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In this thesis, disordering of the kesterite structure CZTS monograins was studied, using
Raman spectroscopy and room-temperature photoluminescence measurements. The task was
to employ different annealing temperatures to achieve different degrees of disordering in the
Cu2ZnSnS4 crystals. Then monograin layer solar cells were produced to understand the effect

of disordering on the output parameters of solar cells.
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List of abbreviations and symbols

4N purity — purity of 99.99%

CBD - chemical bath deposition

CIGS - Cu(In, Ga)s:2

CZTS - Cu2ZnSnS4

DSSCs - dye sensitized solar cells

Ec - conduction band

Er — Fermi level

e-field - electric field

Eg - band gap

Ev - valence band

FF - fill factor

FWHM - full width at half maximum
IEA - International Energy Agency

Ivp — maximum point of current

Isc - short-circuit current

i-ZnO - (intrinsic) self-conducting (high resistance) ZnO
Jsc — short-circuit current density

MGL - monograin layer

PCE - power conversion efficiency

PL — photoluminescence

PMCA - primitive-mixed CuAu

PV - photovoltaic

gVb - electronic charge of built-in potential
RTPL - room-temperature photoluminescence
S - degree of order

So - ground state of order in a material
Segm — equilibrium amount of order

Tann — annealing temperature

Teooi — cooling temperature

Vmp — maximum point of voltage

Voc - open-circuit voltage

Zn0:Al - ZnO doped with Al



INTRODUCTION

In today's world, with a growing population and increasing global energy needs, it's essential
for humanity to consider alternative energy sources alongside traditional ones. The decline in
global fossil fuel reserves, coupled with population growth, emphasizes the importance of
transitioning towards renewable energy sources like solar and wind power, as well as other

options such as nuclear and hydroelectric energy.

Renewable energy is both economically and environmentally advantageous compared to
widely used fossil fuels. The European Union's ambitious European Green Deal [1] aims to
make Europe the first climate-neutral continent by 2050, with significant changes expected in
the energy sector, particularly a transition to renewable sources like solar energy. Developing
ecologically friendly, efficient, and versatile technologies is crucial to meet the necessary

capacity for solar electricity production, complementing existing silicon solar panels [2].

Solar power offers a clean energy solution that can be swiftly and conveniently implemented
to meet local energy needs. It is expected to play a central role in the future electricity grid,
alongside wind power, potentially accounting for nearly 70% of global electricity generation
by 2050. According to the International Energy Agency (IEA), the latest advancements in solar

technology have made it the most economically viable source of electricity ever [3].

Solar cells operate on the principle of the photoelectric effect, requiring light for energy
production. The absorber material within a solar cell must efficiently absorb light across the
solar radiation spectrum, ideally with a high absorption coefficient, allowing for thinner
absorber layers. Modern thin-film solar cells, like those using cadmium telluride (CdTe) and

copper indium gallium selenide (CIGS), offer flexibility in manufacturing and application.

However, challenges remain, including the scarcity of certain materials and concerns over
toxicity and usage restrictions. Exploring alternative absorber materials for thin-film solar
cells, such as copper zinc tin sulphide (CZTS) and antimony selenide, is necessary. Comprised
of abundant elements, these materials offer promising solutions for next generation

photovoltaic applications.

Currently, CZTS-based solar cells hold the record for highest power conversion efficiency (PCE)
among emerging inorganic thin-film PV candidates. Despite this, kesterite solar cells' PCE still

falls significantly behind the theoretical maximum efficiency due to the large Voc deficit.



Several factors contribute to the loss of Voc in CZTS-based solar cells, including: 1) challenges
in achieving a uniform absorber composition, causing fluctuations in bandgap and reduced
device performance; 2) Cu-Zn antisite defects, inducing electrostatic potential fluctuations
and band tailing, thus reducing Voc and 3) complex defect properties introduced by multivalent

Sn, leading to high recombination rates, and decreased Voc.

This study investigated the impact of the Cu-Zn disordering within the CZTS crystal lattice on
its structural and optical properties. An innovative approach to sample preparation for analysis
was employed, and statistical analysis was utilized to minimise the influence of crystal facet
orientation. Furthermore, this research aimed to explore the correlation between room
temperature photoluminescence (RTPL) and the performance characteristics of CZTS
monograin layer solar cells. These solar cell samples were fabricated using monograin layer

technology.



