosphere (N, and Ar (5%)) on

the morphological and structural properties of the resulting CZTS films was
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studied. Annealing in N, atmosphere was found to be necessary for grain
growth. Using the same precursor chemistry, the aqueous synthesis of cubic and
cuboid Cu, ZnSnS, nanocrystals by rotary evaporation solvothermal synthesis
was investigated to confirm the crystalline state, direct band gap and absorption,
and interplanar spacing of p-type CZTS. Characterization of the optimized
sample (deposited with trisodium citrate) by X-ray diffraction (XRD) revealed a
preferred orientation of the (112), (220), (200) and (312) planes, confirming the
kesterite structure of CZTS. The sample had a homogeneous, compact
morphology without any voids or cracks, and the grain size was more than 1.5
um. The absorption coefficient of the films was over 10* cm™', and their band
gap was increased to 1.48 eV. The carrier concentration and their mobility in the
CZTS films were 4.5 x 10?° cm™ and 3.79 cm? V' ! S%, respectively. The best
solar cell with a device structure of glass/Mo/CZTS/CdS/ZnO/Al:ZnO/Al
derived from the obtained CZTS film exhibited a preliminary conversion
efficiency of 2.94%. The present study demonstrates the possibility of
fabricating CZTS thin films on molybdenum (Mo)-coated soda-lime glass (SLG)
substrates by electrochemical deposition with potential applications in

photovoltaic solar cells.
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CHAPTER 1

INTRODUCTION

1.1 The Energy Problem

According to recent studies, the global demand for energy is expected to increase by
approximately 50% within the next 25 years. Fossil fuels such as natural gas, coal, and
oil represent greater than 80% of world energy consumption. These fuels produce
greenhouse gases upon combustion. In addition, the energy produced from these
sources is becoming expensive. The search for sustainable alternatives is also driven
by the increasing recognition that mankind’s demand for energy is already causing
changes in the climate that will have serious long-term consequences for the planet.
For example, the energy sector produces 86.7% of the most greenhouse gases in the
United States [1]. The most prevalent greenhouse gases are methane and carbon
dioxide. These gases trap heat in the Earth’s atmosphere by absorbing infrared
radiation, which contributes to global warming [2]. Additionally, pollutant emissions,
such as nitrous oxides and sulfur oxides, common to many fossil fuel sources have
deleterious environmental effects and can lead to problems such as acid rain and
smog. The fact that oil resources are expected to become exhausted within a relatively
short period of time, the corresponding increase in prices of petroleum products, and
the use of fossil fuel resources for political purposes will affect social and economic
development worldwide [3]. Nuclear power plants also pose problems, related to fuel
processing and the dumping of used fuel [4]. Electricity production is expected to

continue to increase (from 17 PW h in 2009 to 28-35 PW h in 2035), and as a



consequence the increased demand on fossil fuels, as well as possible problems from
CO, emissions, are bound to increase wholesale electricity costs [5].

What is needed to combat these issues is real renewable energy, i.e., technologies
based on energy that is inexhaustible. Those available on earth are geothermal energy,
energy from the interaction of the earth and moon (tidal forces), and solar energy. The
latter can be subdivided in to hydropower, wind power, biomass/biofuel, and
photovoltaic/solar thermal power plants/solar heating systems (all these forms of
energy can eventually be traced back to creation by the sun, i.e., solar energy). Global
fossil fuel consumption based on world production data as of 2011 is shown in Figure

1-1.

33.07%

Figure 1.1 Fraction of world energy consumption by type of energy source in 2011.
The inset shows share of energy consumption among renewable energies in 2011 [6].

1.2 Solar Energy

Solar energy is abundant, non-polluting, and able to provide a significant fraction of
global energy demand. Current trends suggest that solar energy will play an essential
role in future energy production. Perhaps the most promising renewable energy is

solar energy, as it can potentially meet the world’s energy consumption. Indeed, solar



energy alone has the capacity to meet all the planet’s energy needs for the foreseeable
future. The sun deposits ~120,000 TW of electromagnetic radiation on the surface of
the Earth per year, a much greater amount than those of human needs. Covering just
0.16 % of the land on Earth with 10 % efficient solar conversion systems would
provide 20 TW of power, which is nearly twice the world’s present fossil fuel
consumption (or the equivalent of 20,000 GW nuclear fission plants). However,
photovoltaics have not yet reached so called grid parity, which means that electricity
from solar cells is more expensive than energy from conventional sources like coal or
gas. Consequently, further research is essential to increase the efficiency of solar cells

and to make them cheaper. One approach for this is thin solar cells.

