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Study of Kesterite Cus,ZnSnS, Thin Films prepared

from CuyZnSnS,; Nanoparticle Inks

Abstract

Due to the recent rapid industrial and population growth, there has been an
increase in the demand for energy which has led to a strong reliance on non-
renewable energy sources which has negative environmental effects. Due to
its unlimited sources and absence of environmentally harmful green house gas
emissions, solar energy has emerged as an effective candidate for renewable
energy. CusZnSnSy (CZTS) has been widely investigated as an absorber for
thin film solar cells. It can replace Cu(In, Ga)Sez (CIGS), and CdTe since
it consists of non-toxic, abundant, and cheap elements. Its high absorption
coefficient, optimal band gap, and naturally abundant non-toxic elemental
constituents give it several advantages over most thin film absorber materi-
als. However, the present performance of CZTS solar cells is still below their
theoretical limit. Recently, there has been a rise in interest in improving the

performance and lowering the production cost of solar cells based on CZTS.

In this study, CZTS nanocrystals were synthesized by one of the non-vacuum
techniques: the CZTS absorber is synthesized by using the hot injection tech-
nique, and it is responsible for synthesizing the crystalline layer that performs
as the solar cell device absorber. CZTS nanoparticles were synthesized using
a chemical synthesis process, with sulphur being injected into a solution of hot
metallic precursor ions. It was revealed that the reaction temperature and time
greatly influenced their composition, structure, and optical properties. In this
research, a method was proposed to fabricate nonstoichiometric CZTS thin
films. Using soda lime glass and molybdenum substrates, the CZTS thin films
were deposited on the different substrates by drop casting and spin coating
methods, followed by preheating in air and post-deposition annealing treat-
ments, in two different atmospheres, HoS and Ny. The CZTS thin films were

annealed at different annealing temperatures. The morphology, composition,




structure, and optical properties of the CZTS thin films were characterized us-
ing scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray
diffraction, Raman spectroscopy, and UV-vis spectroscopy. The influence of
the annealing on the morphology, composition, and structure of the films has
been studied. From the XRD patterns of the CZTS thin films, the peaks of all
CZTS thin films are indexed to tetragonal CZTS (PDF 026-0575) and can be
attributed to the (112), (220), and (312) planes of kesterite CZTS, respectively.
The Raman spectra of the samples give evidence that in all spectra the domin-
ant peaks are located at 330-338 cm ™!, indicating that these samples contain
peaks associated with the CusZnSnS, phase. A significant influence on the
energy bandgap of CZTS thin films was observed during the annealing of thin
films. In addition, the fabrication of CZTS/CdS heterojunctions was explored
to gain a better understanding of the properties of the interface reactions that
take place between the Mo/CZTS and CZTS/CdS layers. the effect of high
annealing temperature on a Mo/CZTS/CdS heterojunction was carried out at
temperatures ranging from 450°C to 550°C at an annealing time of one hour
in HyS and Ny atmosphere . Annealing promotes cadmium diffusion from the
n-type semiconductor to the absorber. According to various studies, Cd diffu-
sion improved the performance of thin-film solar cells. However, at annealing
temperatures of 500 and 550 °C, the presence of a Cu-related secondary phase
was observed, which is detrimental because it introduces shunting routes that
lower the devices’ FF due to its metallic nature and low resistivity profile. In
addition, Mo combines with S at the CZTS/Mo interface to form MoS,, which
leads to losses of Voc, Jsc, and FF in CZTS devices. The findings presented
here indicate that there is significant interdiffusion of the elements from the
different layers in a Mo/CZTS/CdS heterojunction, which occurs at the tem-
peratures commonly used to fabricate CZTS devices. Further improvements

in CZTS devices will require strategies to control this interdiffusion.

Supervisors: Professor Douglas Halliday and Professor Marek Szablewski.
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CHAPTER ].

Introduction

1.1 Research motivations

Solar energy technologies are considered to be one of the most promising alternat-
ives to fossil fuels to meet the rising demand for clean and renewable energy [I].
Humanity needs to meet the electrical power generation of 30 TW by 2050 without
carbon emissions associated with the expected increase in global warming demand
[2]. Photovoltaics have great potential to meet future electricity supply [2], it uses
sunlight to generate electricity. With the increase of problems of global warming
attributed to CO; in the Earth’s atmosphere, from emissions due to the use of
fossil fuels, development of renewable energy, and particularly solar energy now
has great urgency [3]. The Earth intercepts 174,000 Terawatts of incident solar
radiation in the upper atmosphere. Since about 30% of solar radiation is reflected
back to space, the rest of solar radiation is absorbed by the Earth’s atmosphere,
land masses, and oceans approximately 3,850,000 EJ per year. The solar energy
received on the Earth’s surface in 1 hour is more than that currently used by the
world in 1 year [4]. The solar spectrum involves electromagnetic radiation that is
emitted by the sun. Figure shows the solar radiation spectra at both the top
of the earth’s atmosphere and sea level. The energy flow within the sun results in
a surface temperature of 5800 K, so the spectrum of the radiation from the sun is

similar to that of a 5800 K blackbody. The effect of the atmosphere on energy dens-
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ity of solar radiation can be measured by the air mass factor AM, which is defined
as optical path length through the earth’s atmosphere. The spectra are labeled
AMO, which corresponds to the spectrum of the sun outside the atmosphere. AM1
indicates the sun is directly overhead. AM1.5G which corresponds to the solar
spectra at the earth’s surface is used as the standard radiation density for measur-
ing the efficiency of solar cells. The AMO and AM1.5 spectra are shown in Figure
[4, 5]. The Air Mass is related to the angle of incidence § by AM = 1/cosé.
AM1.5G corresponds to an energy density of 1 kW m~2. Solar cells must absorb
a range of energy that corresponds to the solar spectrum in order to be efficient.
The solar spectrum has a wavelength range of 100 nm to 1mm, but most irradiance
occurs between 250 nm and 2500 nm as shown in Figure 1.1, with the maximum
in the visible region of light (400-700 nm) for air mass AMO, indicating that solar
cells should strive to absorb as much as possible in the visible region of the solar

spectrum [6].
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Figure 1.1: (AMO) spectra at the top of the earth’s atmosphere and (AM1.5) at
sea level [5].

The conversion efficiency of a solar cell is the percentage of power converted from
sunlight to electrical energy. The efficiency of a single absorber layer is theoretically
calculated using the Shockley-Queisser efficiency (SQ) limit as a function of the

semiconductor band gap [7]. it can be determine By calculating the amount of
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electrical energy extracted per photon of incoming sunlight. Figure shows the
dependence of the single-layer efficiency of various semiconductors on band gaps. It
is clear from Figure 1.2 that in order to achieve high photon absorption, absorber
materials must have band gaps in the range of 1.1 to 1.5 eV. This results in a
theoretical maximum efficiency of 32% under typical AM1.5G conditions. However,
When solar radiation with different wavelengths reaches the earth, the photon
with energy less than the solar cell absorber layer band-gap energy (E,) will not
be absorbed in the semiconductor. The photon having energy higher than the
energy gap of the semiconductor will be absorbed in the semiconductor and then
excite an electron from the valance band to the conduction band. The photon
having excessively high energy can excite an electron at the higher conduction band
state, however, the excited electron will relax quickly via thermalisation toward the
conduction band edge states via the electron-phonon interaction. These factors can
reduce the SQ limit for solar cells. Figure [I.2] plots the SQ efficiency limit versus
E,, the theoretical SQ efficiency limit shows a maximum near F;=1.3 eV at 32%
[5]. Experimentally, the highest efficiency achieved for monocrystalline Si in 2014
[4] was 25% still well below the SQ limit. According to the Shockley-Queisser
model, the efficiency under standard AM1.5 conditions with a band gap in the
range 1.3-1.5 eV, the maximum theoretical efficiency can be determined as 32% for
a single-layered cell [§]. Hence suitable material with an energy gap in this range
includes CdTe and CIGS which are achieving two-thirds of this limit. CZTS is
quite closely related to CIGS where the expensive and scarce elements indium and

gallium are replaced by 50:50 of zinc and tin [9].

The range of solar cells continues to expand making progress in laboratory effi-
ciencies. Thin film technologies are achieving around two-thirds of SQ limits such
as CdTe and CIGS [I1I]. There is a need to expand the range of materials that
are available for thin film solar cells, by the emphasis on cheap, sustainable, and

non-toxic materials such as copper zinc tin sulfide.

Crystalline Si-based solar cells are the dominant photovoltaic technology and con-
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Figure 1.2:  Efficiencies of different semiconductors shown against the

Shockley—Queisser limit [10].

stitute around 85% of the world’s photovoltaics. However the high cost of solar
cell fabrication based on Si, and the degradation of their performance over time
mean that lower cost alternatives are required [12]. Silicon also has the disadvant-
age of being an indirect bandgap semiconductor, requiring much thicker layers to
absorb the sunlight, typically 200-300 pm [13]. In contrast most thin film devices
are fabricated from direct bandgap devices. Therefore, next-generation solar cells
based on chalcogenide-based thin film photovoltaics such as CdTe and CIGS have
the potential to reduce the cost of photovoltaic technologies. This technology is an
alternative method to overcome these disadvantages as they reduce the thickness
of the absorber layer by a factor of over 100. CdTe and CIGS technologies exhibit
conversion efficiencies beyond 17.7-21.7% [7, [12), 14}, (15, [16], [10], and many other
common thin film materials have efficiencies in the 10 to 13% range [10]. Thin-film
solar cell is a second generation technology, The thickness of the film can vary
from several nanometers to tens of micrometers, which is thinner than first gener-
ation c-Si solar cell with a 200 pym thick wafer [I7]. However, these chalcogenide

based materials are unable to meet world electricity demand because of the usage
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of rare-earth elements for CIGS [15], and the toxicity of Cd in CdTe. Also the
relative abundance of some of the constituent elements is low and won’t meet the
demand for growing solar PV. Therefore, cost and environmental considerations
are important for the economical production of electricity. To solve these prob-
lems, it is necessary to develop new materials that are based on earth-abundant
and non-toxic elements. Recently, more attention has been paid to the 12-1I-IV-VI4
family, such as CusZnSnS, (CZTS) [18]. This material has many advantages, such
as being earth-abundant and eco-friendly material, and has similar properties to
CIGS [15, [I1]. However, gallium (Ga) and indium (In) are expensive and relatively
rare elements. The abundance of indium in the upper continental crust is estim-
ated to be 0.16 ppm. In contrast, copper zinc tin sulphide (CZTS) is composed
of abundant elements in the Earth’s crust ( crust abundance of 68 ppm, 79 ppm,
2.2 ppm, and 420 ppm for copper, zinc, tin, and tin and sulphur respectively)[1§].
CZTS semiconductors are potential candidate materials for terawatt (TW) scale
photovoltaic conversion [7]. CZTS semiconductors have emerged as one of the most
promising materials for thin film photovoltaic which meet the electricity consump-
tion with a cost reduction. CZTS compounds combine with suitable optical and
electronic properties for solar energy conversion. CZTS can be obtained from the
chalcopyrite CIGS structure by replacing the In/Ga with Zn and Sn found in the
kesterite structure [I9]. CZTS has a Kesterite crystal structure and with a direct
band gap of 1.0-1.5 €V, is nearer to the optimum band gap of a photovoltaic device.
In addition, it has a very high absorption coefficient greater than 10* cm™! in the
visible light region [I] [20]. Because of the large absorption coefficient of CZTS
thin film, a layer of micron thickness can absorb sunlight sufficiently. Moreover,
all elements Cu, Zn, Sn, and S are low-cost, earth-abundant, and non-toxic. How-
ever, cost-effective solar cell production not only requires the use of earth-abundant
materials, such as CZTS, but also needs economical fabrication methods. Fabric-
ation methods of CZTS absorber layers can be classified into vacuum-based and

non-vacuum-based techniques. Vacuum-based techniques, such as evaporation and
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sputtering, generally require a large capital investment and a high amount of en-
ergy to deposit thin films from the target sources. Non-vacuum-based techniques,
on the other hand, are less expensive, use less energy, and produce uniform thin
films. The efficiency of CZTS solar cells has achieved a record efficiency of 7.2%
for devices grown by hot-injection synthesis of nanocrystal absorber CusZnSnSy
[21] and 9.66% for CuzZnSn(S, Se)s thin-film solar cell using the hydrazine-based
solution [22]. The highest power conversion efficiency was reported at 12.6% in
2014 using solution deposition of chalcogenides dissolved in hydrazine followed by
annealing, but hydrazine is a highly toxic and unstable compound [2} [IT], 20} 21].
Non-vacuum methods such as solution-based deposition have shown the potential
of this technique for the cheap manufacturing of efficient solar cells that consist
of earth-abundant elements [19]. A non-vacuum deposition approach has recently
achieved a 9.0% efficiency via the selenisation of CZTS nanocrystals [23]. The
highest power conversion efficiencies by solution-processed techniques have been
recorded for CZTS with record efficiencies reaching 12.6% compared to 9.7% for
vacuum-based methods [24], 2], 25, 26]. The non-vacuum-based techniques follow
the general solution-processing route, where ink is deposited as a thin film, followed
by a thermal treatment to get large grains. The nanoparticle ink approaches have
the potential to control phase formation, surface properties, and particle size of the
nanoparticles. It is possible to use simple deposition processes such as spin-coating
and dip-coating as well as screen printing and ink-jet printing with an ink-based
technique [27]. In the present work, CusZnSnS, (CZTS) nanocrystals was synthes-
ized by using metal chloride precursors [16} 25, 26]. The hot injection technique
is considered an effective method of forming CZTS thin films uniformly for the
economic production of CZTS thin film solar cells. The structural, morphological
and optoelectrical properties of CZTS nanocrystals can be controlled by optimizing
synthesis parameters such as reaction temperature, reaction time, precursor con-
centrations, etc. Despite the advantage of CZTS as an absorber material for solar

cells, solar cells based on CZTS exhibit relatively low efficiencies. CZTS cells suffer
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from low optoelectronic properties mainly due to the high carrier recombination
in bulk and at the interface between the absorber and buffer layers. In addition,
the presence of various secondary phases and defects are the main hindrances in
achieving the target device performance. Secondary phases such as ZnS, SnS, and
CusSnS3 that appear on the surface of the CZTS and at the back contact interface.
The SnS phase has a lower bandgap than the CZTS phase and could modify the
interface properties. While the ZnS phase can block the current flow, the high
concentration of zinc in the solar cell might act as a resistive barrier for carriers,

which affects the performance of the solar cell.

1.2 Aims of the study

The aims of this study is to optimise the experimental process for the fabrication
of CZTS nanoparticle inks by using the hot injection method and spin coating
deposition techniques to produce high-quality CZTS absorber layers and to study
the effect of different synthesis parameters such as temperature and time on the
structural and optical properties of CZTS thin films. Also, to investigate the
impact of the annealing parameters such as temperature, and time on the structure,
morphological and optical properties of CZTS thin films structural and optical

properties of CZTS thin films.

1.3 Thesis outline

This thesis is divided into eight chapters. Following the introduction, Chapter
presents a general background of the theory of solar cells. Chapter [3|is an over-
view of CZTS-based thin film solar cells. It deals with thin film solar cells having
an optical absorber layer composed of CZTS-based quaternary semiconductors. It
describes the thin film solar cell fabrication from CZTS nanocrystals and reviews

CZTS properties and technologies to produce CZTS nanocrystal nanoparticle ink-
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based deposition techniques, such as drop casting and spin coating techniques and
fabrication of full devices. The chapter ends by describing the characterisation
techniques for CZTS thin films in this work. Chapter [] provides an overview of
the CZTS nanocrystal synthesis process using the hot injection method and the
deposition of the resultant CZTS ink to fabricate thin films. A description of the
techniques used for the characterisation of CZTS thin films follows. Chapter
describes the synthesis of CZTS thin films from nanocrystal inks and studies the
effect of synthesis reaction conditions such as temperatures and time of the growth
on CZTS nanocrystals and their impacts on phase purity, defect formation, and
homogeneity in growing crystals. The Chapter describes how thin film deposition
methods determine the structure, phase purity, morphology, and optical properties
of the CZTS thin films. XRD diffraction is used to determine the crystal struc-
ture and determine lattice parameters, Raman spectroscopy for phase purity of
CZTS nanocrystals, SEM, FIB for structural characterisation, and compositional
analysis of nanocrystals. Lastly optical characterisation of CZTS thin films using
ultraviolet-visible spectroscopy (UV-vis) is described to estimate the energy gap of
CZTS thin films. Chapter [0] investigates preheat treatment and sulphurisation ef-
fect on spin-coated CZTS thin films, and Mo/CZTS/CdS heterojunctions Electron
microscopy and EDX imaging is used to quantify element interdiffusion through-
out the heterojunction. Chapter [7] describes the annealing of CZTS thin films,
deposited by drop casting techniques, in the HyS+Ny atmosphere and the effect of
annealing parameters such as temperatures and times on structural, morphological
and optical properties of thin films. Chapter [§ reports the conclusions from the

work and provides suggestions for further work.




CHAPTER 2

Thin-film solar cells

2.1 Development of solar cells

Over the past century, there has been a significant rise in the world’s energy de-
mand, and due to the recent rapid industrial and population growth. In this
environment, solar energy is rapidly expanding among renewable energies, which is
important for the sustainability of human society. Various technological approaches
for solar PV have been developed over the years. There are three different genera-

tions of solar cells, as presented below.

2.1.1 The first generation solar cell

Single-crystalline silicon (sc-Si) and multi-crystalline silicon (mc-Si) cells, as well
as conventional panels with crystalline silicon (c-Si) bases, are included in the first
generation [28]. Silicon wafers dominate the solar cell markets, accounting for 80%
of the market due to their relative high power efficiency and established manu-
facturing [6][29] . Despite this generation’s high efficiency, elemental abundance,
durability, and non-toxicity, it still needs high-temperature processing, and has
significant manufacturing costs. c¢-Si technology is suitable to reduce PV module
cost but is less efficient than sc-Si cells and too expensive for large-scale operation,

and c¢-Si modules only interact weakly with light because Si is an indirect bandgap
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semiconductor, that requires over 200 pym of material to absorb the solar spectrum.

2.1.2 The second generation solar cell

The second-generation solar cells are based on thin-film solar cells that use amorph-
ous silicon (a-Si), cadmium telluride (CdTe), gallium arsenide (GaAs), copper in-
dium selenide (CIS), copper indium gallium selenide (CIGS), and cadmium sulph-
ide. On the other hand, due to the scarcity and toxicity of certain elements such as
(In,Ga) or toxic element such as cadmium [30] make new materials with kesterite
structure such as CZTS more attractive in thin film photovoltaic. Theoretical stud-
ies showed that the CZTS-based solar cell has a conversion efficiency of more than

30%, BUT the highest efficiency that has been reached so far is 12.6% [31][32][33].

2.1.3 The third generation solar cell

A new generation of solar cells emerged due to the high costs of the first generation
and the toxicity and limited availability of materials for the second generation solar
cells. The third generation of solar cells differs from the first two because they do
not rely on the p-n junction structure [6] . This generation uses materials and
compounds that potentially reduce production costs when compared to Si-Wafer
solar cell technology [29]. It can be represented by four types: dye-synthesized
solar cells, organic/polymer solar cells, nanostructured quantum dot solar cells,

and perovskite solar cells[29].

2.2 The photovoltaic effect

A solar photovoltaic (PV) cell is an electronic device that uses semiconductor ma-
terials to convert solar energy to electrical energy. Electrons flow in this cell when
photons (energy packets) from sunlight are absorbed and electrons from the valence

band of the semiconductor material are excited to the conduction band, forming

10



2.2. The photovoltaic effect

a hole that is then inhabited by another electron. This whole process is known as
the photovoltaic (PV) effect [34]. The active section of each solar cell consists of
two layers that form a p — n type junction of semiconductor materials, which is
the underlying basis of electron hole pair creation and separation. The photovol-
taic cell is the fundamental component of a solar power generation system and is
responsible for the direct transformation of light into usable electricity. A p —n
junction shown in Figure p-type layer of a p —n junction has holes as the ma-
jority charge carriers and electrons as the minority charge carriers. In the n-type
layer, electrons are the majority charge carriers, whereas holes are the minority

charge carriers.

Several independent works of literature have been written about the development
of solar cells in relation to amorphous silicon (a-Si), copper indium gallium selenide
(CIGS), and cadmium telluride (CdTe). Due to their low production costs, minimal
material requirements, and promising efficiency growth, thin-film solar cells are
quickly becoming the preferred technology. The process of fabricating a thin-film
solar cell requires depositing one or more thin layers of material onto a material
like glass, plastic, or metal. The film thickness can range from several nanometers
to tens of micrometers [35] [36], making it thinner than standard first-generation
c-Si solar cells (200 pm thick wafers). Because of this, thin-film photovoltaic cells
are flexible and light; cadmium telluride and copper indium gallium diselenide are
the two most common types of thin-film PV semiconductors currently available.
Due to its excellent absorption spectrum and ideal 1.5 eV band gap, CdTe has
emerged as one of the best materials for creating solar cell devices. CdTe and
CIGS technologies exhibit conversion efficiencies beyond 20% efficiency [10] [16] [I5]
[37]. In recent years CZTS-based thin-film solar cells have come to the attention
of a significant number of researchers for a variety of reasons, including their high

absorption coefficient, appropriate band gap (1.4-1.5 €V), and low cost.
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2.3 Characteristics of photovoltaic materials

2.3.1 Absorption coefficient

A thin absorption layer with a high absorption coefficient is required for thin-film
solar cells. The material’s absorption coefficient should be high, around 10*-10°
cm~!. Higher absorption coefficient materials can easily absorb photons and thus
excite electrons into the conduction band . Indirect band gap semiconductors have
lower optical absorption than direct band gap semiconductors. Si indirect band
semiconductors have a lower absorption coefficient, therefore the thickness of the
absorption layer should be greater than 200 pm [38]. The absorption coefficient « is
a frequency-dependent and material-specific parameter, The absorption coefficient
can be calculated experimentally from the reflectance R and transmittance T using

the relation:

(2.1)

Where, x is thickness of the film.