1 THEORY AND LITERATURE REVIEW

1.1 Fundamentals of solar cells

In 1839 a French Physicist, Alexandre Edmond Becquerel, discovered the photovoltaic effect.
Through experiment with metal electrodes and electrolyte Becquerel discovered the increase
in conduction with illumination, which was later described by Albert Einstein in 1904 [4]. The
photovoltaic effect in solar cell systems means that two dissimilar materials in close contact
start to produce electrical voltage due to incident light. The light gives energy to the atoms of
the semiconductor, and thus some electrons are freed from their usual positions. Those free
electrons can then cross the junction between the two materials, so there will be a negative
charge and negative voltage at one side of the junction and other side of the junction is then
left with holes in the crystal structure. This can be compared to a battery, where one electrode
of a battery has a negative voltage as opposed to the other electrode. As long as incident light
continues to give energy to free electrons in the material, the system generates voltage and
current due to forementioned PV effect [5]. The first solar cell was put together in 1941 using
silicon monocrystal. Then in 1951, germanium solar cells were made which resulted in a solar
cell with 4.5% efficiency [4]. Since then, efficiencies have been increasing over time using
different materials and structures [6], with the latest maximum solar cell efficiency achieved

in 2022, where quadruple junction solar cell with 47.6% conversion efficiency was measured

[7].

Solar cells are mainly categorised into three different generations. Main differences are the
materials and technologies used in different generations. The first generation uses crystalline
wafer technology, with silicon (mono- and polycrystalline) as the absorber. Silicon is one of
the most widely used materials in PV technologies. Thin film technology is considered as the
second generation, using amorphous silicon, CdTe and CIGS as the absorbers. In this
generation the target was to minimise used material and cost of cells. Third generation
technologies which are considered as emerging technologies, are mix of the two previous
generation technologies, with emphasis on charge carrier mechanisms and using more
complex multinary compounds (also CZTS, which is the focus of this paper). Additionally, third
generation technologies include dye sensitized solar cells (DSSCs), organic and polymeric
cells, perovskites, quantum dot cells and multi-junction cells. Some examples of achieved

power conversion efficiencies of different generations are brought out in Figure 1.1. The graph
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categorizes solar cell technologies as follows: first generation solar cells are marked with blue,
second generation with green and third generation with red colour. Additionally, multijunction
cells, which utilize more than one p-n junction or GaAs technologies, are marked with purple,

but these technologies are not considered under any mentioned generations.
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Figure 1.1. Examples of PV cell efficiencies [8].

Semiconductors are commonly employed in solar cell structures due to their adjustable
electrical properties. Semiconductors are ideal for solar cell applications due to their
intermediate electrical conductivity, lying between that of conductors like metals and
insulators such as rubber. The conductivity of semiconductors is affected by various factors,
including temperature, the use of dopants, illumination, and structure.

For semiconductors to be conductive, electrons must be able to cross the band gap (Eg). This
band gap exists between the valence band and the conduction band, representing a region

where electrons cannot present [9].

11



The wider the band gap, the harder it is for electrons to reach the conduction band. As can be
seen on the Figure 1.2, there is no energy gap between conduction and valence band for
conductors, which means that electrons can move freely and there is no need for extra energy
to reach conduction band. For semiconductors the band gap is usually around 1-3 eV, just
enough for electrons to be able to reach conduction band in excited state. In insulators, the

band gap is too large for electrons to surpass it.
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The junction essential for producing voltage and current is called the p-n junction. The main
function of the p-n junction is the separation of electrons and holes, crucial for establishing
the electron circuit. Electrons carry a negative charge, while holes are carrying the positive
charge. The formation of the p-n junction between the two distinct semiconductors is driven
by disparities in charge carrier concentrations. In p-type semiconductor, there is an excess of
holes, while in a n-type semiconductor, there is an excess of electrons. This difference in holes
and electrons concentrations, induces holes diffusion into regions of lower concentration and
vice versa for electrons. The space where carriers diffuse forms an electric field known as the
depletion region. (Figure 1.3a) The charge remains fixed in the depletion region and there are
no mobile charge carriers in that zone. At the point where diffusion is balanced by drift current,
thermal equilibrium is established and further diffusion is stopped and the Fermi levels for

both semiconductors become equal (Figure 1.3 b) [11].
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Figure 1.3 (a) Schematic structures of the p-n junction and (b) its energy band diagram in thermal

equilibrium [11].

The initial stage in the operation of a functional solar cell involves the generation of electron-
hole pair through the absorption of light photons. As mentioned above, the p-n junction helps
to separate the electrons and holes, directing electrons towards the negative terminal and

holes towards positive terminal, thereby generating electrical current (Figure 1.4) [12].
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Figure 1.4 Working principle of a p-n junction solar cell [13].
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1.2 Absorber material in solar cell structure

The main component within the solar cell structure (Figure 1.5) is the absorber layer. The
primary task for the absorber layer is to absorb as much photons as possible. As previously
mentioned, incident light excites electrons, allowing them to reach the conduction band and
generate photocurrent. Absorber materials for solar cell structures are selected to align their
bandgaps with regions of the solar spectrum exhibiting high photon flux, optimizing energy
absorption [14].