1.3 Thin Film Photovoltaics

Over recent years, the photovoltaics (PV) market has grown dramatically, and is
completely dominated by products using silicon wafers. The two parameters often
cited as the most important for solar cells are efficiency and cost. The cost of a Si solar
cell is largely dependent on the cost of the Si wafer used in its fabrication. The high
production cost and limited feedstock of silicon has sparked the photovoltaic
community to search for new materials and technologies. Cheaper solar cells can only
be produced using cheaper materials and low-cost fabrication methods. This is where
thin film technology offers promising potential as an alternative to silicon photovoltaic
technology [7]. Thin film solar cells are based on materials that strongly absorb
sunlight, so that the cells can be very thin (1-3 um), which reduces the demand for the

raw material. The bottleneck for solar electricity to become a household energy source



is mainly its cost. The cost of the Si wafer accounts for over 50 % of the total module
cost. To eliminate this high cost component, silicon wafers may be replaced by thin
films of semiconductors deposited onto a supporting substrate [8]. The main
motivation for thin film solar cells is ability for high productivity and high speed
manufacturing and low cost by using minimum material requirements . In the case of
thin film solar cells, much less material is used compared with that required for
crystalline silicon solar cells. Because the absorption coefficient of typical thin film
absorber materials is ~100 times higher than crystalline silicon, a 100 times thinner
layer of thin film material can absorb an equivalent amount of energy as crystalline
silicon. For example, while 100 cm® (100 pm x 1 m x 1 m) crystalline silicon may be
needed for a 1 m?solar cell, only 1 cm® is needed for a 1 m? thin film cell. In addition,
thin film solar cells are less susceptible to the purity and crystallinity of their
materials, and so the requirements on thin film solar cell materials are less stringent
than for crystalline silicon solar cells [9]. Thus, thin film solar cells are cheaper to
produce than silicon solar cells. Another advantage of thin film solar cells is that they
can be fabricated on flexible materials like metal foils or polyimides, which allows for
completely new applications [10]. Yet another advantage is that it is possible to adjust
the band gap of thin film materials by varying their composition. Thus, a larger
portion of the solar spectrum can be used and higher efficiency can be achieved,
because the theoretical possible efficiency depends strongly on the band gap. The huge
reduction in the active material requirements with respect to those of the standard
technology allows a large decrease in device costs. Moreover, the large versatility in

the device design and fabrication, owing to the wide choice of different substrates



(rigid and flexible) and deposition techniques for the different device layers, allows
precise engineering and optimization of the solar cell stack to enhance device
performance [11]. Thin film PV has been therefore recognized as a promising strategy
to obtain high efficiency and low cost PV devices, thus fulfilling the actual

requirements of the increasing electrical demand.

1.4 Thin Film Photovoltaic Materials

Materials intended for thin film solar cells must fulfill some important conditions to be
usable. The ideal materials should have high optical absorptivity to absorb sunlight
(greater than 10* cm™). The term absorption coefficient can be defined as “the rate of
decrease in the intensity of light as it passes through a given material”. An essential
precondition is of course a large absorption coefficient, as all (suitable) light should be
absorbed in only a few micrometers [12] . Furthermore, the band gap should be in the
range of roughly 1.0-1.6 eV to provide the theoretical opportunity to reach sufficient
efficiencies. The bandgap should also be appropriate, ideally around 1.5 eV, to absorb
a significant portion of the solar spectrum. Also needed is the ability to form a good
electronic p—n junction with compatible materials.

Nevertheless, not all potentially suitable compounds can be used to produce viable
solar cell materials. Many other conditions, including availability, possibility of
industrial scale production, cost, and environmental safety (e.g., toxicity), have to be
fulfilled. Recently, chalcogenide thin-film photovoltaic (PV) materials such as CdTe,
Cu(In,Ga)Se; (CIGS), Cu,ZnSSe, (CZTSe), Cu,ZnSnS, (CZTS), and Cu,ZnSn(S,Se),
(CZTSS) have attracted great attention owing to their ability to produce high

efficiency, low cost, large area thin film solar cells (chalcogens are defined as all
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group 16 elements of the periodic table such as oxides, sulfides, tellurides and
selenides).