2.3.2 Band gap

The band gap is the minimal amount of energy needed to excite an electron in a
semiconductor valence band to a higher energy state. Only photons with energies
larger than or equal to the band gap of a material can be absorbed. Material should
have a band gap that is suitable for the solar spectrum. If the band gap is too
narrow, a great deal of the extra energy will be released as heat via thermalisation.
However, if the band gap is too wide, many photons with insufficient energy will
pass through the material without producing an electron-hole pair. The energy
bandgap should be between 1-2 eV for effective solar energy collection [34] [38]. In a

semiconductor, there are two types of band gaps: a direct band gap and an indirect
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band gap. In a semiconductor with a direct band gap, the maximum in the valance
band and the minimum in the conduction band occur at the same wavevector k;
thus, valence band electrons can be excited directly to the conduction band with
a high probability by only a photon. Hence, the absorption coefficient is high, and
as a result, the absorption depth for solar radiation is small, typically 1 pum [39].
In an indirect band semiconductor, the valence band maximum and conduction
band minimum are displaced along different k-axes. Therefore, optical absorption
at the band gap also involves the participation of a phonon to provide momentum
conservation. Thus, this three-body process results in a lower transition probability
and hence a longer absorption depth for solar radiation, typically >100um. The
processes of direct and indirect band gaps are described in Figure 2.1} The band-
gap is the most significant feature of a photovoltaic materials, The band gap should

be near-optimal band-gap value of 1.5 eV.

Figure 2.1: E vs. k curve of a direct (a) and indirect (b) band gap semiconductor
[40].

The absorption coefficient of a direct-gap semiconductor can be expressed by

a(hw) = K(hw — E,)? (2.2)

The Beer-Lambert Law gives the absorption depth x for a thin film:
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I = Iy exp(—ax) (2.3)

where I is the incident radiation intensity, I is the intensity after traversing a depth
x, and « is the wavelength-dependent absorption coefficient [40]. The absorption
coeflicient is related to the energy density of states in the conduction and valence
bands. Thin-film solar cells made from direct band gap semiconductors absorb
light in a much thinner region, allowing them to be made with a very thin layer
as thin as 1 pm. In contrast to indirect-band semiconductors, where the value of
the absorption coefficient « is small, Therefore, a thicker absorber layer is needed,
typically hundreds of microns thick. Figure shows the absorption coefficients

of different semiconductors as a function of photon energy.
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Figure 2.2: Absorption spectra of various semiconductors [39]

Thin films of high absorption coefficient semiconductors can be utilized to produce
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power that is equivalent to, or greater than that produced by thick films or wafers
of low absorption coefficient semiconductors as is the case in crystalline silicon, ¢-Si
, the absorption coefficient for Si with an indirect band gap is around 102 cm™!, the
light penetration depth is greater than 100 um. In contrast, with a thin film such
as CZTS with a high absorption coefficient of around 10* cm™', the penetration
depth is around 1 pm. Therefore, a direct-gap semiconductor with a direct band

gap, can enhance the energy conversion efficiency of a thin-film solar cell [40].

2.4 Theory of p —n junction

The semiconductor used in a p — n junction for the p-type and n-type parts can
be the same material that has been doped with p and n dopants; this is a p —n
homojunction. This means that the band gap is uniform throughout the material,
with the only difference being the type of carriers present. Thin film solar cells are
usually p — n heterojunctions, where the absorber and window layers are different
semiconductor materials, rather than homojunctions. A heterojunction is formed
by combining non-identical p-type and n-type semiconductors. This means that the
band gap is no longer homogeneous. A solar cell consists of a semiconductor p —n
junction with a band gap E, to provide the built-in electric field that separates the
charge carriers. A p — n junction is formed when a p-type semiconductor comes
into contact with an n-type semiconductor. Excess holes and electrons will diffuse
to the opposite side of the junction along the concentration gradient, which means
excess holes on the p-side diffuse to the n-side and excess electrons on the n-side
diffuse to the p-side. At the same time, the negatively charged fixed acceptor ions
on the p-side and the positively charged fixed donor ions on the n-side near the
junction are left in the semiconductor, resulting in an electron field at the junction,
and as a result, the depletion region is created as shown in figure In this
region, the direction of the electric field is from the n-side to the p-side, which

opposes the majority carrier diffusion process. At the same time, the minority
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2.4. Theory of p — n junction

carriers that reach the junction can drift across the depletion region and become
majority carriers in the other type. When the diffusion and drift currents are equal,

the current across the junction will reach zero.

Before contact After contact

n-type p-type n-type p-type
€ce € ¢ LN cceCecNigite &g
€e € € ¢ e ¢ ¢ t“t:j: ¢ ¢ ¢ ¢
rtktr “t“‘ rtt:t S “f“‘
Cee ¢ Ce ¢ ¢ Cee cARE ¢ ¢ ¢

DNDDP
ND (donor) NA (acceptor)

Figure 2.3: A p-type semiconductor comes in contact with an n-type semiconductor
to form a p — n junction.
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Figure 2.4: Band diagram of a p — n junction before and after contact.

Figure [2.4] shows band diagram of a p — n junction before and after contact. A

built-in potential difference exists between the two regions because of the electric

16



2.4. Theory of p — n junction

field and the realignment of Fermi level and can be defined as

T NN,
Vbi:kln< 4 D) (2.4)

n;

q 2
where N4, Np are acceptor and donor concentrations, respectively, n; is the in-
trinsic carrier concentration. The depletion width is given by

255%72

W =
qNB

(2.5)

where g is semiconductor permittivity, V3; is the built-in voltage, Np is the doping
concentration, and V is the built-in bias across the junction. The width of the
depletion region also depends on the external bias across the junction and can be

given by:

N 255(%1'—‘/)
W = ’/qT' (2.6)

V is positive for forward bias and negative for reverse bias. Forward bias decreases
the depletion region width, and reverse bias increases the depletion region width,

as shown in figure

In the dark, a solar cell has the same voltage-current characteristic as a diode. The
diode current can be expressed by the Shockley diode equation; the current density

diverted through the diode is:

v
J = Js {exp % - 1} (2.7)

where J, is the diode saturation current density, A is the diode ideality factor, k is
the Boltzmann constant, and 7' is the absolute temperature. Under illumination,
the current density-voltage curve of the solar cell is shifted downward because of
the light-generated current opposing the diode dark current, and the total current

density is

.
J=J, [exp XT:T - 1] T (2.8)
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2.5. Device characterisation

Figure 2.5: Forward and reverse bias energy band diagrams of a p — n junction.

where Jr, is photo current [41]. The current density-voltage characteristics for a

solar cell operating in the dark and under illumination are shown in Figure 2.6.

2.5 Device characterisation

2.5.1 Current-voltage measurement

The I-V curve can be used to determine the parameters of a solar cell and determine
the efficiency of the solar cell. From the J-V curve, the solar cell parameters are
determined, such as short circuit current Js., open circuit voltage V., and fill factor
FF, as shown in figure Voe is the maximum voltage at which no net current

(zero current) is flowing across the device and can be expressed by:

AT /T,
= —1 — 4+ 1. 2.
Voo = 22 n<JO+> (2.9)




2.5.1. Current-voltage measurement

Whereas current density (Js.) is the maximum current that a solar cell can produce
at zero voltage. The voltage and current along this curve where the solar cell
produces the most power is known as the "maximum power point'. The fill factor
is a measure of the curve’s squareness. The fill factor is the ratio between the
maximum possible power generated by a solar cell and the actual power of the

solar cell with no series resistance and infinite shunt resistance, as follows:

_ JupVup

FF = 2.10
JscVoc (2.10)

The conversion efficiency of the solar cell is the ratio between the maximum gen-

erated powers and the incident power [19, 23], as given by the following formula:

Pyt _ JscVocF'F

PCFE =
¢ P P

(2.11)

where P,,; and P, are the output power and input power of the cell, respect-
ively, Js. and V,. are the short-circuit current density and open-circuit voltage,
respectively. Visp and Jysp are the voltage and current density of the solar cell at
maximum power, respectively. The low performance of solar cell is due to low fill

factor (F'F') and open-circuit voltage (Vo).

Current |
A
/
* illuminated
dark !
1 — > Voltage V
-/ Vec
Jon ,;
e =vy
N A M,........----ﬂ"‘""' Prnax i
jSC

Figure 2.6: Current-Voltage characteristic of a solar cell In the dark and under
illumination and showing solar cell parameter [42].
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2.5.2. FEzternal quantum efficiency

The series resistance is minimized to avoid a decrease in device efficiency due to
increased charge carrier resistive losses. The shunt resistance should be as high as
possible by reducing current leakage through recombination losses. The equivalent
circuit of a real solar cell is presented in Figure 2.7 [39, [43]. The current density

of the equivalent circuit is given by

V —JRs V — JR;

(E) Rsn %

Figure 2.7: Equivalent circuit for a real solar cell [44].

2.5.2 External quantum efficiency

External quantum efficiency (EQE) which is calculated as electrons generated di-
vided by photons incident on the device, and is a measurement of how well a solar
cell converts an incident photon into an electron. The measurement is carried out
by keeping records of a solar cell’s current response to light that is monochromatic

across a wide spectrum of wavelengths. It’s described by

IL(N)
gN(A)

EQE()) = (2.13)

Here, N is the quantity of photons that were incident on the cell, ¢ is the charge of
an electron, and I, is the current produced by the light as a function of wavelength.
Various portions of the EQE curve indicate information about different loss mech-

anisms in the device.
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2.6. Losses in a solar cell

2.6 Losses in a solar cell

The performance of solar cells is limited by a variety of losses. Below are descrip-

tions of the many losses that can occur in a solar cell and lower its efficiency.

2.6.1 Optical losses

It is possible for a device to suffer energy losses, which lowers its efficiency. In a
typical p — n junction solar cell, figure 2.8 shows five different loss mechanisms in
p — n junction [45], 46, 47, [48]. (1) Some of this light might be absorbed by the
contacts, or it might be reflected by the surface of the cell. When a photon hits the
junction, the bandgap of the absorber layer serves as a filter for the photons that
are coming in. Solar radiation: photons whose energy is equal to or higher than
the bandgap are absorbed, and photons with energies less than the bandgap are
transmitted through the absorber material. (2) The thermalisation of electron-hole
pairs caused by short wavelength photon absorption via electron (hole) relaxation
near the conduction (valence) band edge. Other losses include junction loss (3)
and contact loss (4), both of which in an ideal device can be arbitrarily small. Re-
combination loss (5), which can occur because of states formed within the bandgap
that allow charge carriers to recombine via this extra state, these states can occur

because of material defects and grain boundaries [38], 411, [49].

2.6.2 Recombination losses

These losses result from recombination in the depletion region as well as surface
and bulk recombination at the metal or semiconductor interface. Impurities and
defects act as traps for photoexcited carriers [50, 51}, [52]. Therefore, recombination
on these traps causes a decrease in photocurrent and has an impact on the open-

circuit voltage [53].
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2.6.3. Metal/semiconductor interface

2.6.3 Metal/semiconductor interface

The front and back surfaces of a solar cell’s metal /semiconductor interactions result
in losses. One of the key methods to reduce the power losses in cells is to reduce

the resistance of the metal/semiconductor interface.

2.6.4 Resistance losses

Due to the negative impact of a large value of series resistance on short-circuit
current, solar cells with a low value of series resistance tend to be more efficient.
To maximise the open circuit voltage, the shunt resistance should be high. The
efficiency and fill factor of a solar cell are both diminished by the presence of

resistance losses, both in series and in shunt [54].

Valence
o0—— Band

n-type p-type

Figure 2.8: The loss mechanism in a typical p — n junction solar cell.
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CHAPTER 3

Copper zinc tin sulphide
(Cu2ZnSnSy4)-based thin-film solar

cells

3.1 Introduction

Thin-film solar cells are attractive due to their low material cost, low synthesis
cost, and a promising trend in efficiency increase. Figure shows NREL’s photo-
voltaic efficiency records for several solar cell technologies. Thin film solar cell
technology has developed rapidly, including Si, CdTe, GaAs, Cu(In,Ga)Seq, and
others. Chalcopyrite-based Cu(In,Ga)Ses is one of the most promising materials
for thin-film solar cells [55]. ¢-Si and pc-Si wafers make up about 80% of the current
solar market [56]. In today’s market, copper indium gallium diselenide (CIGS), cop-
per indium diselenide (CIS), cadmium telluride (CdTe), gallium arsenide (GaAs),
and copper-zinc sulphur (CZTS) are the most used thin-film materials. However,
with rare indium in CIGS, and toxic arsenic and cadmium in gallium arsenide
and cadmium telluride respectively, CZTS is one of the most promising candid-
ates in renewable energy harvesting and makes it competitive with CIGS thin-film

solar cells in the longer term. The material cost of a solar cell can be reduced
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3.2. Crystal structure of CZTS

by using earth-abundant elements, making the CZTS-based thin-film solar cell a
photovoltaic device that has the potential to provide a considerable amount of low-
cost electricity. A CZTS thin film has an optimum direct band gap of 1.4-1.5 eV
and a high absorption coefficient of 10* cm™! which will be suitable with multiple
layer-based structures when employed as the absorption layer of thin film-based
photovoltaics [57]. The high absorption coefficient of CZTS suggests that the solar
cell can be produced in thin-film form with less material used in the fabrication of
the cell. The energy conversion efficiency of an ideal solar cell consisting of CZTS,
which is theoretically calculated by Shockley—Queisser (SQ) relation, is equal to
32.2%, see section 3.4 [57, 58]. However, the best reported experimental efficiency
achieved by a solution method is only 12.6% [59] 60, [61]. This huge gap between
the theoretical and experimental power conversion efficiencies can be attributed to
several factors, such as the lack of stoichiometric control, the difficulty of producing
single-phase CZTS without a secondary phase, and the complicated nature of the
bulk and surface defects [62]. The next technological target for the CZTS-based
thin film solar cell could be set for the achievement of half the theoretical limit,

which is high enough to cut the balance of system cost per peak watt.

3.2 Crystal structure of CZTS

3.2.1 Structure of kesterite and stannite CuyZnSnS,

At room temperature and normal pressure, most 12-1I-IV-VI4 semiconductors crys-
tallize into tetragonal or orthorhombic structures. The tetragonal semiconductors
crystallize either in the kesterite or stannite structure. The physical, chemical, and
optical properties of CZTS are controlled by the synthesis process and resulting
crystal stoichiometry. The structure desired for photovoltaic applications is kes-
terite, as it is the most thermodynamically stable structure. These structures are
closely related but assigned to different space groups due to different distributions

of the cation atoms Cu and Zn. However, it’s difficult to distinguish whether a
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3.2.1. Structure of kesterite and stannite CugZnSnsS,
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3.8. Optical and electronic properties

structure is a kesterite or a stannite without using the rietveld refinement process
with X-rays as the Cu and Zn are isoelectronic. Many studies indicate that, for
CZTS, the kesterite structure is energetically more stable than the stannite struc-
ture [64] [65]. The kesterite phase is more stable than the stannite phase and it has
2.86 meV per atom less energy than the stannite structure [66]. The change from
kesterite CZTS to disordered kesterite is expected to happen around 260 °C, but
neutron diffraction has shown that there is a lot of disorder in all kesterite CZTS
samples at room temperature. At elevated temperatures of 866—1002 °C, tetragonal
CZTS transforms into sphalerite, a fully disordered cubic structure. In some cases,
the sphalerite phase has been found to coexist with the tetragonal phases even at
room temperature [67]. Figure shows a few examples of the many different
crystal structures that CZTS can take. The lattice in the tetragonal crystals can
be defined by the two lattice parameters, a and ¢, where a = 5.430 A and ¢ =
10.845 A at 300K [6S].

Kesterite  Disordered kesterite  Stannite Sphalerite

Figure 3.2: 3D perspective view of (a) kesterite-type and (b) stannite-type CZTS
structures [64) 67, [69].

3.3 Optical and electronic properties

3.3.1 The band structure

Tetrahedral geometry is identical to group IV, III-V, and II-VI semiconductors in

the group 12-11-IV-VI4 molecule. Each anion in this combination has eight electrons
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3.3.1. The band structure

surrounding it, and a closed valence shell creates the four bonds. Figure [3.3| shows
clearly the electronic band structure of the quaternary compounds CZTS. In a
semiconductor with a direct band gap, the valence band maximum and conduction
band minimum both occur at the same crystal momentum value (k-vector) in the
Brillouin zone. The band structure plot in [3.3]shows that CZTS has a directly band
gap in the range of 1.4-1.5 eV, making it ideal for use in photovoltaics. Because
phonons are not involved in the absorption process, this material can be used in thin
film devices as a powerful absorber. CZTS with high absorption coefficients of 104
cm~! [70] which means that a 1-2 ym thick CZTS film may absorb more than 90% of
the incident light in the absence of reflection losses [71}, [72]. However, the variation
of the energy gap is related to different parameters, such as sample composition
and heat treatment parameters like annealing temperature, time, and atmosphere
[73]. The band gaps of the thin films were influenced little by the composition
[74, [75, [76]. In different investigations researchers found the absorption coefficient
increases slightly as the Cu/(Zn+Sn) ratio rises, whereas the band gap reduces from
1.83 to 1.49 eV [76]. In another study, as the [Sn]/[Cu] ratio grows, the band-gap
energy shifts from 1.48 to 1.63 [68]. In another study on how annealing affects the
energy gap of CZTS, the energy gap of annealed CZTS decreases from 2.2 eV to 1.5
eV, which shows that heat treatment improved the optical properties of annealed

samples [77, [78].
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3.4. Thin-film growth methods
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Figure 3.3: Energy-band structure of kesterite-type CZTS [64].

3.4 Thin-film growth methods

Deposition is the process of coating a substrate with a thin layer of material. Re-
cently, different vacuum-based and non-vacuum-based deposition processes have
been mainly used to fabricate CZTS films. The strategies focused on the fabrica-
tion of straightforward, inexpensive synthesis techniques. The material quality of
a CZTS thin film, as well as the overall conversion efficiency of a CZTS solar cell,
can be affected by a variety of thin-film deposition techniques. CZTS thin films
can be deposited using vacuum or non-vacuum-based techniques. Vacuum-based

techniques have been widely used for the deposition of kesterite thin films, such
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8.4.1. Vacuum-based deposition techniques

as solvothermal [79, R0], sputtering [81], 82], thermal evaporation, electron beam
evaporation, co-evaporation, and pulsed laser deposition (PLD) [83] [84]. However,
these techniques require considerable energy to deposit a thin film at the target
sources. In addition, the CZTS is decomposed at higher annealing temperatures
because sulphur and tin are both volatile elements [85]. Therefore, solution-based
techniques have been used as approaches to grow CZTS without undesirable sec-
ondary phases. This technique provides low energy consumption and low cost, such
as with electrodeposition (n = 7.3), co-electrodeposition [86], co-electrodeposition
(n = 8.7) [87], spray pyrolysis (n = 1.15), nanoparticles (n = 11%), spin-coating
of precursor solutions, successive ionic layer adsorption and reaction (SILAR) [8§],

and sol-gel (n = 2.23%) [84].

3.4.1 Vacuum-based deposition techniques

Vacuum deposition is used to deposit CZTS compound on a substrate under va-
cuum, such as by sputtering, evaporation/co-evaporation, and pulse laser depos-
ition methods. The benefits of these methods include direct control over the chem-
ical composition of the sample, high levels of reproducibility, the ability to make
high-quality thin-film devices, and simple, direct manipulation of the chemical

composition of the sample.

3.4.1.1 Vacuum evaporation

Vacuum evaporation is a simple process that produces better-quality CZTS films.
The raw film material is placed in a vacuum chamber and heated to a high temper-
ature to cause the atoms or molecules to escape from the surface before forming a
vapour stream that enters the surface of the plated substrate, where it condenses
to form a solid film due to the substrate’s low temperature. However, the vacuum

deposition preparation process wastes film materials and is relatively expensive.
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3.4.1.2. Magnetron sputtering

A device efficiency of 9.15% [89] and 11.6% [90] was achieved using vacuum co-

evaporation and thermal co-evaporation techniques, respectively.

3.4.1.2 Magnetron sputtering

In magnetron sputtering, electrons collide with Ar atoms in an electric field, ionizing
numerous argon ions and electrons which are then ejected to the substrate. The Ar
ions are accelerated in an electric field, bombarding the target with many target
atoms, and the neutral target atoms (or molecules) are deposited on the substrate
to form a film. There are many advantages of magnetron sputtering, such as
the possibility of making high-density thin films with precisely controlled element
stoichiometry and thickness, low production cost, fast deposition, better adhesion of
the film, and reduced contamination of the substrate [91]. A conversion efficiency of
9.26% has been achieved by a CZTS thin-film solar cell fabricated using this method
[91]. However, the balanced magnetron sputtering process has a few disadvantages.
Because of the effect of the electric field, the effective coating area is smaller. The
deposition rates of some materials are low, making it hard to coat the substrate
with a uniform film. In reactive sputtering, the gas composition must be carefully

controlled.

3.4.1.3 Electron beam evaporation

In electron beam evaporation, an electric field is used to accelerate electrons so that
they can bombard the evaporation material at the anode, causing the material to

vaporize and produce an evaporation coating.

3.4.1.4 Spray pyrolysis

The spray pyrolysis process involves heating the substrate surface to around 600 °C

and then spraying one or more metal salt solutions onto the substrate surface. The
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8.4.1.5. Pulsed laser deposition

high temperature causes pyrolysis of the spray coating, which forms a coat on the

substrate surface.

3.4.1.5 Pulsed laser deposition

This method is straightforward, and it deposits films with the desired stoichiometric
composition and high quality. The pulsed laser deposition technique is a physical
vacuum deposition process that involves focusing a high-power pulsed laser on the
surface of interest, followed by the generation of high-pressure, high-temperature
plasma, which then spreads out to deposit a thin film on a substrate. Highest
research device efficiency of CZTS using this technique (n = 5.2% ). However, this
technique requires high laser energy, so some macroscopic and microscopic target
elements are lost during the process. Moreover, single-step production of uniform

film composition is difficult.

3.4.2 Non-vacuum-based deposition techniques

Non-vacuum techniques don’t require a vacuum at any stage. It is less expens-
ive and easier for thin-film deposition. Non-vacuum methods require the produc-
tion of a precursor, which is then applied to a substrate by a variety of methods.
These techniques include spin-coating of precursor solutions, nanoparticle inks,
spray pyrolysis, solgel [92], the SILAR method, and electrodeposition. Deposition

of thin films using non-vacuum approaches is discussed more below.

3.4.2.1 Sol—gel deposition

A spin coating process based on sol-gel is very straightforward and inexpensive
for the fabrication of different semiconductor thin films. The preparation of thin
films involves two steps: First, prepare a sol-gel precursor solution, and then spin
coat the solution onto a substrate. It is easy to obtain homogeneous and multi-

component chalcogenide films and quantitative doping. By using this technique,
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3.4.2.2.  Successive ionic layer adsorption and reaction

a conversion efficiency of 10.1% was achieved [61]. But there are some issues as
well: certain organic raw materials are harmful and expensive, and it’s difficult to

manage how porous the material is.