Front Contact
Window Layer
Buffer Layer ——

Absorber Layer —

Back Contact —

Substrate —

Figure 1.5. Structure example of CZTS solar cell [15].

Additionally, the absorption coefficient of the material within this layer must be as high as
possible, ensuring that incident light is absorbed within a minimal thickness of the material.
Consequently, less material is required to fabricate the absorber compared to materials with
lower absorption coefficients. For example, when using silicon as the absorber layer,
characterised by a low absorption coefficient, the layer thickness in a solar cell structure
typically ranges from 150-200 micrometres. In modern thin film solar cells, the absorber layers
can be considerably thinner, typically ranging from 1 to 5 micrometres, and sometimes even
less. This reduction in thickness significantly reduces the amount of material required for the
layer, consequently lowering the weight of the cells. Thin structure of the cells makes it
possible to use them basically everywhere, including vehicles, buildings, and streetlights, due

to their versatility and adaptability.
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1.2.1 Properties of Cu2ZnSnS;

Today, the outlook for Cu2ZnSnSs-based (CZTS) thin film technology appears promising, as
kesterite emerges as a highly favourable material for incorporation into solar cell structure as
an absorber material. The elements that are used in kesterite are earth-abundant and non-
toxic. CZTS has a p-type conductivity with direct band gap with an energy value of 1.5 eV,
which can be tuned between 1-1.5 eV, by partially replacing S with Se. The absorption
coefficient is >10% cm™. Besides that, in the field of emerging inorganic thin film technologies,
CZTS has the highest measured power conversion efficiency (PCE) compared to other
alternative materials [16]. So far the highest achieved PCE for kesterites is 14.9% [17]. There
is definitely room for development, because the theoretical maximum for kesterites is around

30% according to the Shockley-Queissier limit [17].

CZTS crystallizes in three different types of tetragonal structures: kesterite, stannite and
primitive-mixed CuAu (PMCA) structure. Kesterite CZTS is obtained from chalcopyrite type
CulnSaz. In this derivation In atoms are substituted with Sn and Zn compared to stannite and
PMCA structure, which are derived from CuAu-like structure [18]. The positioning of Cu and
Zn atoms differ in kesterites and stannites, but Sn atoms stay in the same position for both
structures. PMCA structure looks like a combination of two kesterite unit cells and one stannite
unit cell. Kesterite structure is the most stable of the three. Today, it could be said that

research focus more on the kesterite structure and less on stannite and PMCA structures.

Besides the different structures of CZTS, the synthesis of thin films may lead to different
secondary phases such as ZnS, Cu2SnSs and Cuz2S. This occurrence is attributed to the fact
that CZTS can be obtained from relatively narrow region within the thermodynamic phase
diagram. These mentioned phases can significantly influence device performance, as they may
result in mismatches in crystal structure or band alignment, affecting the overall efficiency of
the device. Also, the charge carrier transport and lifetime are negatively affected by the
presence of crystallographic defects. For example, CdTe and CIGS exhibit minority carrier
lifetimes 1-2 orders of magnitude longer than CZTS. This is due to the point defects, twinning,
stacking faults, Cu-Zn disordering, and dislocations. When comparing CZTS to other
chalcopyrite materials, lower efficiencies have been observed due to a low open-circuit voltage
(Voc). Studies indicate that this is primarily due to band gap fluctuations, which are caused by

disordering of the Cu and Zn cations within the structure [19].
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In crystal structures, defects are positions of the atoms, where the symmetry of the unit cell
is disrupted, and the arrangement of atoms differs from the ideal crystal structure. As
previously mentioned, some of them are extended defects (such as stacking faults, grain
boundaries or dislocations). Point defects are defects that only involve one site of the
structure. Figure 1.6 illustrates various types of point defects, such as antisites, interstitial
atoms and vacancies. Interstitial atoms are defects where there is an atom in-between the
lattice. Vacancies are defects where the atom is absent from its position and antisites are

positions, where atoms have occupied a location of another element.

Antisite

’ C ’/ Interstitial
Vacancv\ ' .
¢ 3 . :/AnUSlte

Figure 1.6 Illustration of intrinsic point defects in a crystal [20].

Cu2ZnSnSs crystallises in the kesterite-type (space group I4) with four different cation sites
being available in the structure [19]. In the ordered structure, Sn is positioned on site 2b, and
one Cu is occupying the 2a position and the remaining is 2c, and Zn on 2d. Diffraction studies
have shown partial or total disordering of Cu and Zn on the 2c and 2d positions (see Figure
1.7). Point defects of Cuzn and Zncu require relatively low energy to form, so the disordering

of Cu-Zn is highly probable in theory.

2¢ (0,%,%4) : @

2d(on/,,3/4)‘\ o\ ¢ /. : \“/0

1%
/.\‘\ Te .