Chalcogenide thin-film photovoltaics have seen significant improvements in device
efficiency in the last 20 years, and have now reached mass production. In 2014, small
area CIGS solar cells reached an efficiency of 20.9% (close to the record efficiency,
25 %, of bulk-crystalline Si solar cells [13]) and large-area modules with efficiency of
about 13-14% are currently produced on an industrial scale. Even CdTe solar cells,
which have a record efficiency of 10.1% for research cells and 16.1% for total area
modules [14], already have an annual industrial production of more than 1.5 GW.
Despite great developments in chalcogenide-based PVs, these technologies suffer
from using toxic (Cd) and rare elements, such as In, Ga and Te, the high cost and
scarcity of which could limit the sustainability of these technologies in the years to
come [15]. Figure 1.3 shows the abundance of these materials in the earth’s crust and

their cost.
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Figure 1.2 shows the abundance and cost of copper, zinc, tin and sulfur compared with
those of some elements that are currently used to make thin film solar cells. The
lowest abundance and highest cost element among the latter is tin (4 ppm and
$3000/ton, respectively), which is still significantly better than the elements used in
the current technologies (Cd, Te, In, Ga) [16].
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In the last decade, many efforts have focused on the development of a new class of
quaternary compounds as possible candidates to replace CIGS in thin film solar cells.
These materials can be thought of as a derivation of the CIGS chalcopyrite structure
obtained by a process known as ““cross-substitution”, consisting of the replacement of
one element (In or Ga in the present case) with two elements of different groups in the
periodic table chosen to keep the ratio between the number of atoms and valence
electrons fixed. The resulting materials are therefore quaternary compounds given by
the chemical formula Cu,-11-1V-VI, , where VI is a chalcogen element (S or Se) and 11
and IV represent divalent (Zn, Cd, Fe) and tetravalent (Sn, Ge, Si) elements,
respectively. Among the  possible  Cup-lI-IV-VI, compounds,  Kesterites
CuZnSn(S,Se), (CZTS(Se)) are the most studied, and the rapid improvement in their
photovoltaic performance obtained in recent years makes them much more attractive.

Considerable work has recently been carried out on kesterite Cu, ZnSnS, (CZTS) to
make it a good absorber layer for thin film solar cells and thermo-electric power
generators [17, 18]. CZTS thin films are usually in a polycrystalline form consisting of
kesterite crystal structures. CZTS has excellent physical properties, including a high
optical absorption coefficient (>10™* cm™), direct band gap (1.4-1.5 eV), and low
thermal conductivity. CZTS can be derived from the CIGS structure by the
isoelectronic substitution of two In (or one In and one Ga) atoms by one Zn and one
Sn atom. As a consequence, CZTS has some similar properties to those of CIGS. The
availability of copper, zinc, tin and sulfur in the earth’s crust are much higher than that
of indium (0.049 ppm [19], at 50, 75, 2.2. and 260 ppm, respectively, i.e., all the
constituents of CZTS are abundant in the earth’s crust. Intrinsic point defects in CZTS

make its conductivity p-type. The crystal structure of CZTS can tolerate some
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deviation from stoichiometry, making its deposition process easier. Moreover, grain
boundaries in CZTS thin films are beneficial in enhancing minority carrier collection
[20]. Theoretical calculations have shown that a conversion efficiency as high as 32.2
% [21] is possible for CZTS thin film solar cells with a CZTS layer of a few
micrometers. To date, most of the solar cell devices based on p-type CZTS have been
fabricated by sputtering or evaporation followed by annealing and sulfurization at high
temperature (300-550 °C). To reduce the cost of these cells, it is necessary to develop
alternate processing methods for their fabrication, such as solution based or

electrochemical techniques.

1.5 Research Objectives

The principal goal of this research is to develop CZTS-based thin-film solar cells
grown onto Mo-coated glass substrates by electrochemical deposition method.The sub
objectives of this project can be summarized in the following :

1. To determine the optimal growth parameters that influence the structural, optical,
and electrical properties of Cu,SnzZnS, (CZTS) thin film structures grown on Mo-
coated glass substrates by electrochemical deposition.

2. To investigate the effects of annealing conditions including substrate temperature
and sulfurization temperature on the properties of Cu,SnZnS, (CZTS) thin film.

3. To investigate the synthesis and fabrication of Cu,SnZnS, (CZTS) nanoparticle
structures and films by solvothermal and rotary evaporation techniques under different
conditions.

4. To evaluate the performance of solar cells incorporating the obtained CZTS thin

film and its dependence on the growth parameters.
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1.6 Originality of The Research Work

The originality of the study is supported by the following points.

a)

b)

d)

f)

The electrochemical deposition and growth of Cu,ZnSnS, (CZTS) on Mo
substrates is a new approach (the first report was published 5 years ago [22] ) .
This technique could provide a new insight into the use of semiconductor
materials with good properties for photovoltaic applications.