3.4.2.2 Successive ionic layer adsorption and reaction

Films are deposited by cycles of adsorption and reaction in this process, and this can
occur throughout the contact area between the substrate and the liquids (precursor
solutions). It requires immersing the substrate alternately in cationic and anionic
precursor solutions and washing it in highly purified deionized water after each
immersion. The process is continued until the desired thickness of film is obtained.
It is not influenced by external influences such as an electric or magnetic field,
and vapor phase transfer from the source to the target is unaffected. Furthermore,
the SILAR process is exceptionally eco-friendly because it utilizes only non-toxic
chemicals and solvents and does not require expensive equipment or vacuum during

the deposition [93].

3.4.2.3 Solvothermal

Solvothermal is a low-cost, eco-friendly alternative process that uses a solvent-
based precursor solution to produce the desired material. Solvothermal synthesis
prepares metals, semiconductors, ceramics, and polymers. This approach is suit-
able for the large-scale production of high-quality crystals while preserving good
composition and morphological control. The main benefits of solvothermal syn-
thesis include simplicity, high purity, low cost, and environmental friendliness, but
also high crystallinity and energy savings. The procedure uses a solvent under
moderate to high pressure (1 atm to 10,000 atm) and temperature (100 °C to
1000 °C) to enable precursor contact. Using solvothermal fabrication of CZTS thin

film-based nanoparticles, photovoltaic devices demonstrated 3.56% efficiency [94].
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3.4.2.4 Electro-deposition method

Electro-deposition is one of the low-cost, eco-friendly methods for coating a thin
film over a large area. There are two types of deposition: electro-deposition, in
which different layers of metal salts are deposited and annealed to get the final
film, or constituent metal precursors are sequentially electro-deposited and then
annealed in sulphur atmosphere, and single-step electro-deposition, in which all
the constituents come from the same electrolyte. There are so many advantages
of the electro-deposition method, such as the low temperature required for the
deposition process, strong interface bonding in between the coating and substrate
layers, no residual thermal stress, structure and porosity, chemical composition,

and coating thickness that can be precisely controlled.

3.4.2.5 Nanoparticle inks

Guo et al. [95] initially reported the hot-injection method used to synthesize the
nanocrystals necessary for making the inks. The nanoparticle inks can be depos-
ited by several techniques, such as being dip-coated, doctor bladed, dropcasted,
or spin-coated into thin films. It is found that efficiency is influenced by several
parameters, such as composition, reaction temperature, and post-annealing condi-
tions of CZTS nanocrystals [69, [96]. The nanocrystals-based approach was used
to create a CuzZnSn(S, Se)s thin-film solar cell with a 7.2% efficiency [95]. 10 %
efficiency has been reported for CZTS nanocrystal thin film solar cells achieved
by hydrazine-based solution processing. In another study, by selenizing nanocrys-
tals with Ge/(Sn+Ge) = 0.25, device efficiencies of 8.3% were obtained. Ford et
al. achieved 6.8% efficiency by selenizing nanocrystals, compared to a previously
reported device with 7.2% efficiency fabricated without any germanium [97]. Ex-
citing results demonstrate the potential of CZTS for high-efficiency thin-film solar

cells through techniques such as drop casting, dip coating, and, spin coating [57].
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3.5 Construction of the CZTS solar cell

CZTS-based materials are p—type semiconductors with a hole density of around
10'6 cm™3, which is characteristic of CIGS in high efficiency CIGS solar cells. These
similarities allow the device architecture that is optimized for CIGS to work just as
well for CZTS-based materials. A solar cell consists of a front contact, transparent
conducting oxide (T'CO), a window layer, a buffer layer, an absorber, and the most
common device configuration is SLG/Mo/CZTS/CdS/Al: ZnO/Al/Ni for a CZTS

thin film based solar cell as shown in Figure [3.4]

3.5.1 Thickness of the layers in the solar cell

In the second generation of solar cells, the thickness of the layer is another import-
ant characteristic that greatly impacts both cost and open circuit voltage. Absorber
layers with a thickness of 100 nm are said to achieve a good compromise between
series resistance Rg and the absorption coefficient. Interfacial layers are ideally

between 5 and 20 nm thick, and the optimal window layer thickness to be 60 nm.

—— Front Contact
—AZO
—i-Zn0
——n-Type Layer

TCO Layer — p-Type Layer

Window Layer

——Mo Electrode
—SILG

CZTS Absorber Layer

Figure 3.4: Schematic diagram of CZTS thin film based solar cell device [98].
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3.5.2 Rear contact

The construction of CZTS solar cells has made use of soda lima glass (SLG) as the
substrate covered by a metallic layer with a thickness of approximately 1 pm to
provide electrical back contact. The spontaneous diffusion of sodium (Na) into the
absorber layer is the main reason for using SLG-based substrates. Grain growth is
enhanced due to the diffusion of sodium (Na) impurities into the CZTS nanocrys-
tals. Na can passivate grain boundaries, which reduces non-radiative recombination
processes. SLG coated with metals such as W, Mo, ITO, FTO, Cr, V, Ti, Mn,
Au, Ni, Ag, Pt, Nb, and others are employed as electrodes to capture charge car-
riers [99]. Mo has high conductivity and stability in harsh conditions. Due to its
many desirable properties, such as its excellent adhesion, ohmic contact, formation
of the diffusion barrier layer Mo(S,Se)2, and durability during the high temperat-
ure annealing process, the Mo layer is the back contact of choice for CIGS solar
cells.Furthermore, the Mo layer allows sodium to migrate from the glass substrate
to the absorber[I3]. It is also used for the back contact in CZTS solar cells. The
optimum surface substrate for a back contact in CZTS in photovoltaic applications
was discovered to be molybdenum-coated glass. Many studies show that the sub-
strate type has a significant impact on the CZTS characteristics [100]. Moreover,
crystallinity, excellent morphology, and an energy bandgap of roughly 1.6 eV make

CZTS films produced on a Mo substrate preferable for CZTS-based solar cells.

3.5.3 Absorber layer

For photovoltaic applications, there are different factors that should be taken into
consideration when growing the absorber layer, such as the presence of secondary
phases, contamination, impurities, and other imperfections, like grain boundaries,
defects, and inhomogeneities, that are frequently reported to be present in a film.
The absorber’s band gap should be in the photon energy range so that it can absorb

most of the incident sunlight. As an absorber layer, CZTS, a p—type semiconductor
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is used. A layer of CZTS as a light absorber layer with a thickness of 1-2 um is
in contact with n—type CdS with a thickness in the range of 50-100 nm to form a

p—n junction.

3.5.4 Buffer layer

3.5.4.1 CdS buffer layer

Despite Cd’s toxicity, it has been discovered that the use of Cd-containing chal-
cogenides lowers Cd emissions to the environment because they are stable and
water-insoluble unless exposed to acidic environments [101]. Typically, CdS is po-
sitioned between the window and the absorber layer. The buffer layer is frequently
deposited on top of the absorber layer using chemical bath deposition [102]. The
chemical bath deposition (CBD) technique has given the best solar cell perform-
ance to date. CdS is a wide-bandgap n—type semiconductor. This allows the most
sunlight to reach the absorber layer. This is usually deposited as an n—type cad-
mium sulphide (CdS) layer by chemical bath deposition in a thickness range of
50-100 nm to form the p—n junction and is called the buffer layer. Buffer layer
thickness plays an important role in the efficiency of solar cells. An increase in the
thickness of the buffer layer can lead to the recombination of the generated elec-
tron hole pairs and, as a result, a decrease in the efficiency of the solar cells. CdS
has good optical transmittance, a wide bandgap, a high absorption coefficient, low
resistivity, easy ohmic contact, and good electrical properties. CdS is a II-VI semi-
conductor with an energy band gap of 2.45 eV. Due to its optoelectronic properties,
CdS thin film has long attracted the attention of researchers, and it is commonly
used as a buffer layer in solar cells. Moreover, this material gives the absorber
layer thermal and chemical stability and leads to an improvement in the solar cell’s
bulk recombination [103]. However, the "cliff"-like conduction band offset at the
CZTS/CdS interface is a limiting factor for the Voo of CZTS solar cells [104]. At

the CZTS/CdS interface, undesirable cliff-like band alignment is frequently raised,
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causing an energy barrier to form, and causing recombination. Therefore, several
initiatives have been made to reduce the cliff-like alignment or modify it into a
more favourable spike-like alignment. Band alignment can be improved with the
use of an interlayer applied to the interfaces between an absorber and a buffer.
Specific materials such as SnQO,, InsS3, AlsO3, and ZnS as interlayers at the ab-
sorber/buffer interface. The absorber/buffer interface qualities will be enhanced
by the addition of this interlayer. In a previous study, the Voo of the CZTS/CdS
solar cell increased because of the deposition of a SnO,, inter-layer. The tin oxide
layer had no impact on the FF and Jg¢ values; hence, the increase in Voo directly
increased the PCE of the CZTS/CdS solar cell [I05]. In other studies, the Vo
is improved by a TiO interlayer, which achieves this by decreasing the interface

recombination centre [106]. However, FF, J,., and efficiency were reduced.

3.5.4.2 Alternative buffer layer

Even though high-performance kesterite devices have been made with CdS as the
buffer layer, researchers are looking into the use of Cd-free buffer layers to improve
device performance and deal with concerns about toxicity. Thin film Zn(O,S) is
a promising candidate to replace CdS thin film as a buffer layer for CZTS thin
film absorber material. The material’s features low interface recombination, high
resistivity, transparency to incident light, good conduction band alignment with
the absorber material, and reliable device stability make it a promising alternative
for CdS as a buffer layer [107]. Martin et al. (2022) studied Zn;_,Sn,O, (zinc tin
oxide, ZTO) deposition by atomic layer deposition, which produced improved open
circuit voltage values and a high-quality interface in terms of band alignment and
interface creation [I08]. Bahfir et al. (2011) found that a CZTS-based solar cell
was optimized by replacing the CdS buffer and ZnO window layers with a single
layer of ZnMgO; the resulting cell had a conversion efficiency of 11.5 %, V,. = 0.78
V, Jse = 22.3 mA cm~2, and FF = 66.1% [109].
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3.5.5 Window and TCO layers

An intrinsic ZnO layer with a thickness of about 50-90 nm is usually sputtered on
top of the CdS as a window layer. This is followed by a layer of Al-doped ZnO
or indium tin oxide, which is a transparent conducting oxide. The transparent
conducting oxide layer allows electrons to flow in the horizontal plane towards the
front contact and prevents surface recombination. And finally, an Al/Ni layer is
deposited as a front electrical contact to reduce series resistance and increase the

current collection [110], 1111 [1T2].

3.6 Annealing / sulphurisation

For photovoltaic applications, it’s best for the absorber film to have large grains
that facilitate the transport of photo-generated carriers while reducing the amount
of recombination at the grain boundaries. Thus, the CZTS nanoparticle thin films
are subjected to thermal annealing in the presence of sulphur (sulphurisation) [113],
to promote grain growth. Annealing is the process of heating a substance to a spe-
cific temperature, usually in a controlled atmosphere, and then gradually cooling
it down to room temperature, in order to enhance the structural qualities and ele-
mental composition. Several studies suggest that the efficiency of a solar cell is
enhanced by the sulphurisation of CZTS thin films, which increases the absorption
coefficient of CZTS. The band gap of a CZTS absorber is increased via sulphurisa-
tion, leading to a higher open-circuit voltage. Studies showed that annealing the
films in a sulphur environment prevented Zn-loss in the samples even at the higher
annealing temperatures of 550 and 575 °C and also reduced the production of sec-
ondary phases such as Cua_,S and CusSnSs. Different investigations explored the
effect of annealing thin films under different atmospheres, such as vacuum, air, No
[79, 114} 115], and No+ HoS environments [77, 92) [116]. The formation of differ-
ent binary and ternary secondary phases during the sulphurisation process, such

as CugSnSs3, Cus_;S, SnSs, and ZnS, with increasing temperature throughout the
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annealing process, grain boundaries gradually merge, and grain size increases. As
a result, the annealing process was critical to grain growth. Annealing films in an
H,S atmosphere at high temperatures between 450 and 550 °C results in very little
binary or ternary sulphide and an enhancement in device performance. However,
Zhang et al. (2019) found when the annealing temperature was raised above 600 °C,
the CZTS crystal began to decompose at the grain boundary, causing the growth of
secondary phases and excessively large grains, which caused surface nonuniformity.
When the annealing temperature reached 625 °C, secondary phases such as ZnS
and SnS, were formed and pinholes that stretched through the film began to ap-
pear [60]. Shi. et al. (2020) found that air-annealing a CusZnSnS, precursor thin
film effected crystal growth of a CugZnSn(S,Se)4 absorber layer [I17]. It is reported
that in order to prepare a CusZnSnSyprecursor thin film for selenisation, a simple
air-annealing pre-treatment is performed on the film first. This pre-treatment can
result in sodium diffusion into the CZTS precursor thin film as well as surface ox-
idation of the CZTS thin film. The Na diffusion and surface oxidation of the CZTS
precursor thin film can significantly enhance the crystal growth of the CZTSSe thin
film, causing the small-particle bottom layer to be fully removed and a large-grain
CZTSSe thin film to form. As a result, conversion efficiency of CZTS solar cell

improved.

3.7 Grain growth

Grain growth means that the nanocrystals become larger in size and ideally form
micron-sized grains . Chernomordik et al.[I18] investigated the impact of varying
temperature, time, and sulphur pressure during the annealing of CZTS nanocrystal
films on their microstructure. the material incorporated into the abnormal grains
appears to diffuse along the grain boundaries and nanocrystal surfaces from the
nanocrystal floor layer on top of which they grow. Vapour transport was mentioned

by Chernomordik et al. as another possible explanation for the migration of some
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of the elemental species.

3.8 Challenge toward highly efficient CZTS solar cells

Despite all the advantages of CZTS absorbers, improving the efficiency of CZTS-
based thin film solar cells remains a major challenge. CZTS solar cells have the
advantage of having cheap manufacturing costs, being non-toxic, and having a high
constituent element abundance. However, the present highest efficiency achieved
by CZTS is 12.6%, which is still significantly less than the SQ limit because of
various limiting factors, such as the formation of secondary phases and defects due
to large grain boundaries at the CZTS absorber interface with either the back-
contact or buffer layer. According to the literature, one of the key causes of low
device efficiency is a higher deficit in open circuit voltage (V,.). The reduction in V,.
overall reduces device performance by lowering short circuit density (Js.) and fill
factor (FF) [119] 120, 121]. The presence of an interface, stable secondary phases,
bulk recombination between the absorber and conducting surface, non-uniform
morphology of the absorber surface, and the presence of defects such as antistites,
interstitials, and vacancies in the absorber layer all contribute to a decrease in V.
[120] [122), [123]. High efficiencies are characterized by an off-stoichiometric Cu-poor
and Zn-rich composition [122], and careful synthesis conditions are essential to
avoid secondary phases and defects [I120]. Because the chemical potential region
for CZTS is narrow, the synthesis of pure-phase CZTS is sensitive to synthesis
conditions. The narrow stable region is mainly restricted by the formation of
secondary phases such as ZnS and CuySnS3, which form spontaneously during the
synthesis when Zn is either rich or insufficient. Whereas SnS, CuS, and CusS,
with their short bandgaps and metallic properties, may cause shunting through the
cell or unfavourable offsets, leading to recombination centres or electron blocking
layers. ZnS, SnSo, and SnsSs all have n—type conductivity, which means they

might form a second diode in the cell and reduce the rectifying effects of the first
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p — n junction.

3.8.1 Secondary phases

Phase homogeneity and the presence of secondary phases limit the power conver-
sion efficiency of CZTS solar cells. The formation of secondary phases during the
growth of CZTS is one of the significant challenges as it affects the solar cell per-
formance. Any nonstoichiometric regions in a kesterite absorber allows undesirable
binary and ternary impurity phases to appear. When compared to CZTS, there
are two types of secondary phases: those with a higher and lower bandgap en-
ergy, respectively. Secondary phases with a greater bandgap than the absorber
can narrow the charge carrier transport conduction pathway and increase R, but
reduce FF [60] [124]. ZnS and SnSs with their large bandgaps and insulating prop-
erties would prevent carrier extraction. Meanwhile, secondary phases with a lower
bandgap than the absorber operate as trap states and recombination centres that
reduce V,. [82, B3] [124], whereas SnS, CuS, and CusS, with their short bandgaps
and metallic properties, may cause shunting through the cell or unfavourable off-
sets, leading to recombination centres or electron blocking layers and reducing the
open circuit voltage for the solar cells. The Cu-poor and Zn-rich composition re-
duces the formation energy of the Cu vacancy Vg, and helps enrich the p—type
features. However, the Zn-rich results in the ZnS impurity, which leads to the
shunt channel present in CZTS [120]. ZnS has a higher band gap than CZTS in
the range 3.54-3.68 eV. ZnS can generate electron-hole pairs and current collection
by reducing the active area [100], especially under Zn-rich growth conditions, which
have been used in the most of experimental studies. Secondary zinc sulphide (ZnS)
phases typically form in Sn-deficient but Zn-rich areas. ZnS would prevent cur-
rent conduction in the absorber layer [113, [125]. SnSy can form secondary diodes
inside the CZTS absorber and cause high photocarrier recombination. Secondary
phase copper sulphide (Cuz_,S) can occur in Cu-rich locations, which is a severe

concern since it increases recombination and the shunt current cannot be used to
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drive an external load [125]. Since the energy gap of the (Cus_,S) phase is lower
than that of the CZTS phase (1-1.2 V). The energy bandgap of the CZTS absorp-
tion layer might be filled with the electronic states which act as carrier trapping
and non-radiative recombination centres, reducing the open-circuit voltage of the
solar cell [91), 100]. CZTS solar cells suffer from a severe loss of fill factor, which is
very likely attributed to the shunting behaviour. It is reported that the shunting
behaviour in CZTS solar cells is primarily related to the Cu,S phase, which might
show metallic properties, and CusSnSs, whose bandgap is much lower than that of
CZTS [56]. The presence of secondary phases affects the bandgaps of these films.
A previous study discovered that secondary phases such as SnSs, ZnS, and CuS
cause bandgap shifts ranging from 1.41 to 1.68 eV. These phases cause changes in
the optical absorption edge, which affects cell efficiency [113]. Different techniques
were used to remove these secondary phases. As an example the secondary phases
associated with copper and tin such as CuS, CusS, SnS, SnSs, and CuySnSs, can be
eliminated using potassium cyanide (KCN) [72, [91), [125] and H2O32 etching, or HCI
etching [72] to remove the oxide phases and ZnS phase from the absorber surface
[126]. However, etching CZTS thin films would lead to the creation of voids on the
thin-film surface, which would lower the quality of the CZTS film by affecting the

stoichiometric homogeneity of the composition for the CZTS thin-film phase [91].

3.8.2 Sodium impurities

Na can passivate the dangling bonds in CZTS grain boundaries, improving photo-
voltaic performance. As a result, Na incorporation may be an effective method for
passivating defects in CZTS films and yielding better single-phase CZTS [127]. Re-
searchers found that soda lime glass (SLG) was the optimal substrate for depositing
CIGS solar cells [128]. This was related to Na diffusing from the glass, through
the Mo back contact, and into the absorber. Greatest efficiency Na incorporation
is achieved in CIGS and CZTS solar cells through deposition on the SLG or the

deposition of a thin Na-containing layer, often between the back contact and the
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absorber. In fact, CIGS solar cells with relatively small grains can achieve very high
efficiencies. When Na amounts are increased in the CZTS layer, the CZTS grain
size increases significantly, and Zn segregation increases both in the heterojunction
and in the back contact. Ehira.et al. (2017) studied the impact of Na-addition on
CZTS solar cells. CZTS precursor and sodium fluoride (NaF) were sequentially de-
posited on Mo, then the film was sulfphurised with hydrogen sulphide. The sodium
diffused from both sides of the CZTS surface and the substrate. As a result, an
improvement in PV characteristics was due to the increase in carrier density due to
the Na-addition effect on CZTS [129]. Other investigations into CZTS films grown
on SLG using the ultrasonic spray pyrolysis process. SLG substrates were used to
grow films. It was discovered that sodium diffuses into them. Sodium improved
the grain size and texture of the CZTS films. The influence of sodium diffusion was
also found to significantly increase the number of holes. The presence of sodium
has a significant effect on the electrical properties of the films. The presence of
sodium does help to improve the characteristics of CZTS films. These films are

ideal for the fabrication of thin-film solar cells [130].

3.8.3 Defects in CZTS

Intrinsic defects play a significant role in influencing the electrical characteristics
of the kesterite absorber Cu, Zn, Sn, or S vacancies (Vcy, Vzn, Vsn, Vs); anti-
stites AB with element A replacing element B (Cug, , Zncy, Zng,, Snz, etc.), and
interstitials (Cu;, Znj, Sn;) are examples of likely intrinsic defects. The p—type
conductivity is attributed to a large population of shallow acceptor-like defects
such as CuZn antistites and Cu vacancies (V¢y), the density of which depends on

the Cu/(Zn+Sn) and Zn/Sn composition ratios.
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3.8.3.1 Vacancy

The electronic characteristics of the kesterite absorber are heavily influenced by
vacancy defects. Several investigations have claimed that the kesterite absorber
is p—type due to Cu vacancy. It was reported that the formation energy of the
copper vacancy Vg is 0.57 eV, and the acceptor state energy level is 0.02 eV
above the valance band, as shown in Figure As a result, copper vacancy can
occur with the kesterite absorber. Many investigations show that Cu-poor and
Zn-rich conditions are used to improve the efficiency of solar cells which has the
consequence of increasing the copper vacancy formation maximum. However, some
vacancy defects, such as sulphur vacancies, behave as traps, trapping charges and
thereby reducing the highest possible efficiency of CZTS solar cells. Other acceptor
level defects such as Zn vacancy Vg, and Sn vacancy Vg,, can be detected in CZTS
with high energy formation. In these cases, due to their different formation energies
close to the mid-gap level, as well as low formation energy, multi-acceptor states
for each elementary vacancy behave as recombination centres in CZTS, having a

negative influence on solar performance.

3.8.3.2 Interstitial

The energy levels due to interstitial defects are either within the band gap or in an
unfavourable position. As an example, copper interstitial Cu; could produce a shal-
low state near the conduction level, whereas zinc interstitial Zn; produces two mid
gap states. Interstitial defects have no beneficial effects on the performance of the

kesterite solar cell because they do not help to improve the carrier concentration.