Figure 1.7 Unit cells of ordered (left) and disordered kesterite (right); sites involved in the order-disorder

transition are labelled [19].
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Studies [21] have shown that disordering is dependent on the cooling rate of sample synthesis,
and the faster the cooling, the higher the degree of Cu-Zn disordering in the sample. Slow
cooling is associated with more ordered CZTS [22]. When a material undergoes slow cooling,
there's more time for defects and clusters within its structure to rearrange and relax into more
stable configurations. These defects and clusters often have high formation energy, meaning
it requires a significant input of energy to form them in the first place. Slow cooling allows this

energy to be gradually dissipated, leading to a more thermodynamically favourable state.

However, when the cooling rate is fast, there isn't enough time for these defects and clusters

to relax so they will stay in the structure [23].

Research has indicated that rapid cooling facilitates the randomisation of Cu and Zn atoms on
the 2c and 2d sites within the structure, resulting in effective I142m space group. However,
when samples are gradually cooled at a rate of 1 K/h, only about 30% of the Cu and Zn atoms
exhibit disorder on the crystallographic sites. A 30% occurrence of disorder, leading to Cu-Zn
antisite defects, could be indeed considered significant. Such defects are known to cause a
100 meV deviation in the band gap [24]. Raman spectroscopy has proven to be an effective
method in distinguishing between ordered and disordered CZTS materials. In disordered CZTS,
broader peaks with minimal shifts (~1-2 cm™) are observed. Raman studies have shown that
the critical temperature for disordering is 260 °C, over that temperature pure sulphide-based

kesterites become completely disordered at equilibrium [25].
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Figure 1.8 The degree of order (S) in a material having an order-disorder transition with critical

temperature T¢ [24].

17



Figure 1.8 shows a description of order-disorder transition in crystalline material, which was
made by Bragg and Williams [26]. Usually, the ground state means that the structure is
ordered and in equilibrium, but in this case the ordering parameter, S, shows how ordered is
the material. When S is equal to 1, the material is perfectly ordered and when it is 0, the
material is completely disordered. In the graph, the model of Vineyard has been used to
calculate equilibrium amount of order against temperature, which is displayed with the dashed
line. When temperature rises, Seqm decreases, and the disordering is complete when the
material reaches the point of critical temperature. The solid curves show two different
annealing times (t2 > ti), with three different regimes. Regime I does not increase S
significantly, II is enough for atomic motion, so S increases towards Seqm. In regime III, which
shows the reaction of the material over the critical temperature, it can be seen that ordering
reduces below Sp, and material becomes completely disordered. In reality there can exist a

practical upper limit on the level of order achievable within a reasonable timeframe [24].

Experiments have revealed that the Voc of Cu2ZnSnSes4 and Cu2ZnSn(S, Se)s can be improved
through Cu-Zn ordering. However, the deficit of Voc observed in kesterites remains significant.
A direct connection has been found between anomalies in temperature treatment on the
transport properties and the order-disorder transition for the kesterite. Consequently, this
transition impacts the photovoltaic and thermoelectric properties of kesterite based devices
[27].

Studies have revealed a difference in the band gap energy between ordered and disordered
kesterite phases, with photoluminescence studies indicating a narrower energy gap between
these structures [28]. The degree of disorder in CZTS can be affected by the speed of cooling
after sample synthesis, rapid cooling tends to increase disorder, while slower cooling promotes
a more ordered arrangement. Furthermore, the degree of Cu-Zn disorder can be adjusted by

utilising various cooling methods or applying low-temperature post-annealing treatments.

A previous study [22] examined how the degree of Cu-Zn disordering in Cu2ZnSnS4 monograin
powders affects the performance of CZTS-based monograin layer (MGL) solar cells. Different
cooling and low-temperature annealing methods were used to adjust the ordering level, which
was characterised using low temperature photoluminescence (PL) and Raman spectroscopy.
The results showed that increased ordering increased the band gap energy of the CZTS
material, leading to higher Voc values in the corresponding MGL solar cells. (685 mV vs 759
mV).

18



1.3 Monograin layer technology

Monograin layer technology is a solar cell technology, where the absorber layer consists of
monograin powders. The use of monograin technology means that the solar cells become
cheaper in price and can achieve higher power conversion efficiencies, latter is because there
are less grain boundaries compared to polycrystalline materials. This means that the layer
absorbs light better, there are more charge carriers and less recombination of holes and
electrons. Usually, the synthesis is done using the molten salt method, where micro-crystalline

materials are grown, while controlling the chemical composition and doping concentration.