This study is the first to report the use of triangle wave pulses to deposit CZTS
thin film and its role in solving the problem of tin reduction during annealing
treatment [23].

This study is the first to report a decrease in reduction potential between Cu
and Zn elements of 0.25 V when trisodium citrate is used as a complexing
agent.

This study is the first to report the effect of precursor salts on the stoichiometry
of CZTS thin film.

This study is the first to report the use of a three-zone furnace to fabricate
CZTS thin films to prevent loss of S during annealing and optimization of
sulfurization temperature.

A review of contemporary studies of the synthesis of visible-light protective
cubic CupZnSnS, nanocrystals and nonstoichiometric nanoparticles has not

been conducted until now.



1.7 Outline of The Thesis

The thesis consists of eight chapters. An introduction to the energy problem,
renewable energy, thin film materials, and Cu,ZnSnS, (CZTS) thin film was presented
in Chapter 1. This chapter also included the motivation, objectives and original
contributions of this research, ending with this outline of the thesis. Chapter 2 consists
of the literature review of the Cu,ZnSnS, thin film deposition processes. In chapter 3,
theoretical background of CZTS thin films, including its advantages, formation
reactions, properties, and characteristics. PN Junctions and Solar Cells devices,
principles of electrochemical deposition is discussed. Chapter 4 comprehensively
describes the methodology and instrumentation used in the study. The results obtained
from the research work are analyzed and discussed in Chapters 5, 6, and 7. Chapter 5
elaborates on the properties of Cu, Zn, and Sn metal precursors electrochemically
deposited on Mo substrates under different conditions. Chapter 6 presents the results
of investigations into the sulfurization and annealing treatment of the Cu, Zn, and Sn
metal precursors under different conditions. Chapter 7 contains the experimental
results of the synthesis of visible-light protective cubic Cu,ZnSnS, nanocrystals and
nonstoichiometric cubic Cu,ZnSnS, nanoparticles via a rotary evaporation and
solvothermal synthesis under different parameters. Chapter 8 is a summary of the
work, in which important conclusions are highlighted. Future prospects of the work

are also presented.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents the history and a survey of the relevant literature concerning
CZTS thin film solar cells and the evolution of the efficiency of CZTS thin film solar
cells. This chapter also describes the background of a variety of techniques used for

the deposition of CZTS thin films.

2.2 Evolution of CZTS Thin Film Solar Cell Efficiency

CZTS material was first introduced into solar cell applications in 1988 by Ito and
Nakazawa. They successfully fabricated a heterodiode of CZTS and cadmium tin
oxide (CTO) thin films on a stainless steel substrate [24]. That produced an open
circuit voltage (Voc) of 165 mV under AM1.5 illumination. Katagiri et al. [25]
reported the fabrication of a CZTS thin film solar cell with the structure
Mo/CZTS/CdS/ZnO:Al on soda lime glass substrate by sulfurization of electron beam
deposited Cu/Sn/Zn stacked precursors. Their device showed a power conversion
performance of 0.66% and an Voc of 400 mV. In the same year, a best conversion
efficiency of 2.3% and Voc of 470 mV was achieved by Friedlmeier et al. [26] using
CZTS as a good light absorber layer in a similar structure to that of Katagiri’s device,
prepared by the sulfurization of co-deposited Cu-Zn-Sn films. Katagiri et al. recorded
a new CZTS device efficiency of 2.63% by varying the method of the sulfurization of
the Cu/Sn/ZnS stacks [27]. The efficiency was increased to 5.45 % in 2003 by the

same group using different annealing conditions [28]. And further improved to 6.7 %

11



in 2008 by soaking the thin films in deionized water to etch the metal oxide particles
in the CZTS layer [29]. A CZTS thin film solar cell with a conversion performance of
9.6% was attained in 2010 by Mitzi et al., who used a hydrazine precursor solution
and sulfurization to deposit CZTS active layers via a spin-coating technique [30]. and
further improved the efficiency of their cell to 10.1 % in 2011[31]. Obtained by the
same group, the most recent record efficiency of CZTS thin film solar cells is 11.1%,

according to the available literature.

2.3 CZTS Thin Film Deposition Techniques

Different deposition methods have been used to fabricate CZTS thin films, including
evaporation, sputtering, spin coating, and screen printing. These methods can be
divided into two main categories, vacuum-based techniques and solution-based

techniques. In this section these technique are reviewed.