3.8.3.3 Antistite defects

In the kesterite absorber, acceptor levels might result from antisite defects. Due
to the comparable chemical structures of Zn and Cu disorders, antisite defects

are quite common. Being isoelectronic, these two atoms are easily able to switch
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places, resulting in the Cuy, acceptor and Znc, donor antisite defects. The p—type
kesterite absorber is the result of these defects. However, a high concentration
of these antisites may have a negative impact on device performance because it
promotes trap-assisted recombination. As a result, it was discovered that non-
stoichiometric samples with low Cu content and high Zn content are proposed to
be suitable for high-performance devices. However, nonstoichiometric conditions
allow the existence of secondary phases. Defects cause the local variation of the
valence band maxima (VBM) and conduction band minima (CBM). The forma-
tion of mid-gap states, deep-level states, and donor levels causes the recombination
of photogenerated carriers. Shallow donor or acceptor defects reduce the optical
bandgap and reduce the light absorption of the CZTS absorber layer. Defects such
as vacancies, antistites, and interstitials exist in CZTS. They cause the shallow
acceptor, shallow donor level formation, and deep level states within the bandgap
of the CZTS absorber layer. Figure [3.5] summarizes the calculated values of the
intrinsic defect ionisation levels within the band gap of CusZnSnSy. CZTS device
performance is enhanced by copper vacancies, as these vacancies form a shallow
acceptor level above the valence band maxima (VBM), which enhances the p—type
material properties of CZTS. However, zinc and tin vacancies form both mid-gap
and deep-level states within the bandgap of CZTS, while sulphur vacancies form
only mid-gap states. Under copper-rich conditions copper and zinc interstitials are
commonly detected in CZTS. They cause shallow donor levels and mid-gap states.
Therefore, copper-poor, zinc-rich conditions provide better CZTS solar cell device
performance. The high level of Cuz, may reduce open-circuit voltage, lowering
solar performance as a result. Cu-poor and Zn-rich growth conditions should be
used to enhance the formation of V,, which has a shallow acceptor level of 0.02

eV higher than the VBM.
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Figure 3.5: The defect ionisation levels in the band gaps of CuyZnSnSy [65].

3.9 Fluctuations in band gap

The existence of various point defects, which disturb the local structure, causes
band-gap fluctuation. It reduces open-circuit voltage and has a negative impact
on photovoltaic device performance. According to a previous study [131] , disorder
among the Cu and Zn atoms in the kesterite structure contributes significantly to
the band gap variations that have been blamed for the large voltage deficit in CZTS
solar cells. The disorder results in a high density of (CuZn+ZnCu) defect pairs.
This would lead to losses in open circuit voltage and efficiency losses in a solar cell
[132]. As a result, eliminating Cu-Zn disorder may be critical for future increases

in the efficiency of CZTS-based solar cells.

3.9.1 Interface losses

3.9.1.1 Mo/CZTS interface

The back contact for the solar cell Mo/CZTS/CdS/ZnO/ITO construction is fre-

quently reported to have issues with voids, low crystallinity, carbon contamination,
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and the formation of a highly resistive MoSs interlayer, which tends to reduce the
generated open-circuit voltage V,.. Many investigations show that molybdenum
(Mo) is the preferred back-contact material for CZTS solar cells due to its good
adhesion and suitable ohmic contact. Mo films primarily meet the criteria of a
back contact which has been widely used in solar cells due to their high processing
temperature [59, [I133]. However, the issues with the Mo/CZTS interface are that
during annealing treatments, molybdenum sulphide (MoS,), secondary phases, and
voids form at the Mo/CZTS interface due to thermodynamic instability during the
heat treatment process. Due to the high partial S pressure present throughout the
heat treatment process, sulphur vapour diffuses toward the Mo back-contact, where
it combines to generate MoSy and a secondary phase at the Mo/CZTS interface.
MoS; is an indirect semiconductor with a low-bandgap [134]135]. The performance
of CZTS solar cells is impacted by thin and thick MoSs [133]. A thin layer of MoSs
provides an excellent ohmic contact at the Mo/CZTS interface, improving solar
cell performance. MoSs layers with a thickness of 350 nm are harmful to solar cell
efficiency because they act as poor ohmic contacts, preventing the photogenerated
hole from being transported to the Mo back-contact. Increases in heat treatment
duration or temperature are typically required to enhance crystallinity, but they
also lead to a thicker MoSj layer being formed [I133]. As a result, the performance of
solar cells was affected because electrical loss increased as a result of decreased hole
carrier collection at the Mo back-contact, due to the presence of the potential bar-
rier. According to other investigations, the MoSs layer contributes to significant R
and electrical loss at the Mo/CZTS interface by acting as a Schottky barrier. This
leads to inefficient collection of hole carriers at the Mo back-contact, decreasing the
Jsc. Another issue associated with the instability of the Mo/CZTS interface during
the heat treatment process is voids. This is undesirable because voids cause high
Rs by disrupting the ohmic contact between Mo and CZTS, resulting in low FF,
Jse, and Ry values. The open-circuit voltage of the device can be reduced due to

the formation of MoSsy. The formation of thick MoS, may result in electrical losses
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due to poor ohmic contact between Mo and CZTS which prevents hole carriers from
transporting to the Mo back-contact and increases the recombination centre. Due
to less hole carrier collection at the Mo back-contact caused by this potential bar-
rier, solar cell performance was ultimately decreased [134) [136]. Xiao et al. (2016)
found that a larger MoSs layer lowers Js. by acting as a built-in potential barrier
to stop the photogenerated hole from moving from CZTS to Mo [I36]. As a result,
the performance of solar cells was affected because electrical loss increased because
of decreased hole carrier collection at the Mo back-contact due to the presence of
the potential barrier. According to other investigations [137], the MoSs layer con-
tributes to significant Rs and electrical loss at the Mo/CZTS interface by acting
as a Schottky barrier. This leads to inefficient collection of hole carriers at the Mo
back-contact, decreasing the Js.. Another issue associated with the instability of
the Mo/CZTS interface during the heat treatment process is voids. This is un-
desirable because voids cause high R¢ by disrupting the ohmic contact between Mo
and CZTS, resulting in low FF, Js., and R values [136]. As indicated by Xia et al.
(2015), the volatile Sn-related secondary phase diffused towards the CZTS surface
during the heat treatment process, leaving behind voids that contributed to poor
ohmic contact and a shunting pathway [134]. It has also been reported that the
existence of a Zn-related secondary phase at the Mo/CZTS interface reduces FF
and increases Rs because the Zn secondary phase accumulates at the Mo/CZTS
interface and narrows the path of hole carriers back to the Mo back-contact. In
addition, the Cu-related secondary phase introduces shunting routes that decrease
the FF of the device due to its metallic nature and low resistivity. To address these
concerns, various studies have been conducted to investigate the use of alternate
back contacts or interlayers at the Mo/CZTS interface, such as metal and metal
oxide, nitride, or metal sulphide interlayers. Mo and CZTS interfacial reactions
were avoided by using the interlayer. As an interlayer at the Mo/CZTS interface,
metals are advantageous due to their high conductivity and work function. Some

intermediate layers improve the CZTS solar cell’s back contact. TiN, Ag, Bi, C,
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3.9.1.2. CZTS/CdS interface

Zn0O, Al,Og3, and TiBy are intermediary layers between CZTS and Mo. It has been
discovered that using metal interlayers such as Bi, Ti, and Al slows the growth of
the MoSs layer, resulting in a reduction in Rs. The Bi layer improves the crystallin-
ity of the synthesized CuyZnSnS, film, as demonstrated by larger grain diameters
and fewer grain boundaries [138]. To improve the device’s performance, a Ti film
is placed between Mo and CZTS as a layer and dopant. The Ti layer prevents
the diffusion of sulphur into the Mo films, and thereby prevents the formation of
MoSs [139]. The Al intermediate layer helped to reduce MoSs, ZnS, and SnSa_,
which improved FF and carrier transfer [I140]. Voids and phase segregation at the
rear contact region can be effectively minimized by adding an intermediate layer of
metal oxide, such as an aluminium oxide (AlyO3) interlayer layer between Mo and
CZTS, and limiting the interface reaction between CZTS and Mo [141]. It has been
discovered that the presence of MoOg improves the sodium transport into CZTS
and encourages the growth of bigger CZTS grains during the sulphurisation process
[142]. Carbon, ceramics, and silicon have also been reported as interlayers at the
Mo/CZTS interface. Both materials have significant and interesting advantages,
particularly in reducing the formation of MoSsy by preventing sulphur diffusion and

enhancing the grain size of the CZTS absorber.

3.9.1.2 CZTS/CdS interface

The p — n junction of the CdS and CZTS interfaces is an interesting topic of in-
vestigation because of charge carrier recombination and band offset. Figure [3.6
shows a spike and cliff recombination/band offset. The V. is raised because elec-
tron transport from CZTS to CdS is hindered by the spike barrier. In addition,
the cliff barrier facilitates electron transport from CZTS to CdS, which raises the
fill factor (FF), as well as the Js and V,. [143]. Unwanted cliff-like band align-
ment is frequently raised at the CZTS/CdS interface, resulting in recombination
due to the formation of an energy barrier, which has been shown to reduce surface

contamination. The issues associated with the CZTS/CdS interface are mostly
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3.9.1.2. CZTS/CdS interface

caused by suboptimal band alignment which results in photogenerated carrier in-
terface recombination. When the conduction band maximum (CBM) of CZTS is
greater than that of CdS, trap state recombination occurs, but high barrier recom-
bination occurs when the CBM of CZTS is lower than that of CdS. CZTS has a
greater CBM than CdS, indicating a negative Conduction Band Offset (CBO) of
the cliff-like alignment. It was found that a slightly positive CBO is preferable for
band alignment because it creates a pathway for photogenerated electrons to travel
through when the bias is forward. As the CBO increased from 0.0 to 0.2 eV, Sun
et al. (2018) reported a longer carrier lifetime correlated with an increase in V.
from 638 to 657 mV [I44]. However, Hong et al. (2017) found that a reduction
in CBO from -0.14 to -0.4 eV causes a decrease in V,. from 623 to 561 mV, in-
dicating an increase in trap state recombination that causes a significant electrical
loss [145]. The efficient performance of a solar cell always requires low interfacial
recombination. Several strategies have already been taken regarding the interfa-
cial engineering, such as the addition of an alternate buffer layer [102], additional
passivation layer, and thermal treatment of the junction. Previous research has
shown that heat treatment at the interface of CZTS solar cells improves V. and

FF significantly.
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Figure 3.6: Simplified energy band diagram showing the two possible conduction
band offsets at the p — n junction, with (a) cliff type, and (b) spike type barriers

[146].

3.10 Summary

With its kesterite structure and favourable direct band gap between 1.4 and 1.5
eV and high absorption coefficient, over 10* ecm™!, CupZnSnS, (CZTS) is a prom-
ising candidate for synthesis of low cost, high efficiency thin film solar cells. It is
also composed of elements that are both abundant on Earth and nontoxic. The
efficiency of the kesterite solar cell CZTS is discussed in detail in this chapter. If
compositional difficulties like secondary phases, defects, interfacial recombination,

and annealing temperatures are resolved, the CZTS may eventually replace the
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8.10. Summary

CIGS as the standard for advanced solar technology.
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CHAPTER 4

Cu2ZnSnS4 thin film fabrication

and characterisation techniques

This chapter provides an overview of the CZTS nanocrystal synthesis process using
the hot injection method and the deposition of the resultant CZTS ink to fabricate
thin films. A description of the techniques used for the characterisation of CZTS

thin films follows.

4.1 Thin films fabrication

4.1.1 CZTS nanocrystal-based approaches

CZTS nanocrystal ink-based approaches start with the controlled synthesis of nano-
crystals and end with the deposition and post-treatment of films using the resulting
inks.Solid particles are dispersed in a solvent to create an ink that can be deposited
on a substrate. CIGS thin films have a comparable structure and characteristics
to CZTS thin films, so the use of similar technologies for CZTS thin films has been
extensively researched. Various studies on the hot injection method of synthesis of
nanocrystals have been reported [147, 96]. It is an attractive method of synthes-
ising CuzZnSn(S, Se)4 thin film absorber layers for photovoltaic applications. Hot

injection is a simple method for producing various types of nanoparticles. This
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4.1.2. Synthesis of CugZnSnS; CZTS nanoparticles

method leads to the immediate nucleation and growth of nanocrystals. It provides
control over composition and morphology. Guo et al. [148, [95] have revealed for
the first time a simple synthesis for quaternary CZTS nanocrystals. They used the
hot injection process, which involves injecting a cold precursor solution into a hot
surfactant solution (oleylamine) while shielded by inert gas, to synthesize CZTS
nanocrystals. Guo et al. (2010) found by using CZTS nanocrystal fabrication
methods, the efficiency of CZTSSe solar cells reached 7.2% [95]. Qu et al. (2016)
used the hot injection method and found that doping level, secondary phases, and
crystal structure are affected by different parameters such as the reaction time,
temperature, and cooling rate of the nanoparticle fabrication process, respectively
which leads to a higher open circuit voltage and lower parasitic resistance, in-
creasing device efficiency [96]. In this study, the CZTS nanoparticles have been
synthesised using the hot injection method. After the synthesis of nanocrystals
and fabrication of CZTS thin films, the films are annealed at high temperatures
in a sulphur atmosphere to enhance grain growth and decrease surface defects and
grain boundaries which leads to improvements in device parameters such as open

circuit voltage, short circuit current, and fill factor.

4.1.2 Synthesis of Cu;ZnSnS; CZTS nanoparticles

CZTS solar cells with the highest efficiencies can only be obtained using Cu-poor
and Zn-rich composition regions. Shallow acceptors in CZTS are a result of Cu
vacancies being formed under Cu-poor conditions. In contrast, Zn-rich conditions
suppress the substitution of Cu at Zn sites, resulting in deep acceptors [40, 149, 150].
The CZTS thin film with the highest photocurrent response had a Cu/(Zn+Sn)
ratio of 0.79 to 0.85 and a Zn/Sn ratio of 1.05 to 1.25 [149] 150, 151]. The nano-
crystals are synthesised using a hot-injection method, which was described by Guo
et al. [148, 95]. Slight changes have been made in the precursor ratios and the
centrifuging procedure. The synthesis of nanoparticles began with the combination

of metal salts dissolved in oleylamine: copper (II) acetylacetonate (Sigma Aldrich
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4.1.8. CZTS ink fabrication

99.99%), 1.332 mmol; zinc acetylacetonate (Sigma Alrich 99.995%), 0.915 mmol;
and tin (IV) bis (acetylacetonate) dichloride (Sigma Aldrich 98%). These three
precursor powders are mixed with 10 ml of oleylamine in a three-neck flask used
as the reaction vessel. Because of its high boiling point and excellent coordin-
ating nature (managing the growth), the synthesis procedure was carried out in

oleylamine [149].

At the beginning of the procedure, the solutions of metal salts were mixed at
room temperature. A magnetic stirrer bar was placed inside the flask for uniform
mixing. The three-neck flask was attached to a Schlenk line which has two tubes.
One tube is connected to a source of argon; to remove residual water and oxygen
dissolved in the solvents. The other Schlenk tube is connected to a vacuum pump
to eliminate air from the solution. A thermometer is inserted in the third neck to
monitor the reaction temperature, as shown in Figure The experiment started
with the evacuation of the three-neck flask. The resulting solution was heated
up to 140 °C and maintained at that temperature for 30 minutes with constant
stirring. The vessel was then purged with argon gas three times for five minutes
each, using a small disposable needle inserted into the bung to compensate for the
pressure. All reaction conditions were kept inert to prevent formation of undesired
oxides [I49].. After that, the precursor solution was heated to 225 °C, followed
by the injection of a solution of elemental sulphur after reaching this temperature.
This 4 mmol of sulphur powder was mixed with 12 ml of oleylamine and stirred
in an ultrasonic bath at 90 °C to ensure uniform dispersion. After the injection,
the temperature was held at 225 °C for a reaction time for 30 minutes to allow
the growth of the CZTS nanoparticles. Then, the mixture was left to cool down

[148], (95, 152, 69, (153, [154].

4.1.3 CZTS ink fabrication

After the mixture cooled to room temperature, 5 ml of toluene and 40 ml of iso-

propanol (IPA) were added to the reaction mixture, and the nanoparticles were
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4.1.4. Fabrication of CupZnSnS; thin films

collected using two tubes in a centrifuge, as shown in Figure After centrifu-
ging at 10,000 rpm for 10 minutes, the supernatant containing unreacted precursors
and by-products was discarded [95]. The CZTS nanoparticles were then washed
twice with toluene and IPA and centrifuged at 8000 rpm for 10 minutes to remove
excess dissolved capping agents[149]. After that, the synthesized nanoparticles are
dried overnight in a vacuum desiccator. To create a fine powder of nanocrystals, the
accumulated particles are gently ground in a mortar and pestle. Then, CZTS nan-
oparticles were dispersed in 1-hexanethiol [CH3(CHz)5SH; from ACROS Organics,
96 %] and placed in an ultrasonic bath for 45 min at 90 °C at a concentration of
200 mg/mL to create the CZTS ink which was then used to deposit nanoparticles
on the substrate [155].

Hot injection

Centrifuge Q ?

Thin-film
deposition

CZTS nanoparticle ink

Figure 4.1: Schematic diagram of the setup for the synthesis, fabrication, and
annealing of CZTS thin films.

4.1.4 Fabrication of CuyZnSnS, thin films

4.1.4.1 Substrate preparation

The thin films were prepared from CZTS nanoparticle inks that were fabricated

using the hot injection method described above. A 2.4 x 2.4 cm? soda lime glass
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4.1.4.2. Deposition of rear contact (Mo)

(SLG) substrate was cleaned sequentially in acetone, methanol, and deionized water

in an ultrasonic bath (10 min each) and then dried with a nitrogen gas gun.

4.1.4.2 Deposition of rear contact (Mo)

In this work, a molybdenum (Mo) layer has been used as the back contacts for
CZTS solar cells because of the advantages of Mo, such as good adhesion between
CZTS and the glass substrate, stability, and low resistivity at high processing
temperatures. RF and DC magnetron sputtering can be used to deposit the rear
contact layer on the SLG substrate. Mo films with a thickness of around 800
nm were used as a back contact. The Mo films were deposited by RF magnetron
sputtering with a target of 2-inch diameter on cleaned glass substrates held at
room temperature. RF magnetron sputtering of molybdenum begins with the
chamber being evacuated to a high vacuum of between 107°-10~% torr to reduce
contaminants and produce better quality films. Then a plasma is created in the
chamber by applying a high voltage between the cathode connected to the target
and the anode connected to the chamber. The Mo film was RF sputtered onto
the glass substrate when a suitable pressure of 2.5x1073 torr was reached. In
this sputter system, a turbopump backed by a rotary pump was used to evacuate
the chamber to an initial pressure in the range of 107°-107% torr. Deposition
was carried out at various powers ranging from 40 to 50 W at an Ar pressure of

2.5%x1073 torr.

4.1.4.3 Deposition of CuzZnSnS, thin films

The deposition of CZTS thin films on substrates is investigated using two methods:
drop casting and spin coating. Drop casting was used to deposit films studied in
Chapter [7]and spin coating for films studied in Chapters[§land[6] Drop casting is a
straightforward film forming method that is popular among research groups since

it doesn’t demand special tools. The solution containing the required substance is
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4.1.4.8. Deposition of CuzZnSnS; thin films

dropped over a substrate, followed by the evaporation of the solvent. Less material
waste is one of drop casting’s benefits. However, producing a homogeneous coating
and controlling its thickness is challenging. The thickness and characteristics of
the films are affected by the volume and concentration of the dispersion. There are
several factors, such as the drying process and rate of evaporation, that influence
the film’s structure. In the spin coating process, a solution is applied to a substrate,
which is then spun at a specified rotational speed. The solution is sheared by the
centrifugal force, which leads to an equal distribution of the thin film as it covers
the surface. It enables the production of homogenous films with great uniformity
in morphology. However, it is a wasteful technique because most of the solution is
expelled during the spinning process. Furthermore, this might make coating with
a low-concentration solution challenging. The deposition of CZTS nanocrystal ink
using the spin-coating method involves the dropping of nanoparticle inks onto a
substrate during its acceleration to a certain angular velocity. In this study, for the
drop casting method, a pipette was used to apply one drop of 40 ul of concentrated
ink to a square (2.4 cm x 2.4 cm) SLG substrate. For spin-coated films, the spin
coater (WS-400 Lite Series Spin Processor from Laurell Technologies) was used
for the deposition of the ink on the substrate, where the glass substrate is held
on a rotating plate by vacuum. the spinning speed used was 2500 rpm for 15
sec. 40 pl of the concentrated ink was applied to a square (2.4 cm X 2.4 cm)
SLG and molybdenum-coated SLG substrate during each spin cycle. Because of
the hexanethiol boiling point at 150-154 °C, residual hexanethiol in the CZTS
thin film could be easily removed after deposition by soft baking, which has been
adopted from a previous study [I56] using hot plates at temperatures of 150 and
300 °C for 30 sec . This entire coating process was repeated several times to achieve

the desired CZTS film thickness of about 1 pum.
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4.1.4.4. Deposition of CdS buffer layer

4.1.4.4 Deposition of CdS buffer layer

To test the film properties and optimize the buffer layer, a thin n-type CdS layer was
deposited on the cleaned glass using the chemical bath deposition (CBD) technique.
After the optimisation of the buffer layer, CdS was deposited onto CZT'S for devices.
Glass slides were first used as substrates to deposit CdS test layers. To deposit the
cadmium sulphide CdS thin films, the glass slide was then placed in the prepared
bath solution for CBD. A set of samples of CdS were deposited on cleaned glass
substrates using the bath temperature of 75 °C at different deposition times (20,
30, 45, and 60 min). As shown in Figure the reaction took place in a double-
walled beaker with a water jacket to keep the reaction temperature constant at 75

°C.

Thermometer

CdS chemical
bath solution

Substrate

<—— Water bath

Magnetic bar

Hot plate stirrer

Figure 4.2: Schematic diagram of chemical bath deposition (CBD).

The substrates were immersed in a solution of 2.5 mg cadmium sulphate (CdSQOy),
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4.1.5. Annealing of the CZTS thin film

ammonium hydroxide (15 ml), and thiourea (CS(NHsz)3). The total solution volume
was adjusted with water to 150 ml. Ammonium hydroxide was added to cadmium
sulphate (CdSOy4), and the mixture was then stirred. Thiourea was added to the
solution after soaking the glass substrates in it for 2 minutes, the stirring process
was continued. After the CdS layer formed on the glass surface, the substrates were
removed from the bath, rinsed with deionized water to remove the extra chemicals
and solvents, and allowed to dry in air. Homogenous CdS thin film deposition was
observed on the glass substrates. CdS thin films were subjected to characterisation

studies.