Cu2ZnSnS4 has been successfully synthesised in the form of monograin powders using LiI,
Nal, KI, RbI and CsI as a flux material [29]. In another study, Cu2CdGeSes powder materials
were synthesised in two different salts —-CdI2 and KI liquid phase [30]. Also, different research
of Cu(Ini-xGax)Se2 monograin powders with different x values (x = 0 - 1) have been performed.
This was done by using KI as a flux material in the liquid phase, as in current research. The
binary precursor compounds CuSe, InSe, and Ga:Ses were synthesised from elements with a
purity of 4N in evacuated quartz ampoules [31]. In another research, Cui10Cd2Sb4Si3
monograin powders were synthesised using the similar molten salt synthesis-growth method

[32] like in this experiment.
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Figure 1.9 Monograin layer fabrication [16].

The monograin layer technology involves a complex multi-step process. The membrane

fabrication process begins with a thin layer of low shrinkage polymer, into which previously
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manufactured powder crystals covered with buffer layer are inserted. This means that
photovoltaic functionality is already achieved in the monograin level, distinguishing it from
other technologies. Subsequent processes include the formation of front contacts and rear
contacts. (Figure 1.9) [16].

1.4 Summary of the literature review and aim of the study

The global energy demands continue to rise, driven by the rapid growth of the population each
year. Meanwhile, worldwide reserves of fossil fuels are gradually diminishing and possibly
starting to decline. These are the factors that are greatly affecting our ways of acquiring
energy in the near future. As a community (of all people on Earth) we should focus even more
to alternative energy sources. This is also supported by the fact that European Union has
coordinated a Green Deal to develop Europe into being a climate neutral area for the year
2050.

I believe that every research effort aimed at developing green energy sources contribute to
reaching our established goals. Utilising solar panels to generate electricity is definitely one of
the ways to go. Of course, the field of thin film technologies offers plenty of opportunities for
development, which is also the reason why I am dedicated to writing this thesis. Despite
ongoing research into the development of various thin film materials, kesterites have not yet
fully realized their potential. This is strong motivation for me to write my thesis on this topic.
As research have shown, the properties of kesterite Cu2ZnSnS4 are theoretically excellent for
its application as absorber layer in solar cell. This material is inexpensive, environmentally
friendly, composed of earth abundant elements and possesses a satisfactory theoretical power

conversion efficiency.

The aim of the study was to introduce different degree of disordering in Cu2ZnSnS4 powders
by annealing them above the critical temperature (Tc=260 °C [24]) within the temperature
range of 260 °C -950 °C. Subsequently, the crystal structure was rapidly quenched by cooling
the material in ice water. The impact of the disordering degree within the CZTS crystal lattice
on the structural and optical properties (room-temperature photoluminescence peak position,
intensity and FHWM) was studied. Additionally, absorber powders with varying degrees of
disorder were utilised in monograin layer solar cells and the photovoltaic parameters were

examined.
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Previously, it was believed that Raman spectroscopy was unsuitable for determining the
ordering parameter in monograin powders due to the slight variations in Raman spectra
caused by differently orientated crystal faces and polarization. However, in this study, a novel
sample preparation methodology and statistical analysis were employed to mitigate the impact

of crystal facet orientation.
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2 EXPERIMENTAL

The monograin powders used in these experiments were previously synthesised at the
Laboratory of Photovoltaic Materials of TalTech. Binary compounds of CuS, ZnS and SnS as
precursors were used to produce high-purity Cu2ZnSnS4 monograin powders in KI molten salt
in a sealed quartz ampoule. The fraction size of the powders used in this study was 56-75
micrometres. More detailed description of monograin powder synthesis is found elsewhere
[30-32].

2.1 Post treatment of the Cu2ZnSnS4 powders

After the synthesis of the Cu2ZnSnS4 powders, all the samples were annealed isothermally in
sealed quartz ampoules (Figure 2.1) at temperatures ranging from 260 to 950 °C for 15
minutes, followed by cooling through quenching into ice water. Annealing process was carried
out in a Nabertherm muffle furnace (Figure 2.2). During the temperature treatment of the
samples, particulary at higher temperatures, the walls of the ampoules began to fade. This
phenomenon occurs because the material can partially decompose at temperature higher than

450 °C, and sulphur or Sn-S compounds becomes volatile.

A A |
| .

6O0C 6B C

Figure 2.1 CuZnSnS4 powders sealed in quartz ampoules post anneal.
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Figure 2.2 Nabertherm muffle furnace

In Table 2.1, the annealing temperatures and the corresponding cooling ice water temperature
are presented. The powders were labeled according to their annealing temperatures (S260-
S925). Powders S260-S500 and S900-S925 had a particle fraction size of 56-63 micrometres,

while powders S525-S875 had particle fraction size of 63-75 micrometres.

Table 2.1 Powders with their annealing temperatures and corresponding cooling temperatures.