2.3.1 Vacuum-Based Techniques

Vacuum based deposition techniques are popular methods of obtaining high quality
thin film devices owing to the high uniformity of the produced films. These techniques
include coating of the integral atoms of the CZTS material onto a substrate either by
sputtering or by evaporation/co-evaporation of target sources under optimized
conditions (pressure and temperature). The advantages of these techniques include the
good and simple control of the chemical composition of the thin films, and good
reproducibility. Nonetheless, the final CZTS thin films are normally obtained by high

temperature sulfurization of the deposited stacks of metals, metal sulfides, or a
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combination of the two. These procedures are usually slow and may require several

hours for thin film growth and annealing.

2.3.1.1 Sputtering Techniques

Several sputtering techniques have been widely employed in previous studies to
deposit CZTS thin films for solar cell applications such as argon beam, ion beam, DC,
RF, hybrid, and reactive magnetron sputtering.

For example, 1to and Nakazawa used CZTS pressed targets to fabricate thin films by
an argon beam sputtering technique without an annealing process. The resulting CZTS
thin film had a stannite structure, a band gap of 1.45 eV, and an obtained Voc of
165mV [25]. However, the efficiency of the device was not reported. Later on,
Tanaka et al. [32] employed hybrid sputtering technology to deposit Sn/Zn/Cu
precursor layers which were then annealed at different temperatures with sulfur flux.
The CZTS phase formed at 350 °C. The produced films had a direct band gap of 1.5
eV, absorption coefficient higher than 10* cm™, and a high rate of Zn losing when
heated over 450 °C. CZTS solar cells with an efficiency of 5.7% have been fabricated
by reactive co-sputtering of Cu, SnS, and Zn in an atmosphere containing 20%
concentrated H,S by Katagiri et al [29]. The best performance of the resulting solar
cell device was obtained at component material ratios of Cu/(Zn+Sn) = 0.87,
Zn/Sn=1.15, and S/(Cu+Zn+Sn) = 1.18 [33]. Fernandes et al [34] used DC magnetron
sputtering to deposit CZTS thin films and sulfurized them in N, atmosphere at 525 °C.
Zhang et al.[35] formed CZTS thin films by sequential sputtering of Cu, Zn, and Sn

from metallic targets using ion beam sputtering, then sulfurized the stacked Cu/Sn/Zn
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precursors on soda lime glass (SLG) substrates without heating the substrates. Proper
sulfurization was achieved in S; + N flux at 550 °C for 3 h.

The best reported efficiency for sputtered CZTS solar cells is 7.6 %, obtained by
Fukano et al [36]. This value was obtained by annealing at 580 °C for 30 min under 20
% H,S balanced with N,. In addition, Fukano et al. also reported that CZTS films
fabricated from a three-layer (ZnS/Sn/Cu (top)) precursor displayed higher quality

than those obtained from a four-layer (ZnS/Sn/Cu/ ZnS (top)) precursor.

2.3.1.2 Evaporation

Evaporation techniques have been the preferred method of numerous academic
researchers owing to previous achievements of good absorber materials using
various evaporation technologies such as electron beam (EB) evaporation, co-
evaporation, fast evaporation, and thermal evaporation. CZT precursors deposition by
evaporation can be achieved by two different approaches:

(i) single step simultaneous deposition of all precursors followed by sulfurization
(ii) two step, sequential deposition of metallic precursors, e.g., Cu-Zn-Sn/Cu—Zn-
Sn—Cu or Cu-ZnS-SnS, followed by sulfurization/annealing.

The first study of CZTS thin film fabrication by an evaporation technique was
reported by Katagiri et al. in 1997 [25] They sulfurized Zn/Sn/Cu layers at 500 °C for
1-3 h under a N, + H,S (5%) atmosphere. The precursor layers were deposited by
electron beam evaporation with a substrate temperature of 150 °C. A device with a
structure of glass/Mo/CZTS/CdS/znO/Al produced from the resulting CZTS thin
films exhibited a conversion efficiency of 0.66 %. Katagiri et al. also reported that