4.1.5 Annealing of the CZTS thin film

Annealing is the process of heating a film to a specific temperature and then slowly
cooling it to room temperature. Thermal annealing is a crucial stage in the man-
ufacturing process that has a substantial impact on the material’s morphology,
improves the material’s interface characteristics, and reduces the recombination
centres at the p-n junction interface [I55]. Annealing CZTS thin films in different
atmospheres and its effect on their structural and optical properties was studied
by many research groups. To improve the growth of CZTS films, the samples were
annealed in a variety of atmospheres, including vacuum, nitrogen (Ng2), sulphur
(S), and vacuum followed by sulphurisation under HyS + Ng [77]. The results of
the studies show that thermal treatments improve the crystalline quality of CZTS
films. It is obvious from these results that vacuum annealing (alone or combined
with other annealing processes) plays a crucial role in eliminating the secondary
phases in CZTS thin films. Olgar et al. examined the impact of sulphurisation
time and temperature on CZTS thin films and concluded that sulphurisation at
560 °C for 60 s is the most promising condition for CZTS growth [116]. Maeda et
al. (2011) investigated how varying HoS concentrations 3, 5, 10, and 20% affected
the characteristics of CZTS during the sulfurization process. Increasing the HsS

concentrations affected the chemical compositions. The copper content decreases,

60



4.1.5. Annealing of the CZTS thin film

and the sulphur content increases when the HyS concentrations are increased from
5% to 20%, and when the HyS concentrations are decreased to 3%, the sulphur
content increases [I57]. In another study, the precursor elements should be kept
at a higher sulphur vapour pressure to prevent the decomposition of quaternary
compounds, to improve the single phase CZTS synthesis, and to reduce secondary
phases [I58]. In our work the thin films are annealed at high temperatures in an
annealing atmosphere of hydrogen sulphide and nitrogen HyS+Ns at temperatures
ranging from 375 to 575 °C. Annealing of the CZTS films is performed in a furnace
quartz tube, as shown in Figure £.3] First, insert the samples inside the centre
of the furnace. A rotating vacuum pump was used to evacuate the furnace tube,
which was then filled with No gas. After closing the rotating vacuum pump, a
mixture of HoS and N9 with a composition ratio of 20:80 was introduced and left
to fill the tube while the pressure was monitored until it reached a required pres-
sure of 0.1 atm, the HyS supply is then closed. After that, set the temperature of
the furnace to the desired temperature with a heating rate of 10 °C/min for one
hour. Afterwards, the samples were allowed to cool naturally to room temperature,
which took around 24 hours. Finally, the furnace tube was flushed with nitrogen

Overall annealing cycle of CZTS thin films in the furnace system is shown in

Figure 4.4 at an annealing temperature of 500 °C.
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Figure 4.3: The furnace and gas supply sulphurisation annealing system to perform
the annealing measurements required for this thesis a) front view; b) side view; and
nitrogen valve (1), flush valve (2), the gas mix valve (3), vacuum valve (4), and the
furnace valve (5).

4.2 Characterisation techniques

This section describes the characterisation techniques used for CZTS thin films de-
posited by drop casting and spin coating on different substrates. There are several
characterisation techniques used in this research, including the X-ray diffraction
(XRD) technique which gives the crystal structures of materials present in CZTS,
including associated parameters such as lattice parameters, crystallite scattering
domain size, and secondary phases. Raman spectroscopy can be used to identify
materials using their vibrational, rotational, and other low-frequency modes. Ra-
man measurements are used as a complementary measurement to detect the sec-
ondary phases in CZTS. Electron microscopy techniques such as scanning electron
microscopy (SEM) and focused ion beam milling (FIB). SEM and FIB can give
both morphological and compositional images of the CZTS surface on the micro-
and nanoscale. FIB can be used for cross-section analysis. Finally, the optical

properties of CZTS thin films were investigated using UV-Vis spectroscopy.
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Figure 4.4: A schematic annealing temperature cycle of CZTS thin films in the
furnace, not to scale.

4.2.1 Scanning electron microscopy

Scanning electron microscope (SEM) is one of the most useful tools for analysing
micro-structure morphology and characterizing chemical composition. SEM is a
high-resolution technique for studying the morphological and compositional prop-
erties of a sample surface at the micro- and nanoscale. When an electron beam
strikes a sample, it scatters for hundreds of nanometers from atoms. The com-
ponents of a standard SEM include an electron gun, sample stage, condenser, and
objective lenses, scanning coils, a control system, and a pumping system. On the

top of the microscope chamber sits the electron gun, as shown in Figure

4.2.1.1 Sample coating

Prior to SEM analysis, all samples are coated with a conductive coating, such as
gold (Au), with 30 nm thickness to increase the surface conductivity. For this

purpose, a Chessington Sputter Coater (108 auto) and argon gas were used. The
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Figure 4.5: Schematic diagram of scanning electron microscope (SEM) [159].

prepared samples are attached to the sample holder with conductive adhesive to

ground them electrically.

4.2.1.2 SEM imaging

Electrons are accelerated to an energy that ranges from 1 to 50 keV. The electrons
continue to travel as they pass through the condenser and the objective lenses,
which reduce the magnification of the electron beam, until they reach the sample.
Scanning coils are used to divert the electron beam so that it may scan the speci-
men in the x and y directions. This finally leads to surface imaging by the various

electron detectors. The acquisition of signals produced by the electron beam and
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specimen interactions is required for image formation in the SEM. Figure shows
the different signals created by the electron beam-sample interaction in the scan-
ning electron microscope, as well as the locations from which the signals may be
detected. These interactions are classified into two types: elastic interactions and
inelastic interactions. Elastic scattering is caused by the incident electron’s de-
flection by the sample atomic nucleus or by outer shell electrons with a similar
energy. The electron scattered during this type of interaction changes direction at
a wide angle and loses very little energy during the collision. Backscattered elec-
trons (BSE) are incident electrons that are elastically scattered at angles greater
than 90 and produce a signal that is helpful for imaging the sample. When in-
elastic scattering takes place, a significant amount of energy is transferred from the
primary beam electron to the sample atom through various interactions between
the incoming electrons and the electrons and atoms of the specimen. Energy loss
depends on whether the binding energy of the electron to the atom or specimen
electrons is excited singly or collectively. Excitation of sample electrons during
ionisation of sample atoms leads to the generation of secondary electrons (SE),
at much lower energy which are used for imaging and analysing the sample [159].
When an electron beam contacts a sample, many other signals are generated in
addition to those that are used to create an image. These additional signals in-
clude the emission of distinctive x-rays, Auger electrons, and cathodoluminescence.
Depending on the signals from secondary electrons, backscattered electrons, or dif-
fracted backscattered electrons, SEM is employed in various ways. Backscattered
electrons reveal contrast in various phases based on detecting an atomic number
in a multiphase specimen. Secondary electrons are utilized for image viewing and
provide information about the morphology and topography of a specimen. A Hita-
chi SU-70 FEG was used to capture the SEM images shown in this study. A 12
kV acceleration voltage is typically used when obtaining them at working distance
(15 mm), and the condenser and objective lenses are both set to the number 3, 2

respectively.
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Figure 4.6: Signals emitted by incident electron beam-sample interactions.

4.2.1.3 Atomic composition

Energy-dispersive X-ray (EDX) is a technique used for chemical characterisation
and elemental analysis. EDX is frequently performed with an electron microscope.
When a beam of X-rays or electrons is used to excite core electrons in the sample,
it emits X-rays which are detected by the EDX method. An inner K electron is
knocked out of an excited atom. To relax the atom, an outer shell L (M) electron
jumps in. During this transition, the extra energy may be released in the form
of a characteristic X-ray, as shown in Figure [£.7] Each element emits character-
istic X-rays at a distinct wavelength. Because the energies and wavelengths of
various elements are distinct from one another, a chemical analysis may be per-
formed simply by measuring them. The EDX software of today allows for the
retrieval of point, line, and map chemical analyses. In this study, EDX analysis
was performed with a Hitachi SU-70 FEG SEM in combination with the X-MaxN
50 Silicon Drift Detector and the analysis software Aztec 3.2 from Oxford Instru-
ments. To characterize the CZTS thin film acceleration voltage of 12 keV, the
condenser and objective lenses are set to 3, 2, and the working distance is set to 15
mm, respectively. A beam measurement with a cobalt (Co) standard is performed
to ensure proper calibration. In this study, For composition determination, two or
three areas distributed over the sample surface are averaged, where each of these

areas is divided into nine subareas.
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Figure 4.7: Schematic diagram of the characteristic X-ray generation.

4.2.2 Focused ion beam milling

Many scientific disciplines use focused ion beam (FIB) technologies for specific
analysis, imaging, milling, and deposition. Dual-beam platforms which combine a
FIB column and a high-resolution scanning electron microscope (HR-SEM) [160].
Figure shows a schematic diagrams of the FEI Helios Nano Lab 600 Dual Beam

system, where some of the cross-section images were performed.

In FIB , a relatively massive element’s high-energy ionized atoms are focused onto
the sample by a FIB column. The larger mass of the ions makes it simple for them
to displace surface atoms from their positions and generate secondary electrons
(SE) from the surface, which enables the ion beam to image the sample [160].
Most current commercial dual-beam platforms and FIB systems use gallium (Ga™)
as the ion source. Ion milling, which primarily depends on the beam current,
and voltage utilized in the procedure, is essentially an atomic collision process

that results in the removal of material from the ion-sample interaction volume.
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4.2.8. X-ray diffraction

Ton milling may be used to create different shapes in the material, such as lines,
rectangles, or circles. In this work, the surface morphology and the cross-section
of the heterojunction were examined on a FEI Helios Nano Lab 600 FIB micro-
scope. A platinum layer was deposited on the sample’s surface, and the sample
stage was tilted at 52°. FEI Helios Nano Lab 600 focused ion beam (FIB) and
scanning electron microscopy system are used for the imaging and cross-section
imaging of CZTS thin film samples. The instrument can operate in both ion beam

and electron beam regimes.

Figure 4.8: Schematic diagrams of the FEI Helios Nano Lab 600 Dual Beam system
available in the laboratory where some of the work for this thesis was performed.

4.2.3 X-ray diffraction

4.2.3.1 Estimation of lattice parameters and grain size

XRD is a standard technique to investigate the crystal structures of samples and
associated parameters. X-rays are electromagnetic waves with a shorter wavelength
than visible light. X-ray diffraction techniques are based on wave interferences.
Constructive interference happens when incident rays are "in phase," or when their
phases differ by n (n is an integer). Completely destructive interference occurs

when they are completely out of phase, or when their phase differences are (n/2)A\.
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4.2.8.1.  Estimation of lattice parameters and grain size

The interaction of two x-rays with repeating atomic lattice planes is shown in

Figure

—o ' ® ° o

Figure 4.9: The interaction of two x-rays with repeating atomic lattice planes.

The distance between the planes is denoted by the symbol d, and the angle of
incidence of the x-rays is denoted by 6, where 2dsin(f) equals the difference in
travelled path length between the x-rays interacting with the first and second planes
of atoms. The x-rays will constructively interfere when the Bragg condition for

diffraction is satisfied.

nA = 2dsin(0) (4.1)

Where n is the order of diffraction (assumed to be 1), A is the wavelength of the
X-rays, and dp; is the atomic planar spacing of the (hkl) planes, where h, k, and
[ are the Miller indices. The peaks give information about the lattice parameters
of the phases in a sample. Each crystalline material, therefore, has a characteristic
pattern of peaks and peak intensities, which can be used to identify all the phases
present in a sample. This pattern acts almost like a fingerprint for any material
and varies for different crystal structures. Smaller grain size, resulting in smaller
x-ray scattering domains, increases peak width, which is determined using the

Debye—Scherrer formula:

K\
D=
W cos
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4.2.8.2.  Identification of secondary phases

where K is a dimensionless shape factor with no dimensions (0.94 for spherical
grains), A is the Cu-K«a X-ray 0.154 nm, and W is the peak width at the Diffraction
angle (full width at half maximum , in radians). As previously stated, the lattice
parameters a and ¢ for the CZTS tetragonal structure were estimated using the

following equation:

1 K24k P
2= T2 (4.3)

where (hkl) are the miller indices corresponding to XRD peaks, and d is the in-
terplanar distance; and a and c are lattice constants. JCPDS Card No. 26-0575

provided the standard values of lattice parameters (a = 5.435 A, ¢ =10.843 A).

4.2.3.2 Identification of secondary phases

Identification of crystalline substances and crystalline phases in a sample can be
achieved by comparing the sample’s diffraction pattern with the patterns of known
crystalline substances. In a powder diffraction file, X-ray diffraction information
from a known substance is stored (PDF). Using CuK radiation, most PDFs are
produced. The International Centre for Diffraction Data (ICDD) has published
standard diffraction data that is periodically updated and expanded. X-ray dif-
fraction from materials is detected by a diffractometer, which also records the
intensity of the diffraction as a function of the diffraction angle, for identifying
thin films’ crystal structures. Only the detector rotates during operation to ob-
tain the diffraction signal. CZTS samples are in the form of thin films on SLG
slides. The sample remains in the same place while the source and detector scan
the spectrum. The scans cover an angle range of 10° to 90°. In this work, XRD
measurements were performed for all samples by using Cu-K«a x-ray in Bruker d7
diffractometers. The XRD spectra were compared to reference patterns of kesterite
CZTS (PDF 00-026-0575) stored in the International Centre for Diffraction Data
(ICDD) database.
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4.2.4. Raman spectroscopy

4.2.4 Raman spectroscopy

Raman spectroscopy is a complementary technique to XRD when analysing the
crystal structure of a material. It is a non-destructive method of chemical analysis
that can reveal information about a substance’s chemical structure, phase, crys-
tallinity, and molecular interactions. Raman spectroscopy detects specific light-
matter interactions. Figure shows three different types of scattering by mo-
lecules that have been stimulated by photons with energy E' = hv. The method
entails shining a monochromatic light source (such as a laser) on a sample and
detecting the energy shift of dispersed light. Rayleigh or elastic scattering oc-
curs when the bulk of the scattered light has the same frequency as the excitation
source. Raman spectroscopy is a technique based on inelastic scattering of mono-
chromatic laser light. Inelastic scattering means that the frequency of photons in
laser changes upon interaction with a sample. This technique makes use of the
existence of Stokes and Anti-Stokes scattering to investigate molecule structure.
The Raman effect is classified into two types: Stokes scattering and anti-Stokes
scattering. In Stokes scattering, an electron decays to a higher energy vibrational
level than the one from which it was produced. As a result, the excess energy is
ejected as a photon with a lower frequency than the incident photon. A photon
with a frequency higher than the incident one is produced when an electron decays
to an energetically lower vibrational state in the anti-Stokes scattering. When light
is incident on a certain material, it interacts with the system’s vibrational modes,
changing the wavelength of the light that is reflected. As a result of that interaction
the energy of the laser photons is being shifted up or down. This shift provides
information about vibrational, rotational, and other low-frequency transitions in

the system. The Raman shift in wave numbers and can be expressed by:

w=——— (4.4)

where A; and \g are the wavelength of the incident and scattered photon wavelength
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4.2.4. Raman spectroscopy

respectively. Thus, by measuring the energies of scattered radiation, a spectrum
may be obtained as a function of Raman shift, with peaks at frequencies equivalent

to the vibrational modes of a material.
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Figure 4.10: Energy-level diagram involved in the Raman Effect. Displays anti-
Stokes and Rayleigh scattering by a molecule excited by a photon with energy
E = hv.

In this study Raman spectroscopy was performed with a Horiba JY Lab RAM-HR
Raman microscope, the acquisition time is 2 s. The sample was illuminated with
a laser excitation wavelength of 532 nm and a power of 1.5 mW at the focus. For
secondary phases identification, Peak fitting can be done using either Gaussian or
Lorentzian functions, both of which are symmetrical around the peak point. The
classic "bell-shaped" or "normal" curve or distribution is the Gaussian curve. The
Lorentzian has 'wings’ because it is a little bit narrower near its maximum and
stretches outward a little bit more on its sides than the Gaussian. Gaussian fitting
might not be as good near the wings of Raman peaks as it is in the center. Since
a Lorentzian shows the best agreement with the measured peaks, it is used in this

case for fitting.
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4.2.5. Optical spectroscopy measurements

4.2.5 Optical spectroscopy measurements

When light has passed through the sample solution and is detected in a UV /Vis
spectrophotometer, its intensity is measured. The transmitted intensity, abbrevi-
ated I, refers to this portion of the light that the detector has detected. Because
of, for example, the absorption of light at wavelengths, the sample solution reduces
the intensity of the transmitted light. Consequently, it has a lower value than the

light source’s initial intensity, Io.

T =1/I, (4.5)

Transmittance T is defined as the ratio of the two intensities I and Iy and has a unit
of percent. The absorbance, denoted by A, is calculated as the inverse logarithm

of the transmission

A= —log(T) = log(ly/I). (4.6)

The absorption coefficient of material a at a particular wavelength can be de-
termined by absorption measurements at the corresponding wavelength following
equation 2.1 which related the energy bandgap E, to absorption [I61]. The ab-
sorption was measured by (UV-Vis) spectro-photometer between 250 and 1250
nm. Using a so-called Tauc plot, which plots the squared absorbance A? against
the photon energy, it is possible to extract the band gap energy from an absorbance
spectrum. The energy band gap values were estimated by using a Tauc plot and
extrapolating the linear region of the plot of (ahv)? versus photon energy curves to
intercept the horizontal photon energy axis. The ultraviolet—visible spectroscopy
(UV—vis) was performed with the UV-vis spectrophotometer UV-3600 from Shi-
madzu in combination with the software UV Probe. The instrument is operated
with a halogen lamp; it is operated at medium scan speed with a slit width giving

a spectral resolution of 8.0 nm. The samples investigated are thin films on SLG
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4.3. Summary

substrates in the wavelength range 250-1250 nm with a 0.2 nm step to record the
absorbance of thin films. The absorption coefficient of a material « at a particular
wavelength can be determined by absorption measurements at the corresponding
wavelength. The following equation relates the energy bandgap E, to absorption

as follows:

ahv = A (hv — Eg)% (4.7)

where « is the optical absorption coefficient, A is absorbance, h is Planck’s constant,
v is frequency, and E is the optical band gap. The band gap values were estimated
using equations (4-7) by extrapolating the linear portion of the (ahv)? versus

photon energy (hv) curves to intercept the horizontal photon energy axis.

4.3 Summary

This chapter discussed the synthesis of CZTS nanocrystals using the hot injec-
tion method and described the two techniques used to deposit CZTS thin films,
such as drop casting and spin coating. It also overviewed the films’ character-
isation techniques. X-ray diffraction (XRD) technique, which gives the crystal
structures of materials present in CZTS, including associated parameters such as
lattice parameters. Raman spectroscopy which can be used to identify materials
using their vibrational, rotational, and other low-frequency modes, and to detect
secondary phases in CZTS, scanning electron microscopy (SEM), which can give
morphological images of the CZTS surface on the micro/nanoscale and nanoscale,
and focused ion beam milling (FIB) for cross-section analysis. And finally, UV-Vis

spectroscopy was used to study the optical properties of the CZTS thin films.
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CHAPTER 5

Spin coated kesterite Cu2ZnSnSy:
optical, structural, and
morphological investigations for

photovoltaic applications

5.1 Introduction

In this work, CuyZnSnS, (CZTS) ink was synthesized using a simple and low-cost
hot-injection method. Thin films of CZTS were then prepared by spin coating.
The structural, morphological, and optical properties of CZTS nanocrystals can
be controlled by optimizing synthesis parameters such as reaction temperature,
reaction time, and precursor concentrations. CZTS nanocrystal-based approaches
start with the controlled synthesis of nanocrystals and end with the deposition and
post-treatment of films using the resulting inks [I2]. After the synthesis of nano-
crystals and fabrication of CZTS ink, nanocrystal ink was deposited onto different
substrates such as glass, and Mo for use in different analyses. In this work, nano-
particle inks are applied onto a substrate by spin-coating followed by a soft-bake

to remove the residual solvent using a hot plate. The spin-coating and soft-baking
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5.2. characterisation of the absorber layer

procedures are repeated several times to yield the thin film with the desired thick-
ness which is around 1 to 2 pm. The precursor inks were prepared by hot injection
at different reaction temperatures and times, and were investigated to obtain phase
pure CZTS films. Different aspects of CZTS thin films were characterized. The
elemental composition, crystal structure, and phase purity of the films were invest-
igated using EDX, X-ray diffraction (XRD), and Raman spectroscopy, respectively.

In addition optical spectroscopy measurements were used to determine energy band

gaps.