Object Tann, °C Tcool, °C Object Tann, °C Tcool, °C
S260 260 2 S650 650 2
S300 300 2 S675 675 3
S340 340 2 S700 700 1
S380 380 2 S725 725 3
S420 420 2 S750 750 2
S460 460 2 S775 775 3
S500 500 2 S800 800 2
S525 525 2 S825 825 2
S550 550 2 S850 850 2
S575 575 2 S875 875 2
S600 600 2 S900 900 1
S625 625 2 S925 925 2

In this experiment, post-annealing was performed to express the effect of temperature
treatment on the ordering of crystal structures and the output parameters of the produced

cells.
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2.2 Monograin layer solar cell preparation

After post-annealing process, the powders were used as absorber layers in miniature solar
cells. The monograin layer solar cells were produced at Laboratory of Photovoltaic Materials
of TalTech with the help of Dr. Maris Pilvet.

Prior to assembling the cells, a CdS buffer layer was deposited onto the monograins to form
a p-n junction. This process was carried out using chemical bath deposition (CBD). CdS is a
suitable buffer layer for its direct bandgap of 2.42 eV [33] and it is compatible with CZTS
bandgap of ~1.5 eV. Buffer layer is heeded to create a barrier to interrupt the recombination
of charge carriers, electrons, and holes, as this would decrease the conductivity of the
produced cells. For an effective solar cell, it is necessary to make sure the structure’s
semiconductors’ energy band gaps are compatible with each other. Besides the optimum
bandgap, CdS has good thermal and chemical stability [33], which is necessary for the buffer
layer not to chemically react with absorber layer or window layer. This also contributes to the
material not to degrade thermically or disintegration during the deposition of other layers.
Since CdS has a direct bandgap, the material has strong optical absorption and that is also
the reason for its use in solar cell structures. Materials with direct bandgaps absorb light

significantly better than materials with an indirect bandgap.

To make a monograin membrane, a resin was initially mixed, into which the monograins were
subsequently pressed. The resin consisted of EpoThin™ 2 epoxy hardener and EpoThin™ 2
epoxy resin, both from Buehler. This two-component resin consisted of epoxy resin and a
hardener in a ratio of 1:0.45. After mixing the two components, a certain buffer time was
required for the polymerisation of the material. Once the resin had reached an appropriate
viscosity after hardening, a layer of the resin was applied with a correct thickness, typically
dependent on the fraction of the grains used. Usually, the optimal thickness is about half the
diameter of the used grains. The doctor blade employed in this process was the byko-drive XL
Automatic Film Applicator by BYK, selected for its capability to achieve a uniform layer of resin
(Figure 2.1). The epoxy was applied onto a supporting substrate, a transparent film (ISOPET
OAN 125 pm). Prior to applying the layer of epoxy resin, both the transparent film and the
vacuum board of the doctor blading device were cleaned with ethanol. This step is essential

to ensure the absence of dust on the film, which could lead to an uneven epoxy layer.
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Figure 2.1 Doctor blading device used in the membrane preparation process.

After using the doctor blade to achieve the desired thickness of the epoxy film, it needed to
harden for 2.5 hours before applying the powder. Then, the powder was carefully added to

the epoxy layer to ensure the entire sample was covered with grains (Figure 2.2).

Figure 2.2 A sample with applied CZTS powder (right) and a clear sample of the epoxy resin (left).

Once all the samples had been covered with CZTS monograin powder, they were placed into
a refrigerator to finalise the polymerisation process. Before depositing the ZnO window layer,
the supporting papers around membranes were removed. The ZnO layer was deposited using
an AJA International magnetron sputtering device, a commonly used high-vacuum method for
depositing transparent conductive oxide thin films (Figure 2.3). ZnO layers are very often used
as window layers in PV solar cell structures. The material to be used in this structure should

exhibit a combination of high electrical conductivity and a low optical absorption coefficient
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within the visible light spectrum [34]. In thin film solar cells structures based on absorber
materials like CdTe or Culn(S, Se)2, RF-magnetron sputtering is commonly employed to
deposit contact and window layers of zinc oxide (ZnO:Al and i-ZnO). Higher PCEs have been
achieved when the sputtering process is conducted in a pure argon environment. Research
has shown that depositing a conductive ZnO layer (ZnO:Al) in an oxygen-rich environment

can have a detrimental effect on the open-circuit voltage of the solar cells [35].

Figure 2.3 ZnO window layer deposition, sputtering device on the left and sputtering process on the right

(argon plasma has a peculiar purple hue).

Figure 2.4 a) An optical microscope picture of the epoxy layer and the polished monograins of the
absorber layer. b) Produced miniature solar cell.