replacing Zn with ZnS in the initial precursor stack significantly improved the
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adhesion of the film material to the Mo/SLG substrate. This development offered solar
cells with an efficiency of 5.45%, Voc of 582 mV and short circuit current (Jsc) of
15,5 mA/cm [25]. Kobayashi et al.[33] used EB evaporation and sulfurized the
resulting films at a temperature of 510-550 °C, and obtained a best efficiency of
4.53%, Voc of 629 mV, Jsc of 12.53 mA/cm? and FF of 0.58 at 520 °C [37]. Wang et
al. [38] used a thermal co-evaporation technique to deposit elements simultaneously
onto the same substrate at 110 °C, and annealed them at 540 °C for 5 min in sulfur
atmosphere. The produced solar cell with thickness of 650 nm and structure of
glass/Mo/CZTS/CdS/i-ZnO/ITO/Ni—Al grids exhibited a Voc of 587 mV, Jsc of 17.8
mA/cm?, FF of 65 % and efficiency of 6.8 %. Tanaka et al [39], deposited CZTS thin
films by co-evaporation of Cu, Zn, Sn, and S precursors and obtained growth along the
[112] plane with an increasing grain size with substrate temperature between 400 and
600 °C. In a later study, they investigated the influence of CZTS thin film composition
on the structure and electrical properties[40] . In another study, CZTS films deposited
on Mo coated SLG substrates at 110 °C by thermal evaporation technique and
annealed on a hot plate at 540 °C for 5 min were used to fabricate a solar cell device
with a layer arrangement of SLG/Mo/CZTS/CdS/i-ZnO/Al:ZnO that displayed an
efficiency of 6.8% ,Voc of 587 mV, Jsc of 17.8 mA/cm? and FF of 65% [38] . More
recently, Shin et al.[41] deposited CZTS thin film based solar cells on Mo coated SLG
substrates by a thermal evaporation method. After annealing at 570 °C for 5 min in air,
the device showed an efficiency of 8.4%, Voc of 661 mV, Jsc of 19.5 mA/cm? and FF

of 65.8%.
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2.3.1.3 Pulsed Laser Deposition Technique

Pulsed laser deposition (PLD) is one of the best methods of producing very good
quality layers of complex compositions, and has advantages including simplicity,
clean deposition (owing to the use of a high vacuum chamber), and deposition of
highly enhanced crystal structures owing to the high energy and flexibility in the
engineering plan.

Sekiguchi et al.[42] benefited from this technique to fabricate the first epitaxially
grown CZTS films on GaP substrate. Moriya et al.[43] employed a KrF pulsed laser
with a wavelength of 248 nm to form CZTS thin films for solar cell applications after
annealing in N, atmosphere at different temperatures (300-500 °C), and obtained a

efficiency of 1.74 % from a sample treated at 500 °C in 2007.

2.3.2 Solution-Based Techniques

The various vacuum techniques were the established methods of producing CZTS thin
films for several decades, then the majority of researchers switched to low-cost
deposition techniques (non-vacuum approaches) in subsequent years. Vacuum routes
are mostly expensive and consume more time and energy than non-vacuum
approaches, which are less costly, simpler, and offer high material output with lower
time and energy cost. As a result, there has been a recent unexpected growth in CZTS
thin films solar cell fabrication by non-vacuum techniques; therefore, solution-based
fabrication will be an important direction for future research. These solution-based

techniques are briefly described below.
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2.3.2.1 Precursor-Ink Based Approach

The sol-gel method is the foremost of the ink-based approaches, and was first
introduced as a method of fabricating CZTS thin films by Tanaka et al [44]. They
prepared a CZTS solution by using the elemental powders of coper, zinc, tin and
sulphur, with stirring at 45 °C for 1 h, and then spin-coated and dried the resulting
film in air at 300 °C. This method was repeated by Yeh et al [45],who added an
annealing process in No+H,S atmosphere at 500 °C for 1 h and studied the effect of
the preparation (synthesis and annealing) temperatures on the properties of the
resulting CZTS thin films. In other work, Ki et al. spin-coated CZTS films from a
solution of copper chloride, zinc chloride, tin chloride and thiourea dissolved in 70:30
deionized water/ethanol and stirred at 40 °C for 30 min. The spin-coated films were
annealed at 580 °C for 2.5 min and used to fabricate a solar cell with a structure of
glass/Mo/CZTS/CdS/znO/ITO/Ni-Al that exhibited an efficiency of 4.1% [46].
Todorov and his group reported the coating of crack-free CZTS films onto glass
substrates by reacting metal salts (complexed with triethnolamine) with dissolved
elemental sulfur in ethylene glycol at 170 °C for 3 h [47] .

Zhou et al. [48] used a very easy and cheap technique known as screen printing (SP)
to print CZTS layers from ink prepared from powders of copper, zinc, tin, and sulfur
onto Mo coated polyimide. The resulting solar cell with the structure
polyimide/Mo/CZTS/CdS/Al:ZnO/Al showed an efficiency of 0.49%, Voc of 386
mV, Jsc of 4.76 mA/cm?, and FF of 0.27.