5.2 characterisation of the absorber layer

5.2.1 CZTS thin film as deposited characterisation

5.2.1.1 Composition analysis

The chemical composition is a very important parameter for high-performance
photovoltaics. According to different studies, high efficiencies were obtained using
Cu-poor and Zn-rich compositions for the absorber layer of CZTS thin films [7]
162, 163, 164]. In this study, the chemical composition of CZTS was determined
using EDX. The composition ratios of films grown at 225 °C for 0.5 h, Cu/Zn+Sn

and Zn/Sn, are 0.93, 1.53, respectively, as shown in Table 5.1

5.2.1.2 Morphological characterisation

To study the surface morphology of the CZTS thin film, a film deposited on a 25
x 25 mm? glass substrate coated by Mo, was investigated using SEM secondary
electron imaging. As shown in Figure from the SEM image the film exhibited

uniform and compact morphology with cracks on the surface.
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5.2.1.8. Structural characterisation

Figure 5.1: Top view(a) and cross section (b) SEM images of the as-deposited
CZTS film on SLG coated by Mo substrate at reaction temperature 225 °C at 30
min at a magnification of 5k and 20k respectively

5.2.1.3 Structural characterisation

The crystal structure for CZTS thin films was characterized by X-rays using a
Siemens D-5000 diffractometer using a Cu Ka radiation source (A = 0.15406 nm)
with a step size of 0.02°. XRD measurements were used to identify the crystalline
phases present in the as deposited films. The XRD pattern of the CZTS thin film
deposited by the spin coating method at a reaction temperature of 225 °C for 30
min is shown in Figure (a). Four main peaks of the kesterite structure were
found. The major XRD diffraction peaks appear at 28.5°, 33.3,°47.5°, and 56.3°can
be attributed to the (112), (200), (220), and (312) planes of kesterite CZTS. In
addition, week peaks were observed at 18.2°, 58.9°, 69,°and 76.4°and can be attrib-
uted to (101), (224), (008), and (332) planes of kesterite CZTS. These values are in
agreement with ICDD 26-0575 [165] [166, [167]. The lattice parameters have been
obtained from the XRD pattern a = 5.413 A and ¢ = 10.788 A. This result agrees
with the lattice parameters of single kesterite CZTS (PDF026-0575), where a =
0.542 nm and ¢ = 1.0848 nm [166], 168, 169} 170, 17I]. The size of the crystalline
scattering domains was given by the Debye—Scherrer formula, equation 4.2. The
nanocrystal domain size was found to be 17.81 nm. Some secondary phases in
CZTS, such as Cuy_,S, can be easily identified by XRD analysis. Because their

diffraction peaks are distinct from those of CZTS, XRD can easily detect them. In
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5.2.1.4. Optical characterisation

addition, XRD makes it simple to distinguish between the Sn,S, phases such as
SnS, SnSq, and SnyS3 [15]. However, the XRD identification of ZnS and CuaSnSs
phases is difficult because they have similar crystalline structures to CZTS, lead-
ing to the overlap of XRD peaks for CZTS, CuaSnSs, and ZnS [172]. However,
the positions of Raman peaks of CZTS and these secondary phases are different.
Therefore, a Raman investigation was performed to discern secondary phases from
the CZTS phase by using a single wavelength such as 532 nm [7]. Figure [5.2(b)
shows the Raman spectra of the CZTS thin film synthesised at a reaction tem-
perature of 225 °C for 30 min. The fitting with Lorentzian function curves of the
Raman spectrum of the as-deposited sample gives evidence that the strong peaks
in the spectra are located at 337 cm™' and the shoulder peaks at 297 cm™!, in
addition to other peaks located at 251, 361, and 374 cm~!. This is attributed to
the kesterite phase of CZTS, which agrees with the results of previous studies [15].

Other peak observed at 277 cm™'might be attributed to the ZnS phase [15].
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Figure 5.2: XRD patterns (a) and Raman spectra (b) of CZTS thin films deposited
on glass substrate using ink synthesised for 0.5 hour at 225 °C.

5.2.1.4 Optical characterisation

Absorbance was measured using a UV—Vis—NIR Spectrophotometer between 450
and 1200 nm. The absorbance curve of the CZTS nanoparticle film grown at 225
°C for 0.5 h is shown in Figure [5.3] The band gap of the CZTS nanoparticle film

value is shown in the inset using the Tauc relation. . By extrapolating the linear

78



5.83. The influence of reaction time

portion of the (ahv)? versus photon energy (hv) curve with the interception of the
horizontal photon energy axis, the value of the energy gap of the CZTS thin film
was determined as 1.5 eV as shown in the inset of Figure This result agreed

with the reported value in the literature [7), 171, 173} 174].

(ahv)? (arb. units)

Absorbance (arb. units)

L 1 L 1 M
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Figure 5.3: Absorption versus wavelength of CZTS film grown for 0.5 hour at 225
°C. The inset shows the Tauc Plot of (ahv)? vs. huv.

5.3 The influence of reaction time

To investigate the effect of reaction time on the structural and optical properties
of CZTS thin films deposited by spin coating, CZTS thin films were synthesized at

225 °C for three different annealing times (30, 45 and 60 min).
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5.3.1. Chemical composition

5.3.1 Chemical composition

Table [5.1] shows the chemical composition of CZTS thin films at different reaction
times (30, 45, and 60 minutes at 225 °C). The ratios of Cu/(Zn+Sn) were less than

one, indicating that the films are Cu-poor and Zn-rich.

Table 5.1: The chemical composition of CZTS thin films at various reaction times.

Reaction

Time (min) S (At %) Cu (At %) Zn (At %) Sn (At %) Cu/(Zn+Sn) Zn/Sn S/Cu+Zn+Sn
30 42.2 27.8 18.3 11.7 0.93 1.53 0.73
45 41.8 25.8 22.1 10.1 0.80 2.17 0.72
60 44.4 26.1 16.6 12.3 0.90 1.35 0.81

5.3.2 Crystal structure

5.3.2.1 X-ray diffraction

Figure shows the XRD patterns of CZTS thin films prepared at different re-
action times of 30, 45 and 60 min. Three major diffraction peaks of all samples
are located at 28.5°, 47.1°, and 56.2°, which correspond to (112), (220), and (312)
planes of the kesterite phase of CZTS, respectively [167, 175, [176]. The main peak
increased in intensity significantly and became sharper and more intense for a reac-
tion time of 60 min. Lattice constants a and ¢ were determined as shown in Table
and agree with theoretical values [169, (175, [177]. The crystallite scattering do-
main size was calculated using the Debye-Scherer formula by measuring full-width
half maxima corresponding to (112) planes. The domain size increases from 17.81

nm to 21.01 nm for 30 and 60 min reaction times, respectively.

Table 5.2: Lattice parameters, FWHM, and crystal scattering domain size for
CZTS thin films at different reaction times.

Reaction Lattice Lattice FWHM (degree) scattering
time (min) parameter a (nm) parameter ¢ (nm) Peak (112) domain size (nm)
30 0.5413 1.078 0.46 17.81
45 0.5421 1.073 0.55 14.90
60 0.5421 1.085 0.39 21.01
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5.3.3. Optical characterisation
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Figure 5.4: The XRD spectra of CZTS thin films deposited on glass and synthesised
at different reaction times at 225 °C. The reference values PDF026-0575 are shown

in the red stick plot.

5.3.3 Optical characterisation

The Tauc plot calculated from absorbance spectra for CZTS thin films with dif-
ferent reaction times 30 and 60 min is shown in Figure The estimated energy
gap decreased from 1.5 to 1.3 eV as a result of increasing annealing time from 30
to 60 min, which agrees with previous studies [I78]. The change in the band gap
may be due to the improved crystallinity of the CZTS thin film synthesis at 30 min

reaction time [172].
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5.4. Influence of reaction temperature
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Figure 5.5: Absorbance versus photon energy for CZTS thin films synthesised at
reaction time (30, 60 min). The inset shows a plot of (ahv)? vs. (hv) used to
determine the optical band gap.

5.4 Influence of reaction temperature

The reaction temperature is one important parameter as it can be used to min-
imize the formation energy of CZTS in relation to other stable secondary phases.
However, this parameter can also have an influence on the crystallographic dis-
order in the growing crystal as well as the growth mechanism during the reaction.
An increase in reaction temperature will enhance the crystal growth rate [7]. To
investigate the effects of synthesis at lower and higher reaction temperatures on
the structural and optical properties of CZTS thin films, different thin films were

synthesized at a reaction temperature range of 175-250 °C.
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5.4.1. Chemical composition

5.4.1 Chemical composition

The chemical composition of CZTS thin films at different reaction temperatures is
shown in Table At reaction temperatures of 175, 185, 200, 220, 225, 235, and
250 °C, the compositional ratio was Cu/(Zn+Sn) = 0.78, 0.93, 0.94, 0.93, 0.96,
and 0.49, respectively. The ratio of Cu/(Zn+Sn) was less than one, indicating that
the films are Cu-poor and Zn-rich. Furthermore, at 250 °C, there was a significant
decrease in the atomic percentage of S and an increase in the relative content of
Sn and Zn.

Table 5.3: Chemical composition for CZTS thin films at different reaction temper-
atures (RT) at a reaction time of 30 min.

RT S Cu Zn Sn

°C) (At %) (At %) (At %) (At %) Cu/(Zn+Sn) Zn/Sn S/Cu+Zn+Sn
175 434 24.7 23.0 8.6 0.78 2.68 0.77

185 422 27.8 241 5.7 0.93 4.17 0.73

200 44.0 27.6 24.8 4.3 0.94 5.74 0.77

220 448 26.1 16.6 12.3 0.91 1.37 0.81

225 422 27.8 18.1 11.7 0.93 1.53 0.73

235 452 25.8 19.6 9.2 0.96 2.13 0.82

250 26.8 24.1 27.9 21.1 0.49 1.32 0.54

The sudden change in the ratios over the temperature range 210-240 °C is consistent
with the occurrence of the CZTS order-disorder transition in this temperature range

previously observed in CZTS polycrystals [179].

5.4.2 Film morphology

Figure[5.6]shows the SEM surface images of the CZTS thin films with different reac-
tion temperatures in the range of 175-235 °C. At reaction temperatures of 175-235
°C, the films generally have compact arrangements of nanoparticles with spherical
particles observed at high resolution. Films synthesised at 175, 185 and 235 °C
demonstrate cracks. Cracks are less prominent at other ink synthesis temperat-
ures. This implies that the presence of cracks may be a function of film deposition

procedures as well as synthesis temperatures. Moreover, surface particles were ob-
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5.4.2.  Film morphology

served at the surface at reaction temperatures of 185, 200, and 235 °C which might

be an indication of the presence of secondary phases.

Figure 5.6: SEM plan view images of the thin film synthesised at different reaction
temperatures 175-250 °C at reaction times of 0.5 h.
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5.4.3. Crystal structure

5.4.3 Crystal structure
5.4.3.1 X-ray diffraction

Figure shows the XRD patterns of CZTS films synthesised at different reaction
temperatures. Three major diffraction peaks of all samples are located at 28.5°,
47.2°, and 56.4°, which correspond to (112), (220), and (312) planes of the kesterite
phase of CZTS, respectively . These values are in agreement with (PDF 026-0575)
[168]. The calculated values of lattice parameters a and ¢ in Table are in good
agreement with theoretical values in the literature [I68] [169]. In addition to the
main peaks, weak diffraction peaks were observed at reaction temperatures of 175
°C and 185 °C located at 26.5°, 31°, and 51.8°, which might correspond to (210),
(211), and (213) planes of wurtzite structure of CZTS. Some particles observed
on the film surface at 175, 185 °C, as shown in Figure [5.6] might be attributed
to secondary phases. They disappeared at higher reaction temperatures of 225
and 250 °C. Table 5.4 shows a variation in the crystallite scattering domain size
at different reaction times, as determined from the XRD FWHM. A significant
increase in crystallite scattering domain size is observed for films with an increase
in reaction time in the range of 185-225 °C, then decreases at a higher reaction time.
The estimated values of crystallite scattering domain size and lattice constants are
shown in Table The largest crystallite scattering domain size at 225°C reaction

temperature is estimated at 26.54 nm.

Table 5.4: Lattice parameter, FWHM, and scattering domain size for deposited
CZTS thin films synthesised at different reaction temperatures.

Reaction Lattice Lattice FWHM (degree) Scattering domain
temperature (°C) parameter  parameter Peak(112) size (nm)
a =b (nm) ¢ (nm)
175 0.5406 1.0955 0.46 16.73
185 0.5402 1.0746 0.56 13.74
200 0.5408 1.0858 0.50 15.39
220 0.5415 1.0830 0.44 17.49
225 0.5411 1.0811 0.29 26.54
235 0.5415 1.0830 0.45 17.10
250 0.5409 1.1068 0.48 16.03

ICDD 26-0575 0.5427 1.0848
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Figure 5.7: The XRD patterns of CZTS thin films synthesised at different reaction
temperatures in the range (175-250 °C). The reference PDF026-0575 is shown in
the red stick plot.

5.4.3.2 Raman spectroscopy

Figure [5.8 shows Raman spectra obtained with the 532 nm excitation of thin films
synthesised at different reaction temperatures. The main Raman peaks are located
at 337, 339, 339, 339, 336, and 338 cm~! for reaction temperatures of 175, 185,
200, 220, 225, and 235 °C respectively, which is close to the reported values of
the characteristic CZTS peak (325-339 cm™!). These are obtained from fitting
Lorentzian curves to the Raman spectra. At reaction temperatures of 175 and 220
°C peaks were also observed at 351 cm™!, which indicates the existence of ZnS.
For a reaction temperature of 185 °C a peak was observed at 474 cm™! and it
might correspond to CusS [I5]. Peak broadening and peaks observed at 354 cm ™!
indicate the presence of the ZnS phase at reaction temperatures of 200 °C and 250

°C, respectively.
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Figure 5.8: Raman spectra of CZTS thin films synthesised at different reaction
temperatures.

5.4.4 Optical characterisation

The absorption spectra for CZTS thin films were measured at wavelengths in the
range of 250-1250 nm for different film reaction temperatures. Figure [5.9] shows

the Tauc plot of (ahv)? versus photon energy (hv). The optical band gap was
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5.4.4. Optical characterisation

determined to be in the range of 1.20-1.42 eV and matches the previous studies
[12, 164, 178]. Figure shows the increase in optical band gap with increasing
reaction temperature, up to a reaction temperature of 200 °C. Above this, there is
a decrease in the energy gap. The optical band gap of CZTS thin films is correlated
with the phase purity, crystalline phase, elemental composition, grain size, etc [20].
With an increasing reaction temperature from 220-235 °C, the decrease in CZTS
band gap energy could be attributed to an increase in the Cu/(Zn + Sn) ratio [I80].
Whereas the presence of secondary phases may explain the increase in energy gap
at lower temperatures [20], such as the ZnS phase at reaction temperatures of 175,
185, and 200 °C. This is in agreement with EDX measurements which show that
the Zn/Sn ratios at reaction temperatures of 175, 185, and 200 °C are 2.68, 4.17,

and 5.74, respectively.
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Figure 5.9: Tauc Plot of (ahv)? versus photon energy (hv) for CZTS for samples
at different reaction temperatures, used to determin the energy band gap.
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Table 5.5: Variation of optical band gap with the variation of reaction temperatures

Reaction temperature (°C) Energy gap (eV)

175 1.20
185 1.26
200 1.42
220 1.39
225 1.39
235 1.32
250 1.23

5.5 Summary

The hot injection method was used to successfully synthesize CZTS nanoparticles
at different reaction times and temperatures. Inks were deposited onto clean glass
using spin coating procedures at a high speed (2500 rpm) for 15 seconds after being
synthesized at 225 °C for 30 minutes. A CZTS nanoparticle-based control sample
that was synthesized at 225 °C for 30 minutes had a kesterite crystal structure.
The average composition of the CZTS nanoparticles was controlled by adjusting
the precursor molar ratios into a Cu-poor and Zn-rich region of the phase diagram.
The synthesised Cu/(Sn+Zn) ratio was 0.93, and the Zn/Sn ratio was 1.53. The
CZTS nanoparticles were almost spherical in form. The XRD pattern shows three
main peaks of the kesterite structure were found. The major XRD diffraction peaks
appear at 28.5° 47.5°, and 56.3° and can be attributed to the (112), (220), and
(312) planes of kesterite CZTS. The lattice parameters have been obtained from
the XRD pattern: a = 5.413 A and ¢ = 10.788 A. Optical spectroscopy shows the
energy band gap to be 1.50 eV. Investigations were done into how the fabrication
parameters of temperature and time affected the properties of CZTS thin films.
It was revealed that band gap, composition, and crystal structure are significantly
influenced by temperature (175, 185, 220, 225, 235, and 250 °C) and time (30, 45,
and 60 min).
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CHAPTER 6

Effects of heat treatments on
Cu2ZnSnS, thin films deposited

by the spin coating technique

6.1 Introduction

Many studies have been conducted to improve CZTS photovoltaic conversion effi-
ciency by reducing secondary phase formation, reducing interface recombination,
and improving the crystal quality of CZTS solar cells through various thermal treat-
ments of the CZTS absorber layer. Shi et al. found that a photovoltaic conversion
efficiency of 9.80% was achieved by air-annealing because of the pre-treatment of
a CuoZnSnSy precursor thin film prior to selenisation, which can lead to sodium
diffusion into the CZTS precursor thin film and surface oxidation of the CZTS
thin film. The surface oxidation of the CZTS precursor thin film and the Na dif-
fusion can promote the crystal growth of the CZTSSe thin film, which can lead to
the removal of the small-particle bottom layer and the formation of a large grain-
spanned CZTSSe thin film [I17]. Zhang et al. investigated how air annealing of
CZTS affected the crystal quality of the CZTSSe absorber. In a different group in-

vestigation, the impact of air-annealing on the photovoltaic performance of CZTSSe
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0.1. Introduction

solar cells was studied. CZTS precursor films were annealed in the range of 100
to 500 °C before selenisation. It has been discovered that air-annealing the CZTS
precursor film increased conversion efficiency from 7.50 % to 8.94 % [I81]. Ziti et al.
investigated how CZTS thin films’ structural, optical, and electrical properties are
affected by annealing in air at different temperatures. CZTS which was made using
the sol-gel method, and deposited using the spin coating technique, was studied
to determine how the annealing temperature affected its structural, optical, and
electrical characteristics. For 10 minutes, the samples were annealed in air at 300,
325, and 350 °C. Additionally, a higher electrical resistivity in the region of 0.1-0.15
Qcm was reported, and the band gap energy increased from 1.5 to 1.63 eV [182].
The effects of different substrate temperatures on the optoelectronic and struc-
tural characteristics of spray pyrolysis CZTS were examined by Thiruvenkadam
et al. XRD experiments showed that increasing substrate temperature increased
crystallinity. They discovered that as the substrate temperature rose, the average
roughness and grain size increased [I83]. Ahmoum et al. investigated the impact of
preheating spin-coated CZTS films in air, argon, and nitrogen atmospheres before
sulphurisation on the material properties of the resulting CZTS thin films [169].
Long et al. found that preheating treatment factors such as preheating temperat-
ure and preheating time have a significant impact on the characteristics of CZTS
thin films [I84]. These studies confirm that heat treatment has a significant impact
on properties of CZTS relevant to PV performance. There is therefore a need to

investigate the impact of heat treatment on nanocrystal ink samples.

In our study, the effect of preheating treatment of CZTS thin films before sulphur-
isation on the morphology and structural, optical, and electrical properties of the
films was investigated. Different CZTS nanoparticles were synthesized via the hot
injection route, previously described in Chapter 5. Samples with off-stoichiometric
Cu-poor and Zn-rich compositions were preheated on a hot plate in air (hot plate
annealing).The films have been characterized by X-ray diffraction (XRD), Raman

spectroscopy, scanning electron microscopy (FIB, TEM), energy dispersive X-ray
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6.2. The influence of preheat treatment on CusZnSnSy thin films

spectroscopy (EDX), and UV-Vis-IR spectroscopy.

6.2 The influence of preheat treatment on Cuy,ZnSnS,

thin films

In this work, CusZnSnSy thin films are deposited on a SLG substrate using spin
coating at speed 2500 rpm for 15 sec. The films’ composition ratios, Cu/(Zn+Sn)
and Zn/Sn, are set at 0.85 and 1.25, respectively. The deposited films were sub-
jected to preheat treatment, which was carried out in air using a hot plate at
different temperatures and times. The influence of hot plate preheating paramet-
ers such as temperatures and times on the structural, compositional, optical, and

morphological properties of the spin coated CZTS thin films were studied.

6.2.1 Influence of preheat treatment time on CZTS thin films

6.2.1.1 Structure characterisation

Figure [6.1] shows the XRD pattern of a CZTS thin film preheated on a hot plate
for 3, 12, and 30 min at a fixed temperature of 310 °C. In all films, the main peaks
are observed at 28.46°, 47.35° and 56.17° which correspond to the (112), (220), and
(312) planes of the kesterite CZTS phase which agrees with the kesterite reference
phase (PDF 026-0575). The major peaks’ intensity become sharper because of the
increasing preheating time. However, after 30 minutes of heating, the intensity
decreased and the main peaks shifted slightly to the left, as shown in Figure [6.1]
The main peaks are shifted at 27.98°,32°, 46.60° and 55.51°. Table shows
the full width at half maximum (FWHM) as calculated from XRD peak for as-
deposited and the annealed samples. The decrease in the value of FWHM indicates
improvement in the calculated scattering domain sizes. The scattering domain

size increases with increasing time except for the 30 minute sample. The lattice
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0.2.1.1. Structure characterisation

parameters a and ¢ of CZTS have been calculated for all the XRD patterns as

shown in Table

Intensity (arb.units)

— As-dep
o —— 3 min
Z o ~ —— 12 min
S g 30 min
- M ——ry
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Figure 6.1: XRD patterns of as deposited and preheated films at 310 °C on a
hotplate at different times. A reference pattern from the ICDD database for kesterite

CugZnSnS, (PDF 00-026-0575) is shown as a stick plot.

Table 6.1: The peak intensity, lattice parameters a and ¢, FWHM, and scattering
domain size of CZTS thin films at different preheating times.

Time Lattice Lattice FWHM Scatt(‘aring
(min) D2/ (T20 + I312) parameter  parameter (degree) domain
Peak size
a (nm) ¢ (nm) (112) (nm)
As-dep 663 0.5410 1.0832 0.55 14.90
3 min 1214 0.5425 1.0828 0.45 18.21
12 min 1209 0.5411 1.0833 0.44 18.62
30 min 331 0.5422 1.0837 0.62 13.19
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6.2.1.2 Optical characterisation

The absorption spectra of the CZTS thin films were measured on the films with
different preheating times of 3, 6, 9, and 12 minutes at hot-plate temperature of 310
°C, in the wavelength range 450-900 nm, as shown in Figure [6.2l The absorbance
decreased as the wavelengths increased. In Figure [6.3] the energy bandgaps are
estimated from the absorbance spectra by plotting the data on a Tauc plot. It is
obvious that there is variation in the optical band gap as a result of preheating
time. The differences in the estimated energy gaps might be due to the existence
of secondary phases in the films, or changes to the composition of the CZTS films.
The bandgap increases with annealing time for shorter anneals, it reduces after the

12 minute anneal, increasing for the 30 minute anneal.

Absorbance (arb. units)

450 500 550 600 650 700 750 800 850 900

Wavelenght (nm)

Figure 6.2: Absorption spectra of CZTS thin films heated on a hotplate at a
temperature of 310 °C at different times.
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6.2.2 Influence of preheating temperatures on CZTS thin films

In this section, the impact of different preheating (hot plate annealing) temperat-
ures on the CZTS thin film properties was investigated. Different CZTS thin films

were preheated at different hotplate temperatures from 150 °C to 230 °C for 3 min.
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Figure 6.3: Tauc plot of (a hv)? versus photon energy (hv) for CZTS thin films
heated at various times at a constant temperature of 310 °C. The intercept of the
straight line fit gives the values of the energy bandgap.