Following the deposition of the window layer, silver paste containing Ag-nanorods was applied
to the cells to improve the function of collector electrode. Finally, the samples were glued onto

a glass substrate using the previously used epoxy resin and left to cure for ~12 hours.
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Subsequently, the supporting substrate films on which the structures are based were removed.
The entire solar cell structure- Ag-electrodes/ZnO window layer/CdS/CZTS monograin layer
remained on the glass substrate. In the next process, the layer of the epoxy resin was etched
with sulphuric acid until the top of the grains were visible under a microscope. Subsequently,
the epoxy was manually polished to ensure that the grains were level with the epoxy (Fig.
2.4).

2.3 Characterisation methods

For room-temperature Raman spectroscopy and photoluminescence measurements, the
powders were prepared onto a substrate in such a way that the flat facets of the monograins
were accessible for measurements with the larger side facing upwards. The grains were poured
onto a glass and then shaken, allowing them to roll over onto their larger facet. Next, a double-
sided graphite tape was used to transfer the monograins from the glass onto a metal substrate
(Figure 2.5).

Figure 2.5 An optical microscope picture of the measured monograins on the left and the samples

S700-S950 with the reference sample in a holder.
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2.3.1 Raman spectroscopy

Raman spectroscopy is a non-destructive analysis technique to acquire information on the
structures, phases, crystallinity, and molecular bonds of various materials. The Raman effect
was discovered in 1928 and is named after its discoverer, Krishan Raman. During the process
of Raman spectroscopy, the effect that occurs is called the Raman effect, which is used for
analysis of different materials. The Raman effect refers to the inelastic scattering of light
caused by the interaction between light and the vibrations of molecules or crystal lattices
within a substance. The principle is based on the idea that in the case of inelastic scattering
of light, the wavelength and energy of the light beam changes. The intensity of the scattered
light beam is recorded on the scale of Raman shift and intensity of the Raman spectrum. The
Raman shift is the difference between the frequencies of the original radiation and the
scattered radiation. Each material and substance have its own unique Raman spectrum,
making it possible to study substances in gaseous, liquid, and solid states. Raman
spectroscopy enables the identification of substances, evaluation of their crystallinity,
determination of crystal structure, phase composition, intrinsic stress/strain, contamination,
and impurity levels, as well as analysis of vibration modes. In this thesis, the Raman
spectrometer HORIBA Jobin Yvon LabRam HR800 of the Laboratory of Photovoltaic Materials
at TalTech (Figure 2.5) was used. A laser with a wavelength of 532 nanometres was used to

excite the powders [36,37].

Figure 2.5 Raman spectrometer used in this research, HORIBA Jobin Yvon LabRam HR800.
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2.3.2 Room-temperature photoluminescence

Room-temperature photoluminescence (RT-PL) was also measured by Horiba LabRam 800HR
spectrometer of the Laboratory of Photovoltaic Materials at TalTech (Figure 2.5) using 532 nm
laser for excitation. PL spectroscopy serves as a non-destructive method for investigating
impurities, defects, and band gaps in semiconductors and other materials. The process of
absorbing light, generating electron-hole pairs, and subsequent recombination provides
valuable insights into the electronic structure of the material. The emitted photons during
recombination carry information about the energy levels of the material's valence and
conduction bands, allowing researchers to conclude important properties such as band gaps.
This understanding is crucial for optimizing semiconductor materials for various technological
applications, ranging from microelectronics to photovoltaics. Different parameters such as
peak symmetry, full width at half maximum (FWHM) of the peak, centre position of the peak
and fine structure are measured and studied to give information about the structures and
composition of various semiconductors. Peak symmetry gives information about the
homogeneity of the material (defects and variations in doping concentration). FWHM is used
to understand the quality of the crystalline material and the distribution of defects. The
broader FWHM can indicate the present of defects or inconsistencies in the structure. The
centre position of the peak indicates the energy of the emitted photons, which is used to

determine the band gap of the corresponding material.

Overall, PL spectroscopy stands as a vital technique for material scientists and engineers,

enabling the precise characterisation and advancement of semiconductor materials [38,39].

2.3.3 Solar cell characteristics

To control the quality of the produced solar cells, it is necessary to measure the voltage-
current characteristics, commonly known as the IV-curves of the solar cells (Figure 2.6).

The IV-curve is necessary to acquire the most important output parameters of a solar cell.
These are the main parameters directly related to the functioning of the solar cells in an active
working environment. The most important parameters are open-circuit voltage (Voc), short-
circuit current (Isc), efficiency () and fill factor (FF). During the measurement of Voc, there
is zero load applied to the contacts of the cell, so the current throughout the structure is zero.
In the case of the Isc measurement, a load with zero resistance is connected to the solar cell

and the voltage across the contacts is equal to zero. With Voc and Isc, it is possible to find out
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the maximum voltage and current that can be obtained from a given cell. Fill factor provides
information about the actual power loss of the solar cell (Equation 2.1). Maximum power point
defines the maximum power output of the corresponding solar cell. Lastly, efficiency is the
ratio between the maximum generated power of the solar cell and the power of the incident

light (Equation 2.2) [40].