Many previous works have reported the preparation of CZTS thin films by chemical
bath deposition (CBD) methods, such as the fusing of Cu atoms into films by an ion

exchange method [49], synthesis of nanocrystalline CZTS by a drop method [50],
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synthesis of CZTS nanorods via controlled evaporation from a solution source [51],
and synthesis of CZTS nanocrystals by high temperature arrested precipitation. In
the last case, copper acetylacetonate, zinc acetate, tin chloride dehydrate, and
elemental sulfur were reacted in oleyamine at 280 °C for 1 h under an inert
atmosphere, and the solar cell fabricated from the obtained nanocrystals exhibited an
efficiency of 0.23%, Voc of 321 mV, Jgc of 1.95 mA/cm?and FF of 0.37 .

The most impressive result obtained for CZTS photovoltaics prepared by a solution
based method was reported by Xin et al [52] .They fabricated a dye sensitized solar
cell with N719 ruthenium based dye, a TiO, layer on FTO, a CZTS absorber layer on
FTO, and an ionic liquid electrolyte that exhibited an efficiency of 7.37%, Voc of

800 mV, J sc of 17.7 mA/cm?, and FF of 52.2%.

2.3.2.2 Spray Pyrolysis

The spray pyrolysis deposition (SPD) method is considered to have the greatest
simplicity, easiest handling, and best reproducibility of the large area coating
techniques. It can be a suitable method for industrial commercial production because it
does not require a vacuum at any step of the fabrication process, which is the most
pronounced advantage of the technique. In spite of these advantages, spray pyrolysis
has not been widely used for the creation of CZTS thin films.

Nakayama and Ito [53] prepared CZTS thin films by a spray pyrolysis technique for
the first time in 1996. They sprayed a solution of CuCl, ZnCl,, SnCl,, and thiourea
dissolved in 50:50 DW/ethanol onto SLG substrates at temperatures from 280 to 360
°C. Prabhakar and Jampana [54] also used this method and determined the

conductivity of the sprayed CZTS films, reporting that the conductivity increased with
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Na-diffusion from SLG and Cu-deficiency in the sprayed CZTS. The effect of Na-
diffusion was found to be stronger than that of Cu-deficiency, and the conductivity of
the film increased by an order of magnitude when SLG was used instead of

borosilicate glass.

2.3.2.3 Electrodeposition technique

Electrodeposition is one of most attractive solution-based techniques, and has been
commonly applied to the growth of solar cell absorber layers of several materials, such
as CdTe, CZTS and CIGS [54, 55]. The preparation of CZTS thin films by
electrodeposition is usually achieved in one of two ways, namely the sequential
electroplating of precursors or the single step electrodeposition of precursors. Both of
these are followed by sulfurization using different sulfur sources, such as pure S
vapor, S;+N; and S,+Ar, at annealing temperatures between 300 and 600 °C. The first
CZTS film solar cell prepared by an electrochemical deposition method was reported
by Scragg et al., with efficiency of 0.8%. Electrochemically deposited metal stack
Zn/Sn/Cu was sulfurized by S vapor at 550 °C for 2 h. They added that the low
efficiency of the obtained solar cell was caused by a high series resistance and a high
shunt conductance [22].

Araki et al. [56] synthesized CZTS thin films by annealing co-electrodeposited Cu-Zn-
Sn films in S atmosphere for 2 h. Slightly Zn-rich films gave the best device
efficiency, 3.16%. Copper (I1) sulfate pentahydrate, zinc sulfate heptahydrate, tin (11)
chloride dihydrate, and tri-sodium citrate dihydrate were used for the co-
electrodeposition. The co-electrodeposited films did not exhibit any phase separation

after annealing.
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Ennaoui et al.[57] reported a novel low cost technique for the preparation of CZTS
thin film absorber layers for solar cell applications. First, they prepared Cu—Zn-Sn
precursor layers on Mo coated SLG substrates using single step electrochemical
deposition from an alkaline electrolyte bath containing Cu(ll), Zn(ll), and Sn(IV)
metal salts, which were further reacted with Ar/H,S to form CZTS thin films. A solar
cell fabricated wusing these CZTS thin films with the configuration
glass/Mo/CZTS/CdS/ZnO/Ni—Al showed an efficiency of 3.4% (Voc = 563 mV, Jsc =
14.8 mA/cm? and FF = 41%).

Pawar et al. [58] demonstrated a single step co-electrodeposition of S along with the
CZTS component metals from CuSO,, ZnSQO4, SNSO4, and Na,S,03 (sulfur source) in
an aqueous electrolytic bath at room temperature. The as-deposited films were
annealed in an Ar atmosphere at 550 °C for 1 h for grain growth, and did not require
any post deposition sulfurization step. The bandgap of the film annealed at 550 °C was
found to be 1.50 eV.