6.2.2.1 Structure analysis

Raman spectroscopy provides a reliable method of identifying secondary phases.
The Raman spectra of CZTS thin films preheated on a hot plate for 3 minutes
at temperatures of 150, 170, 190, 210, and 230 °C are shown in Figure The

fitting with the Lorentzian function shows the main Raman peak is located at
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6.2.2.1. Structure analysis

338 cm~!. Other peaks at 330 cm™! are attributed to the A vibrational mode of
kesterite phase CZTS and 331 cm™! to the disordered mode corresponding to the
other vibrational mode of CZTS. In addition, secondary phases such as CuS and

CuySn7S16 were detected at 471 and 365 cm ™!, respectively.

Intensity (arb. units)

1
‘ As-dep

100 200 300 400 500 600 700 800

Raman shift (cm™)

Figure 6.4: Raman spectra of CZTS thin films heated at 150-230 °C for 3 min.
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6.2.2.2 Morphology analysis

Figure [6.5] shows the morphology of the films at different preheating temperatures
170, 190 and 230 °C. It is obvious that the film heated at 170 °C has a uniform
and compact cross section without any cracks or holes, which thereby assist in
absorption as shown in Figure whereas at higher preheating temperatures

there are holes that appear in the CZTS cross section .

Figure 6.5: Top view and cross-sectional SEM image view of preheated CZTS
films,at a magnification of x 40k in the left-hand column and of x 100k in the
right-hand column respectively. (a, b) 170 °C, (c, d) 190 °C, and (e, ) 230 °C
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6.2.2.3 Optical analysis

Figure shows the absorption spectra of preheated CZTS films at different hot-
plate temperatures from 150-230 °C for thin films synthesised at a reaction time of
30 min, in which the film preheated at 170 °C shows enhanced absorption in the
visible region. The enhanced absorption of the light assists efficient electron-hole

charge separation and thus contributes to increasing solar cell performance.

Absorbance (arb. units)

400 500 600 700 800 S00 1000 1100 1200

Wavelength (nm)

Figure 6.6: UV-Vis absorption spectra of the as-synthesized CZTS thin film and
preheated thin films at different hot-plate temperatures 150-230 °C for 3 min.

There is variation in the energy bandgap (Eg) between different hotplate heat
treatments that is observed in all pre-heat treatments, as shown in Figure[6.7] The
energy gaps are estimated to be 1.38, 1.30, 1.35, 1.41, and 1.40 eV. The increase
in optical band gap can be attributed to the decrease in Cu/(Zn+Sn) ratio or the

existence of secondary phases, which have a higher optical band gap [20].

For a reaction time of 60 min, the absorption spectra shown in Figure [6.8] for

different preheating temperatures with their estimated energy gaps shown in Figure
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Figure 6.7: Plot of (o hv)? vs photon energy at different preheating temperatures.
The estimated energy gaps are shown in the inset.
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Figure 6.8: UV-vis absorption spectra of the as-synthesized CZTS thin film at
reaction time of 60 min and preheated films at different hot plate temperatures.
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Figure 6.9: Plot of (o hv)? vs photon energy at different preheating temperatures
treated for 60 minuutes. The estimated energy gaps are shown in the inset.

[6.9] Energy bandgaps for long preheating times are significantly larger in the range
2.2-2.5 eV. This is indicative of the formation of secondary phases with much larger
bandgaps than CZTS, possibly ZnS or ZnO from annealing in air. Energy gaps
increase as preheating temperatures rise, which could be attributed to the formation

of secondary phases at long preheating times.

6.3 Effect of annealing on Cuy,ZnSnS, thin films

CZTS thin films were then annealed for one hour at various temperatures in a
HS+Ny atmosphere (sulphurisation). Sulphurisation of thin films promotes grain
growth and controls the distribution of secondary phases. It is necessary to en-
hance the solar cell device performance [100]. Annealing (sulphurisation) has been

carried out in the tubular furnace described in Chapter 4. Thin films were annealed
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6.3.1. Heterojunction fabrication

under HoS+Ny 20:80 at temperatures of 450, 500, and 550 °C for one hour. Baid
et al. [I87] found that at high-temperature annealing of films, typically between
450 and 550 °C in an HsS environment, reduced the amount of binary and tern-
ary sulphide present, resulting in better device performance [I87]. Chemical bath
deposition, described in Chapter 4, was used to complete the CZTS/CdS het-
erojunction. Different studies on CZTS/CdS and CZTS/Mo interfaces aimed to
achieve high-performance devices. Kauk et al. (2021) [I85] [I86] found that the
high-performance devices’ potential is demonstrated by the CZTS/CdS interface
post-annealing. According to several studies, an efficient method to raise the qual-
ity of the interface is to anneal a CZTS/CdS sample in an alternative atmosphere
such as air, vacuum, or inert gases. Cd and Zn diffusion lead to the formation
of a thin layer of CuCdZn;_,SnS4 on the CZTS surface and a Zn;_,Cd,S layer
between the CZTS and CdS. These layers were proposed to change the cliff-like
band alignment between the absorber and buffer layers to a spike-like band align-
ment [I85] [I86]. Sanchez et al. found that applying hotplate heat treatment to the
solar cell structure will enhance the diffusion of cadmium from the n-type semi-
conductor to the absorber structure, increasing cell efficiency and improving Js.
and EQE. These modifications result from the partial replacement of Zn by Cd
in the CuaZnSnS, structure [I88]. During high temperature annealing, sodium
diffusion from soda lime glass (SLG) influences grain boundary formation and de-
fect passivation in chalcogenide/kesterite solar cells [I89]. Various characterisation
techniques were carried out here to study the properties of CZTS thin films and

heterojunctions.

6.3.1 Heterojunction fabrication

A molybdenum layer with a thickness of about 800 nm was deposited on the cleaned
SLG by RF magnetron sputtering, as described in Chapter 4. The precursor solu-
tion CZTS was then deposited on the molybdenum-coated SLG (MSLG) substrates

using spin coating at 2500 rpm for 30 seconds, followed by soft baking on a hot
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6.3.1.1. Structure analysis

plate at 150 °C, then 300 °C for 15 seconds, and the process was repeated several
times to form the desired thickness of CZTS film. CZTS films were annealed at
temperatures of 450, 500, and 550 °C, respectively, in HoS+Ny 20:80. Finally, CdS

layer was then deposited by chemical bath deposition, as described in Chapter 4.

6.3.1.1 Structure analysis

Figure [6.10] shows the XRD pattern of annealed samples at different annealing
temperatures 450, 500, and 550 °C. The main peaks at 28.46°,33.3°, 47.35°, and
56.17°, which correspond to the (112), (200) (220), and (312) planes of the kesterite
CZTS phase, In addition, week peaks were observed at 18.2°, 58.7°, 69.2,°and
76.4°and can be attributed to (101), (224), (008), and (332) planes of kesterite
CZTS. These values are in agreement with ICDD 26-0575 [165], 166, [167].
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Figure 6.10: XRD patterns of the CZTS thin films annealed at different temperat-
ures.

The major peaks in intensity become sharper because of the increasing anneal-

ing temperature. To further reveal or confirm the existence of secondary phases,
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Structure analysis

Raman spectroscopy was carried out, and the Raman spectra of as-deposited and

annealed films are shown in Figure [6.11] with laser excitation wavelength 532 nm.
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Figure 6.11: Raman spectra of annealed CZTS thin films at different annealing

temperatures.

The Raman peaks become sharper upon annealing. From Lorentzian fitting in

Figure [6.12] Raman peaks of CZTS and its secondary phases are given in Table

Raman spectra confirm the kesterite phase in all as-deposited and annealed

samples, with its main peak located in the range of 336-338 cm~! (mode A). In

addition to other peaks that might be attributed to secondary phases such as ZnS

at annealing temperature 450 °C and ZnS and SnS at annealing temperature 500
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Figure 6.12: Raman spectra of CZTS as-deposited and annealed at different
temperatures in a sulphur atmosphere; the spectra were fitted using Gaussian—
Lorentzian shape components.

Table 6.2: The peaks identified in the Raman spectra of annealed samples at various
temperatures.

Annealing Temperature Peak value (cm~!) Phase Symmetry

As-dep 336 CZTS A
339 CZTS A
372 CZTS A
331 CZTS disorder

450 °C 336 CZTS A
286 CZTS A
352 ZnS -
484 -

500 °C 337 CZTS A
338 CZTS A
290 ZnS -
288 SnS -

550 °C 300 CZTS A
336 CZTS A
319 CZTS B
255, CZTS E
365 CZTS E
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6.3.1.2 Optical properties

Figure shows the Tauc plot obtained from the absorption spectra of annealed
CZTS films at different annealing temperatures (450, 500, and 550 °C). For anneal-
ing temperatures of 450, 500, and 550 °C, the energy gaps are 1.55, 1.40, and 1.30
eV, respectively. The enhanced absorption of the light assists efficient electron-hole

charge separation and thus contributes to increasing solar cell performance.
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Figure 6.13: A Tauc plot based on the UV-Vis absorption spectra of the as-
synthesized and annealed CZTS thin films at different temperatures, showing
(a hv)? vs. photon energy (hv) to determine the energy band gap.

6.3.1.3 Electron microscopy morphology analysis

High-quality, defect-free CZTS(Se) films with fewer secondary phases and contam-
inants are needed to improve the performance of kesterite solar cells. To enhance
the quality of the absorbing material, CZTS films are frequently post-annealed at

high temperatures in an environment containing sulphur. The loss of volatile com-
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ponents like tin or sulphur during high-temperature annealing might promote ma-
terial decomposition [134]. In this section, we examine the effects of sulphurisation
at various temperatures on the characteristics of CZTS and the Mo/CZTS/CdS
heterojunction. Figure depicts SEM top view and cross-sectional images of
annealed film at 450 °C with compositional ratios Cu/(Zn+Sn) = 0.82, 0.51 before

and after annealing.

Figure 6.14: Top view images of as-deposited CZTS thin film deposited on glass
substrate synthesised for 30 minutes at 225°C reaction temperature (a, b) and top
view and cross section images of annealed film at 450°C for 1 hour under HsS and
Ny pressure (20:80) (c-f), (e) and (f) at a magnification of 20k and 80k respectively.
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6.3.1.4 Cross section element mapping

Figure depicts a microscopy cross section of CZTS with a thickness of 1 micro-
meter that was annealed for one hour at 500 °C in HyS and Na atmosphere (20:80).
The figure shows uniform distribution of the constituent elements throughout the
thickness of the CZTS absorber layer. It also shows significant diffusion of Na
from the glass into the CZTS. The elements Si and O are most intense in the glass
substrate as seen by the greater colour intensity. The other elements Mg, Al and

Ca also show significant diffusion into the CZTS layer from the glass substrate.

To look at the properties of interfaces, heterojunction a Mo/CZTS/CdS layer struc-
ture was prepared. Figure[6.16]shows the cross-sectional images of a heterojunction
(Mo / CZTS / CdS) where CZTS and Mo were annealed at 500 °C for one hour in
H9S+Ns (20:80) atmosphere before CdS deposition. Images show a non homogen-
eous distribution of the constituent elements Cu, Zn Sn and S in the CZTS absorber
layer. A thick, dense layer of CZTS, and at the top, an additional porous structure
of CZTS is observed. This is identified as the CZTS floor layer with abnormal
CZTS grains growing above the floor layer during the annealing process because
of vapour transport to the surface during annealing [191 192]. The copper in the
CZTS layer is concentrated in the dense CZTS layer and also partly in the upper
layer of CZTS. The higher Cu concentration in the upper left region of the image
indicates growth of a phased with a different composition, possibly CuS. Zinc has a
much more uniform distribution in all CZTS layers, with a higher concentration in
the main CZTS layer. The tin concentration is higher in the main layer of CZTS.
Sn diffuses toward the surface of the CZTS, leaving voids that might result in poor
ohmic contact and shunting routes [I34]. Uniform sulphur concentration is seen in
the CZTS layer, higher (brighter) sulphur concentration in molybdenum layer, and
less S in the CZTS which indicates the formation of a MoSy interface layer. Mo
concentration is highest in the Mo layer with a small amount of residual Mo in the

CZTS layer, confirming it is diffusing into the CZTS to form MoSs.

107



6.3.1.4. Cross section element mapping

il ——
e 2
. ’ 4

_—

=Y TR

»—~ A
A

o

S

Figure 6.15: Elemental mapping of elements in CZTS/glass thin film cross section
after annealing at 500 °C in a HaS+Ns (20:80) atmosphere (at a magnification
of x 6.5k). Each element concentration profile is indicated as a different colour
and overlayed on the original microscopy image. The greater intensity of colour
indicates a higher element concentration.

A very thin conformal layer of CdS can be seen on top of CZTS, with additional

Cd diffusing throughout the CZTS. Zn-rich and Cu-rich zones were also identified
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CdS

CZTS abnormal
grain

Figure 6.16: Elemental mapping of elements in the cross section of Mo/CZTS/CdS
heterojunction films at annealing temperatures of 500 °C in a HoS+Ns (20:80) at-
mosphere, at a magnification of 8k. Each element concentration profile is indicated
as a different colour and overlayed on the original microscopy image. The greater
intensity of colour indicates a higher element concentration.

from the brighter regions by this mapping with the greatest variation of Zn and

Cu concentrations in the abnormal CZTS grains above the floor layer. These
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6.3.1.4. Cross section element mapping

regional compositional irregularities can be attributed to a partial phase separation
of CuyZnSnS, into secondary phases (single or binary sulphides of Cu, Zn, or
Sn) during annealing. Other elements, such as carbon, present in the precursor
solution leave residues in the production of the CZTS thin film, thereby lowering
the efficiency of the solar cell. In this structure, the main region of residual carbon
is not in the main CZTS layer, but in the upper layer, indicating that carbon can
diffuse through the entire CZTS layer. The main elements of glass such as silicon,
calcium, magnesium, and aluminium diffuse into the CZTS and are farily uniformly
distributed with the highest concentrations remaining in the glass. Cd diffusion
was found to have a positive impact on the performance of thin-film solar cells [14,
15]. Xie et al. (2015) found that the presence of a Cu-related secondary phase is
detrimental because it introduces shunting routes that lower the devices’ FF due
to its metallic nature and low resistivity profile. It has also been reported that
the presence of a Zn-related secondary phase that forms at the Mo/CZTS interface
reduces FF and increases Rs by limiting the conduction pathway of hole carriers

towards the Mo back-contact.

Figure shows the SEM surface image of an annealed film at 550 °C for one
hour in HaS and Ny (20:80) and the EDX spectra of the CZTS films (site 1). The
average composition ratio Cu/(Zn+Sn) = 1.28 and Zn/Sn = 0.39. A Cu rich area
at the surface of the film is shown in Figure (purple arrows). This corres-
ponds to ceystas with different structure as seen in Figure [6.17(a) and (b). This
is indicative of the formation of secondary phases. Scanning electron microscopy
(SEM) images and associated energy dispersive spectroscopy (EDX) maps of the
CZTS/CdS interface are shown in Figure It illustrates the EDX elemental
distribution profile of all the constituent elements throughout the thin film. This
mapping also revealed the presence of Zn-rich and Cu-rich zones.in addition to
diffusion of Cu and Zn in to glass substrate as shown in Figure [6.17] These local
inhomogeneities in composition in some areas can be explained by a partial phase

segregation of CuaZnSnS, into secondary phases upon annealing. The images show
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and

Figure 6.17: Elemental mapping of elements in a cross section of Mo/CZTS/CdS
film at annealing temperature of 550 °C in H3S and No at a magnification of X
1.23k (Site 1).

a relative concentration of copper with more concentrated Cu at the top of the layer
and excess sulphur (bright region) in the same upper region which may lead to CuS

phase formation. The line profile in Figure indicates that an increase in S and
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Cu concentrations may result in the formation of the CuS phase. This corresponds
to the bright cubic crystal in the top part of Figure [6.18], suggesting the presence of
a crystal of CuS. Zinc is distributed much more uniformly in the CZTS layer. Sn is
mostly concentrated in the CZTS layer, but loss of Sn in some areas was observed
(green arrows) due to the relatively high vapout pressure of Sn at high annealing
temperature. There is a uniform concentration of S in the CZTS layer and a higher
concentration of sulphur in the molybdenum layer which is due to the formation
of MoSs, Mo diffusion into the CZTS layer, or both. A very thin layer of CdS can
be seen on top of CZTS, with additional Cd diffusing throughout the CZTS layer.
The main elements of glass are silicon, calcium, magnesium, and aluminium. The
main concentration of silicon is observed in the glass, the calcium diffuses uniformly
into the CZTS. Na, Mg, Al and Mo diffuse into the CZTS layer. The presence of
a Cu-related secondary phase is undesirable because it introduces shunting routes
that lower the devices’ FF due to its metallic nature and low resistivity profile. It
has also been reported that the presence of a Zn-related secondary phase that forms
at the Mo/CZTS interface reduces FF and increases R by limiting the conduction

pathway of hole carriers towards the Mo back-contact [134].
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Figure 6.18: SEM surface image and EDX spectrum of deposited CZTS thin film
annealed at 500 °C for one hour in HyS and Na (20:80).
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6.3.1.4. Cross section element mapping

Figure shows the elemental mapping of site 2, where the top layer of the CZTS
film has large grains whereas the bottom layer has relatively small grains similar to
that seen in Figure [6.16] Both CZTS layers are extremely dense, with no obvious
voids. As a result of the annealing process, the film has a MoSy layer above the
Mo substrate with a higher S concentration. Cu-rich regions are obserevd at the
top of the CZTS layer. In contrast to CIGS, it has been established that the Mo
thin film back contact on CZTS can have a negative effect on the performance of
CZTS devices. In the presence of Mo, CuyZnSnS, is unstable at high processing
temperatures (500-600 °C). The decomposition of CuyZnSnSy, is explained by the

following reaction:

2Cu2ZnSnSy «—2CusS+27ZnS+2SnS+2S (g) (6.1)

Mo combines with S at the CZTS/Mo interface to form MoSy via the reactions

described below:

Mo + 2S — MoS, (6.2)

The instability of the Mo back contact at the CZTS/Mo interface during thermal

processing can be represented by combining the two reactions above.

2CusZnSnSy +Mo — 2CusS+27ZnS +2SnS + MoSs (6.3)

The instability of the Mo back contact has the potential to result in losses of V.,
Jse, and FF in the CZTS device [193].
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6.3.1.4. Cross section element mapping
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Figure 6.19: Elemental mapping of elements in a cross section of Mo/CZTS/CdS
films at annealing temperature of 550 °C for one hour in a HyS and Ny at a mag-
nification of x 3.19k (Site 2).
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6.4. Summary

6.4 Summary

A study of the effect of preheat treatment using a hot plate under an air atmo-
sphere on the properties of CZTS thin films has been presented. It was found
that the thermal treatment parameters, temperature and time, affect the absorber
bandgap and crystallite scattering domain size. A further study of the effect of
high temperature annealing on a Mo/CZTS/CdS heterojunction was carried out
at temperatures ranging from 450°C to 550°C at an annealing time of one hour in a
H3S+Njy 20:80 atmosphere in a tube furnace. Annealing promotes cadmium diffu-
sion from the n-type semiconductor to the absorber. According to various studies,
Cd diffusion improved the performance of thin-film solar cells. However, at anneal-
ing temperatures of 500 and 550 °C, the presence of a Cu-related secondary phase
is detrimental because it introduces shunting routes that lower the devices’ FF due
to its metallic nature and low resistivity profile. In addition, in the presence of Mo,
CuzZnSnSy is unstable at high processing temperatures (500-600 °C). Mo combines
with S to result in the decomposition of CusZnSnS, at the CZTS/Mo interface to
form MoSy which leads to losses of V., Js., and FF in CZTS devices.The findings
presented here indicate that there is significant interdidffusion of the elements from
the different layers in a Mo/CZTS/CdS heterojunction which occur at the temper-
atures commonly used to fabricate CZTS devices. Further improvements in CZTS

devices will require strategies to control this interdiffusion.
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CHAPTER 7

Structural, morphological and
optical properties of Cu2ZnSnSy
thin films deposited by the

drop-casting technique

In the present study, an investigation of the effects of the post-deposition annealing
treatment on the morphological, structural, and optical properties of CusZnSnSy
(CZTS) thin films deposited by the drop-casting technique is presented.Annealing
at high temperatures in a sulphur atmosphere enhances grain growth, decreases
the presence of surface defects and grain boundaries, improves the crystallinity of
the film, and reduces secondary phases. Drop casting is a simple film-deposition
technique that has been used by many research groups because it does not requires
special equipment. the solution containing the required material is cast on a sub-
strate. However, obtaining a homogeneous coating and controlling its thickness is
difficult. The CZTS ink was synthesised by the hot-injection method as described
in chapter 5 and deposited on a cleaned glass (SLG) substrate by drop casting.
Films were then dried at 200 °C in a vacuum furnace for 10 min. Finally, all films

were annealed at different annealing temperatures and times. This annealing was
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7. Structural, morphological and optical properties of CugZnSnS, thin films deposited by
the drop-casting technique

carried out in a quartz tube furnace by introducing a mixed gas of HaS and Ny in a
20:80 ratio at a heating rate of 10 °C/min at various annealing temperatures (375,
400, 500, 550, and 575 °C) for one hour. Another set of samples was annealed at
different annealing times (15, 30, 45, 60, and 75 min) at an annealing temperature
of 550 °C. The films were characterized by X-ray diffraction (XRD), Raman spec-
troscopy, scanning electron microscopy (SEM, FIB), and UV-Vis-IR spectroscopy.
Many researchers report the synthesis and deposition of CZTS thin films using the
drop-casting method [194], 195}, 196, 197, 19§].

Figure shows the SEM top views and cross-section images for thin film depos-
ition with drop-casting of nanocrystal ink synthesised at reaction temperature 225
°C at reaction time 30 min. From the surface morphology shown in Fig. [7.1] (a,
b), the film deposited by drop casting have large, densely packed grains with a
lot of cracks. The cross-section images show Large agglomerated micro-grains are

observed, as shown in ﬁgur (c, d).