Ahmed et al.[59] developed a three-step method: i) sequential electroplating of
Cu/Zn/Sn or Cu/Sn/Zn stacks; ii) annealing of the stacks at low temperature (210-350
°C) under N, to produce homogeneous alloys; iii) annealing of these well-mixed
CuZzn and CusSn alloys at 550-590 °C in sulfur atmosphere for 5-15 min to allow the
formation of CZTS. Secondary phases such as Cu,S, SnS, and Cu,SnS3 were found in
the annealed samples when the annealing temperature was lower than 580 °C. They
proposed that the secondary ZnS and Cu,SnS3 phases reacted to form CZTS when the
annealing temperature was above 580 °C. Solar cells made from the CZTS samples

prepared by sulfurization at 585 °C for 12 min showed efficiencies as high as 7.3%.
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This is the highest efficiency reported to date for a pure CZTS-based solar cell
prepared by electrodeposition.

This  study involves the synthesis of CZTS-based solar cell prepared by
electrodeposition method. This method is simple , inexpensive compared to other
complicated vacuum based methods, allows fine control of the product composition,
high throughput and very much cost effective for synthesis of quaternary chalcogenide

thin film PV materials.
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Interdiction

This chapter presents the general principles and theory of the various aspects of this
research. It starts with a description of the physical and chemical properties of
Cu,SnznS, thin film. The fundamental principles of electrochemical deposition and
cyclic voltammetry are addressed. Furthermore, the basic concepts of the devices
fabricated in this thesis, which include p—n junctions, are discussed. This is followed
by a brief discussion of the basic principles of solar cell devices. In addition, this
chapter addresses the principles underlying the operation of the fabrication and
characterization equipment, as well as how to use theoretical equations to find the
values of the parameters that describe the properties of the thin films and the

performance of the devices.

3.2 Characteristics of Cu, SnZnS, Thin Film

CZTS (copper zinc tin sulfide, with formula Cu,SnZnS,) solar cell research has been
conducted extensively in recent years mainly because it is composed of elements that
are not only inexpensive, but also non-toxic. CZTS is a p-type semiconductor, and is
used as an absorber material in solar cells. In contrast, the elements used in the more
common copper indium gallium selenide (CIGS) solar cells are both expensive and
toxic. The reason CZTS cells are inexpensive is because the elements that comprise
these cells are found abundantly in the earth’s crust [60]. This allows the low-cost

manufacture of solar cells in high volumes. While researchers have been able to
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produce CIGS cells of high efficiency, the efficiency of CZTS cells is not comparable.
However, in addition to being inexpensive and non-toxic, CZTS offers good optical
and electronic properties. Thus, it is considered to be a promising semiconductor

material for use in solar cells.

3.2.1 Structural Properties

Crystallographically, CZTS has two main structures, recognized as the kesterite type
and stannite type structures. These two structures are alike except for the dissimilar
arrangements of their ‘Cu’ and ‘Zn’ atoms (Figure 3.1). The structural differences are
related to a different order in the cation sublattice: Kesterite, with space group 14, is
characterized by alternating cation layers of CuSn, Cuzn, CuSn, and CuZn at z=0, 1/4,
Y, and 3/4, respectively, whereas in the stannite structure, with 14m symmetry, ZnS
layers alternate with Cuy, layers. Tin and sulfur ions occupy the same lattice positions
in both structures. However, CZTS materials usually appear in kesterite phase because
it is more thermodynamically stable than the stannite phase [60, 61]. However, the
energy difference between the kesterite and stannite type structures is very small; only
about 3 meV per atom, indicating that the stannite type structure may also be obtained

under standard preparation conditions.
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Figure 3.1 Schematic representations of the kesterite (a) and stannite (b) structures
[62]

Kesterite materials (Kesterite is defined a sulfide mineral with a formula
Cuy(Zn,Fe)SnS, ) belong to the family of chalcogenides. Some examples of this group
include sphalerite (ZnS), chalcopyrite (e.g., CulnS;), and kesterite (e.g., Cu,ZnSnS,)
as shown in Figure 3.2 [30]. The option of replacing the rare and expensive indium
with cheap and available Sn and Zn, while retaining main semiconductor properties
such as nearly the same energy gap as that of the highly successful chalcopyrite
absorber materials, makes CZTS attractive for large-scale photovoltaics

manufacturing.
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