Figure 7.1: SEM top views (a, b) and cross-sectional images (c, d) of CZTS thin
films deposited by drop-casting before annealing at different magnifications (10k,
40k, 100k, and 200k, respectively).
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7.1. Effect of annealing temperature

7.1 Effect of annealing temperature

7.1.1 Composition analysis

The chemical composition of annealed drop cast CZTS thin films was determined
using EDX. Table [7.1| shows the composition of films annealed at different temper-
atures (375, 400, 550, and 575 °C) for one hour, along with the Cu/(Zn+Sn) and
Zn/Sn ratios for CZTS thin films. As-deposited films are Cu-poor and Zn-rich, the
ratio Cu/(Zn+Sn) was less than one. Many studies have found that the best solar
cells performance have a copper-poor, zinc-rich region with ratios of (Cu/Zn+Sn)
=0.79 to 0.85 and (Zn/Sn) =1.05 to 1.25 [199]. The composition ratios of the
as-deposited ink samples Cu/(Zn+Sn) and (Zn/Sn) were chosen as 0.79 and 1.22,
respectively from the initial precursor ratios for hot injection synthesis. After an-
nealing, the atomic ratio of Cu/(Zn+Sn) decreased from 0.79 to 0.38 as shown in
Table The Zn/Sn ratio reduces from 1.22 to 0.88 for annealing up to 550 °C,
then increases to 4.26 after annealing at 575 °C. Together these changes indicate
a loss of Cu and an increase in the ratio of Zn and Sn with a further loss of Sn
after annealing at 575 °C. This behaviour after annealing is different in drop cast
films compared with that in spin-coated films, where the Cu loss is less prominent.
A significant change in the composition and ratios is seen at the highest annealing
temperature 575 °C where there is also a significant deacrease in the percentage of
Sn from 34% to 11%, arising from the increased vapour pressure of Sn at higher
temperatures.

Table 7.1: The composition of the CZTS thin films annealed for one hour at dif-
ferent annealing temperatures.

Annealing S Cu Zn Sn

temperature (°C) (At %) (At %) (At%) (At %) Cu/(Zn+Sn)  Zn/Sn
As-deposited 42.24+0.1 25.6+£0.1 17.64+0.1 14.440.1 0.7940.1 1.2£1.6
375 30.8£0.7 17.7+£0.6 16.94+0.9 34.4+0.5 0.344+0.4 0.4+1.9
400 31.44+0.3 18.5+0.9 15.8+1.2 34.2+0.3 0.3740.6 0.4+3.8
550 30.842.1 18.2+1.6 27.1+4.6 23.70+4. 0.3+0.2 0.8+1.3
575 32.840.1 7.4+0.9 48.3+1.1 11.3+0.4 0.1£0.5 4.242.7

118



7.1.2. Morphology characterisation

7.1.2 Morphology characterisation

The surface morphology of all CZTS thin films was investigated using SEM sec-
ondary electron imaging. Figure shows the plan-view SEM images of the CZTS
thin films annealed for one hour at different annealing temperatures of 375, 400,
550, and 575 °C under HoS+Ns 20:80 atmosphere. From the SEM images, the films
annealed at the lower annealing temperature of 375 °C have a uniform surface with
round bumps with small voids and cracks. Furthermore, samples annealed at higher
temperatures 500 and 550 °C, revealed formation of abnormal grains, which might
be related to secondary phases or incorporated components during the reaction
process. According to the literature, each element has a vapour pressure, and at
high annealing temperatures, elements with high vapour pressure, such as Cu and
Zn, diffuse out of the films, which might lead to grain growth. The observation of
abnormal grain growth on top of a fine-grained layer described by a previous study

[118].

7.1.3 Crystal structure

7.1.3.1 X-ray diffraction

Figure shows the XRD patterns of the CZTS thin films annealed at different
annealing temperatures: 375, 400, 500, 550, and 575 °C at one-hour annealing
time. All annealing temperatures show diffraction peaks around four major CZTS
diffraction peaks: 28.35° 33.23°, 47.5° and 56.3°. These correspond to the (112),
(200), (220), and (312) planes of kesterite CZTS which confirms formation of kes-
terite CZTS [199} 175, 176, 200]. The CZTS reference powder diffraction spectra
PDF 026-0575 is shown in Figure for comparison. The major peak intensities
become sharper and stronger with increasing annealing temperature up to 500 °C.
Table[.2]shows estimated values for lattice constants a and ¢ of the films calculated

from the (112), (220), and (312) peaks and is in good agreement with theoretical
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7.1.3.1. X-ray diffraction

Figure 7.2: SEM images of a CZTS drop cast thin film deposited on a glass substrate
and annealed for 1 hour under HyS + Ny 20:80 pressure at temperatures of (a) 375,
(b) 400, (c) 500, and (d) 550 °C

values [169, 170} 168, [165, [166], [177]. The (112) X-ray peak FWHM shown in Table
??for different annealing temperatures was extracted from the the main (112) peak
diffraction lines. FWHM peak widths generally decrease as annealing temperat-
ure increases for all annealing temperatures except 550 °C. The FWHM can be
used to determine the X-ray scattering domain size and indicates the increasing
crystalline nature of the films annealed at higher annealing temperatures. The
scattering domain size was estimated using the Debye-Scherrer equation 4.2. The
small grain size of CZTS can be confirmed by large FWHM values in XRD spectra
in films that are observed to have larger grain boundary limitations which leads to
larger pinholes and larger voids in the thin film, as can be seen in scanning elec-
tron microscopy (SEM) images for annealing temperatures of 375 and 400 °C. The
scattering domain size increases with annealing temperature, as shown in Table
[7:2] demonstrating enhanced crystallinity with increasing annealing. These results

demonstrate that annealing has a significant influence on crystallinity.

120



7.1.3.2. Raman spectroscopy
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Figure 7.3: XRD patterns of annealed CZTS thin films at various temperatures
for 1 hour. A reference pattern from the ICDD database for kesterite CusZnSnSy
(PDF 00-026-0575) is shown in the red stickplot.

Table 7.2: XRD lattice parameter, FWHM of (112) diffraction peak, and scatttering
domain of as-deposited CZTS thin films and after annealing at different temperat-
ures for one hour.

Lattice parameter

Annealing FWHM (degree) Scattering
temperature (°C) Peak peak (112) domain (nm)
intensity (112) a (nm) ¢ (nm)
375 1466 0.5432 1.0958 0.76 10.78
400 2391 0.5435 1.0909 0.60 13.65
500 4306 0.5417 1.0833 0.47 17.43
550 3993 0.5431 1.0975 0.52 15.75
575 2860 0.5404 1.1031 0.38 24.09

7.1.3.2 Raman spectroscopy

The existence of secondary phases can influence the performance of devices because
these secondary phases can induce differences in the band alignment or a mismatch
in the crystal structure leading to higher recombination losses. Raman spectroscopy
was used to detect the presence of secondary phases. Secondary phases such as
7ZnS, SnS, and CuaSnS3 have similar XRD pattern structures to the kesterite CZTS

phase. Therefore, it’s difficult to distinguish these secondary phases using the XRD
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7.1.3.2. Raman spectroscopy

technique. However, Raman spectroscopy is used as a complementary technique
to distinguish between them [201, 202, 203, 204 [7, 15, 163]. A 532 nm laser
excitation wavelength was used to excite the Raman spectra at room temperature.
The Raman spectra of CZTS films annealed at different temperatures are shown in
Figure [7.4) which shows the fitting with Lorentzian functions curves of the Raman

spectrum, that can determine the Raman peak position for each mode.
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Figure 7.4: The fitting with Lorentzian functions curves of the Raman spectrum
with different annealing temperatures for one hour.

All Raman spectra of all films are dominated by a strong peak at 337, 332, 334
and 334 cm ™! for annealing temperatures of 375, 400, 550 and 575 °C, respectively.
Raman peaks become sharper with stronger intensity at 500 °C and 550 °C, and
lower intensity at lower annealing temperature of 400 °C compared to as-deposited
film. Individual plots of deconvoluted Raman spectra of CZTS thin films with
Lorentzian peak fitting function for different annealing temperatures show that
samples annealed at temperature 550 °C, show the presence of the secondary phase

SnSy with peak Raman positions at 314 cm~! [205] and 356 cm~!. Fitting at 375
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7.1.4. Optical characterisation

°C indicates the existence of the Sn,S3 phase with a Raman peak at 307 cm™!

[205]. The more sensitive nature of Raman spectroscopy allows the observation of

secondary phases at levels which would not appear in X-ray diffraction spectra.

7.1.4 Optical characterisation

The energy band gap is estimated using the Tauc Plot of (ahv)? versus photon
energy (hv) as shown in Figure A variation is observed in the energy gap
because of the variation in annealing temperatures. The increase in optical band
gap at annealing temperature 575°C might be attributed to the decrease in atomic
ratio Cu/(Zn+Sn) for the annealed films from 0.79 to 0.26 as reported by Feng et
al. [20]. The film annealed at 575 °C has an estimated optical band gap of 1.5 eV,

which is close to the optimum band gap range for solar energy conversion [7], [17§].
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Figure 7.5: Tauc Plot of (ahv)? versus photon energy (hv) for CZTS for annealed
samples at different temperatures for 1 h. The inset shows the variation of energy
band gap with annealing temperature.
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7.2. Influence of annealing time

7.2 Influence of annealing time

7.2.1 Composition analysis

Table [7.3] shows the chemical compositions of CZTS films annealed at 550 °C for

different annealing times of 15 min, 30 min, 45 min, 60 min, and 75 min. All an-

nealed films were observed to be Cu-poor and Zn-rich compositions after annealing.

The Cu/(Zn+8Sn) ratio shows a decreasing trend with increasing annealing time,

whereas the Zn/Sn ratio shows a general increasing trend with annealing time.

Table 7.3: CZTS thin film compositions at annealing temperatures of 550 °C and
different annealing times.

t‘;“rﬁze(arz;g) S (At %) Cu (At %) Zn (At %) Sn (At %) Cu/(Zn+Sn) Zn/Sn
As-dep 122 27.8 24.1 5.7 0.93 417
15 27.9 18.2 17.3 15.2 0.55 1.14
30 31.0 28.0 31.0 10.0 0.68 3.10
45 50.4 13.7 29.6 6.1 0.38 4.80
60 31.3 33.1 29.5 5.9 0.93 4.94
75 30.6 19.9 37.7 11.9 0.40 3.16

7.2.2 Morphology characterisation

Figure shows the plan-view SEM images of the CZTS thin films annealed at 550

°C with different annealing times of 30, 45 and 75 min. The film annealed for 30 and

45 min appears uniform, with small voids and cracks. At a higher annealing time

of 75 min, as shown in Figure a fine grained floor layer emerges (labelled by red

stars) with larger abnormal grains (labelled by blue stars) appearing on the surface.

grain growth on the surface could be attributed to ZnS. EDX measurements show

that the surface grains are richer in Zn and poorer in Cu compared to the floor

layer.
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7.2.2. Morphology characterisation

Figure 7.6: Top view SEM images of a CZTS thin film deposited on a glass substrate

75 minutes.
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7.2.8. Crystal Structure

Figure 7.7: SEM image of the film annealed at 550 °C for 75 min. The floor layer
with red stars and large grains is indicated by blue stars (magnification of x1k).

7.2.3 Crystal Structure

7.2.3.1 X-ray diffraction

Figure [7.8| shows the XRD spectra of the CZTS thin films annealed at 550 °C at
different annealing times. All three major peaks occur at 28.3°, 47.1°, and 56.3°,
which correspond to (112), (220), and (312) planes of kesterite CZTS, and these
values are in good agreement with the ICDD-260575 reference spectra [199]. The
major peak intensities become sharper and stronger as the annealing time increases,
except for the longest time of 75 min, where it decreases as shown in Figure
Additional small peaks appear at 13.6°, 18.1°, 19.9°, 22.1°, 26.8°, 30.6°, and 58.9°
after 45 minutes of annealing. After one hour of annealing, a lot of these peaks
disappear, but other peaks start to increase in intensity, and at an annealing time
of 75 min, some disappear, such as the peaks at 13.6°and 26.8°. Table [7.4] shows
the estimated values of CZTS lattice parameters a and ¢, and is in good agreement
with reported values [169, 168, [I7I]. The X-ray scattering domain size increases

with increasing annealing time except for 75 min, as shown in Table [7.4]

126



7.2.3.2.  Raman spectroscopy
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Figure 7.8: XRD pattern of CZTS thin films annealed at 550 °C for various an-
nealing times. The ICDD-260575 reference spectra is shown in the red stick plot.

Table 7.4: Lattice parameters, FWHM, and scattering domain size of CZTS thin
films as-deposited and annealed at 550 °C for various annealing times.

Annealing X-ray peak Lattice parameter FWHM (degree) Scattering

time (min) intensity (112) a (nm) ¢ (nm) Peak (112) domain (nm)
As deposited 4156 0.5413 1.078 0.49 16.72
30 1534 0.5375 1.065 0.80 10.24
45 3869 0.5425 1.094 0.51 16.06
60 2860 0.5404 1.103 0.38 21.56
75 2300 0.5422 1.092 0.51 16.06

7.2.3.2 Raman spectroscopy

The Raman spectra of CZTS films annealed for different annealing times are shown
in Figure[7.9] It shows the broad peaks are deconvoluted with several possible peaks
of different vibrational modes. The fitting with Lorentzian function curves of the
Raman spectrum gives evidence that in all spectra the main peak is around (334,
336, 337, and 338 cm~!) for annealing times of 30, 45, 60, and 75 min and is in
agreement with reported values [15, 12 206]. In addition, other Raman shifts,
346, 336 cm~! (45 min), 349 cm~! (60 min), 347, 321, 313 cm~! (75 min), and
345, 313 cm™! (30 min), correspond to different vibrational symmetry modes of

CZTS. Moreover, there is evidence of the existence of different secondary phases
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7.2.4. Optical characterisation

such as SnSs, ZnS and CuySn;Si as shown in Table At an annealing time of

75 min, the existence of ZnS is shown in agreement with EDX measurement where

an increase of Zn atomic percent is observed.

z Exp. d z

= Xp. atgz ) 2 Exp. data

> Cumulative Fit Peak 5 Cumulative Fit Peak

5 g

~ ©

= S
= >

[72] =

j = [}

Q c

2 2
- £

. . . 3p min . . . . . 45 min
280 300 320 340 360 380 280 300 320 340 360 380
Raman Shift (cm™") Raman shift (cm™)

0 Exp. data @

E Cumulative Fit Peak S | ——Exp. data

o g Cumulative Fit Peak

A 8

2 2

Z 2

[ = =

2 )

£ £

AN
60 min 75 min
. . L . L L 1 1 . . . . . :
260 280 300 320 340 360 380 400 420 440 260 280 300 320 340 360 380 400
Raman shift (cm™") Ramn shift (cm™)

Figure 7.9: The fitting with Lorentzian function curves of the Raman spectra for
CZTS samples annealed at 550 °C at different annealing times.

Table 7.5: Phase analysis of the measured spectra at different annealing times.

Annealing Phases Raman Shift Reported
time (min) (Present work (cm™') Raman Shift (cm™1)
30 SnS, 315 12071

7ZnS, CusSnyS1s 350 [208]
45 SHSQ 314 m M

ZnS, CugSn7S16 290, 350 [209]
60 ZnS 290 [209]

CusSn7Sig 350 [209]
75 7nS 313, 351 [200] 207 [164] [172]

7.2.4 Optical characterisation

Figure shows the Tauc Plot of (ahv)? versus photon energy (hv) for annealed

CZTS films at 550 °C at various annealing times. The extrapolation to determine
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7.8. Summary

the energy band gap is shown for each film. The band gap increases with increasing
annealing time. The energy gap is 1.16, 1.25, and 1.3 eV for annealing times of
30, 60, and 75 min, respectively. The increase in CZTS band gap energy could be
explained by a decrease in the Cu/(Zn+Sn) ratio as shown in Table as reported

by a previous study [180].
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Figure 7.10: Tauc Plot of (ahv)? versus photon energy (hv) for as-deposited and
annealed CZTS thin films at 550 °C for different annealing times. The inset shows
the energy band gap as a function of annealing time.

7.3 Summary

A study on the effect of annealing parameters temperature and time on the com-
positional, morphologycal, crystal, and optical properties of the CZTS thin films
deposited on SLG substrate by drop casting were investigated. All films were an-
nealed in a HoS+Nj (20:80) atmosphere at different annealing temperatures (375,
400, 500, 550, and 575 °C) for one hour and different annealing times (15, 30, 45,
60, and 75 min) at annealing temperature 550 °C. A significant change in the com-

position and ratios is seen at the highest annealing temperature of 575 °C, where

129



7.8. Summary

there is also a significant decrease in the percentage of Sn . Morphology analysis
shows films annealed at 550-575 °C show abnormal grain growth on the surface,
as has been observed in previous studies. Crystal structure analysis shows that
the small grain size of CZTS can be confirmed by the large FWHM values in XRD
spectra of films that are observed to have larger grain boundary limitations, which
leads to larger pinholes and larger voids in the thin film, as can be seen in scanning
electron microscopy (SEM) images for annealing temperatures of 375 and 400 °C.
The scattering domain size increases with annealing temperature, demonstrating
enhanced crystallinity with increasing annealing temperature. All annealed films
were observed to have Cu-poor and Zn-rich compositions after annealing. The
Cu/(Zn+Sn) ratio decreases with increasing annealing temperature, whereas the
Zn/Sn ratio increases with increasing annealing temperature. At a higher anneal-
ing time of 75 minutes, a fine grained floor layer emerges with larger abnormal
grains appearing on the surface. An abnormal grain growth on the surface could
be attributed to ZnS. EDX measurements show that the surface grains are richer in
Zn and poorer in Cu compared to the floor layer. The analysis of crystal structure
reveals that, except for 75 minutes, the annealing time increases the size of the

X-ray scattering domain.
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CHAPTER 8

Conclusions

8.1 Thesis summary

The purpose of the investigation presented in this thesis was to learn more about the
properties of CZTS in order to improve its use as a solar photovoltaic absorber layer
in a thin-film solar cell. CZTS is a promising quaternary semiconductor material
to use as an absorber material for future generations of thin-film solar cells due to
its less toxic nature, relative earth abundance of the constituent elements, excellent

band gap, and high absorption coefficient.

The hot injection method was used to successfully synthesize CZTS nanoparticles.
Inks were coated onto clean glass substrates using spin coating procedures at a
speed of 2500 rpm for 15 seconds after being synthesized at 225 °C for 30 minutes
via the facile hot injection process. A CZTS nanoparticle-based control sample
that was synthesized at 225 °C for 30 minutes had a kesterite crystal structure.
The average composition of the CZTS nanoparticles was determined by adjusting
the precursor molar ratios into a Cu-poor and Zn-rich region of the phase diagram.
The XRD pattern shows three main peaks of the kesterite structure were found
confirming the crystal lattice structure as kesterite. The major XRD diffraction
peaks appeared at 28.5°, 47.5°, and 56.3° and can be attributed to the (112), (220),

and (312) planes of kesterite CZTS. The lattice parameters have been obtained
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8.1. Thesis summary

from the XRD pattern: a = 5.413 A and ¢ = 10.788 A. The nanocrystal crystallite
scattering domain size was found to be 15.39 nm. Optical spectroscopy analysis
shows that the estimated energy bandgap is 1.50 eV. Investigations were done into
how fabrication parameters like temperature and time affected the properties of
CZTS thin films. It was revealed that band gap, composition, and crystal structure
are significantly influenced by the post deposition annealing temperature (175, 185,
220, 225, 235, and 250 °C) and time (30, 45, and 60 min). The above-mentioned
results analysis confirms that CZTS nanocrystals were successfully synthesised.
The optimal temperature for synthesising a high quality CZTS absorber layer is
225 °C for 30 minutes, this results in an energy band gap and scattering domain
size approximately 1.39 eV and 26.54 nm respectively. Due to its suitable band
gap, and scattering domain size, CZTS nanoparticle ink has shown potential for

application as the absorber layer in PV systems.

A study of the effect of annealing in a HoS+No atmosphere on the properties of
CZTS thin films has been presented. The effect of annealing temperature on a
Mo/CZTS/CdS heterojunction was carried out at temperatures ranging from 450
°C to 550 °C at an annealing time of one hour in a HoS+Ny 20:80 atmosphere in
a quartz tube furnace. There is significant interdiffusion of the elements from the
different layers in a Mo/CZTS/CdS heterojunction which occur at the temperatures
commonly used to fabricate CZTS devices. Annealing promotes cadmium diffusion
from the n-type semiconductor to the p-type CZTS absorber layer. According
to various studies, Cd diffusion improved the performance of thin-film solar cells.
However, at annealing temperatures of 500 and 550 °C, the presence of a Cu-related
secondary phase is detrimental because it introduces shunting routes that lower the
devices’ FF due to its metallic nature and low resistivity profile. In addition, in the
presence of Mo, CuyZnSnS, is unstable at high processing temperatures (500-600
°C). Mo combines with S to result in the decomposition of CusZnSnS, at the
CZTS /Mo interface to form MoSg which leads to losses of Vy., Jsc, and FF in CZTS

devices. The findings presented here indicate that there is significant interdiffusion
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of the elements from the different layers in a Mo/CZTS/CdS heterojunction which
occur at the temperatures commonly used to fabricate CZTS devices. This diffusion
over a period of time lead to degradation of the device. Further improvements
in CZTS devices will require strategies to minimise this interdiffusion of these

elements.

A study of different annealing parameters (temperatures and times) on the proper-
ties of the CusZnSnS, film deposited on glass by drop casting has been presented.
All films were annealed at different temperatures and times. Different annealing
temperatures (375, 400, 500, 550, and 575 °C) and different annealing times (15,
30, 45, 60, and 75 min) were investigated. All annealed films were observed to have
Cu-poor and Zn-rich compositions after annealing. The Cu/(Zn+Sn) ratio shows a
decreasing trend with increasing annealing temperature, whereas the Zn/Sn ratio
shows a general increasing trend with annealing temperature. At a higher anneal-
ing time of 75 min a fine grained floor layer emerges with larger abnormal grains
appearing on the surface. An abnormal grain growth on the surface could be at-
tributed to ZnS. EDX measurements show that the surface grains are richer in Zn
and poorer in Cu. The analysis of crystal structure reveals the X-ray scattering

domain size increases with increasing annealing time except for 75 min.

8.2 Suggestions for further work

In addition to the work that is described in this thesis, there are a number of re-
search challenges that still need to be addressed, Low efficiency is largely attribut-
able to the interface problem. Additional research is necessary in order to improve
performance of CZTS solar cells. Further research will be to develop a practical
technique for reducing interface recombination of CZTS and eliminate the exist-
ence of secondary phases. More focus should be placed on the characteristics of
the interface between the absorber layer and the rear contact. Further research

is needed to fully understand the interface reactions between the Mo/CZTS and
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CZTS/CdS layers. More emphasis is necessary to understand the interdiffusion of
the elements and how they affect the performance of CZTS devices. More invest-
igations of the sulphurisation process are required to minimise any interdiffusion
of the elements or secondary phases. The preparation of complete photovoltaic

devices will be important for studying the impacts on solar cell performance.
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