FF = LupXImMp o 10004 (2.1)
VocXIsc

where Vmp - voltage of maximum power (V);
Imp — current of maximum power (A);
FF - fill factor (%);
Voc - open-circuit voltage (V);

Isc — short-circuit current (A)

VocXIscXFF

n = : X 100% (2.2)

mn
where Voc - open-circuit voltage (V);
Isc - short-circuit current (A);
FF — fill factor (%);
n - efficiency (%);
Pin — power of the incident light (100 mW/cm?)

A/ Maximum Power Point
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Figure 2.6. Characteristic curve of a solar cell [41].
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In this work, current-voltage characteristics were measured using the computer-controlled
bipolar power supply Keithley 2400. The power supply was controlled by the computer
program IVCurve. In addition, we used a solar simulator Newport Class AAA, with a light power

density of 100 mW/cm? on the sample surface and spectrally compatible with AM1.5G
radiation.
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3 RESULTS

3.1 Structural disordering study in CZTS by Raman

spectroscopy

Room-temperature Raman spectroscopy was conducted on all samples, with each sample
being measured on 10 different crystal facets. After that, average spectra for each sample
were calculated using Origin 2015 and 2018. Subsequently, the average spectra were fitted
using the Fityk program, employing Lorentzian function. Raman graphs are usually given in
the units of wavenumbers (cm1), with intensity measured in arbitrary units. Figure 3.1 shows

the Raman spectrum of reference CZTS powder (as grown).
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Figure 3.1 Raman spectra of the reference sample.

According to previous research and literature, the main peaks of kesterite CZTS in Raman
spectroscopy should stand at 340, 284 and 273 cm™!, with the peak at 340 cm™ being the
most intense [42]. The exact peak positions can have minimal differences due to different
synthesis methods and the conditions of the synthesis. Also, in this experiment, it could be
seen that not all the measured Raman main peaks are exactly at the same position, which

could be seen on Figures 3.2 and 3.3. All the measured samples exhibit a main peak at 336-
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338 cm! (Figure 3.2 and 3.3), which corresponds to CZTS kesterite structure. This can be
attributed to the fact that the measurements were done on different days, and the calibration

of the device was slightly different.
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Figure 3.2. Room temperature Raman spectra of samples S260-S625 and the reference sample.
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Figure 3.3. Room temperature Raman spectra of samples S650-S950.
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When comparing the Raman spectrum of a reference sample to some samples subjected to
higher annealing temperature, it could be noted that the A: peak in the Raman spectrum

becomes broader (FWHM changed from 6.9 cm™ to ~9.2 cm™).
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Figure 3.4 Raman spectra of the samples S700 (a) and S950 (b).

This broadening can be attributed to disordering within the crystal structure. In the Raman
spectra of powders annealed at temperature 950 °C, it could be seen that in addition to the
A: peak of kesterite (336 cm™), another proportionally significant peak becomes apparent at
313 cm L. This means that at higher temperatures, the synthesised kesterite CZTS starts to
decompose (Figure 3.4 a, b). This peak corresponds to SnSz, as it is one of the side products
resulting from the decomposition of CZTS. Decomposition was also noticeable from

temperature 700 °C and higher, resulting in the formation of SnS2 and SnS as byproducts.

Previously, it has been studied that the disordering in the kesterite structures of CZTS is in
accordance with a quantity measure (Q) derived from the Raman intensity, which involves

Raman peaks of m2a and msa (Figure 3.1) The used equation was:

" I(ms3p)

Consequently, this means that the higher the value of Q, the higher the order in the CZTS
structures [24]. In this research, the Raman spectra of the peak msa was unstable and in
some samples was not present at all. Due to this reason, the relation between Raman peaks
m' and mia was studied instead. As could be seen on Figure 3.1, the peaks mia, m2a and maa

correspond to ~340 cm™, ~289 cm! and ~304 cm™!, respectively.
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As mentioned, due to the absence of the msa peak in some samples, focus was directed
towards the ratio of the peaks mia and m'. The peak m' has been previously associated with
disorder in the kesterite phase structure [28]. Therefore, to study the disorder in our samples,
an equation was used to describe the relationship between the main peak of kesterite structure

and the peak associated with the disordered structure of CZTS:

I(m’
Q' = tm) (3.2).
I(ms34)
With the definition of Q' being smaller for more ordered structures of the samples, Figure 3.5

shows the disorder of our samples based on Raman spectroscopy.
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Figure 3.5 Variation of Q' for CZTS samples post-annealed in different temperatures.

According to the peak ratio of m'/mua, it can be seen that the reference sample exhibits the
lowest degree of disordering (Q'=0.06) among the samples, while the most disordered sample
is S925 with Q'= 0.162 (Figure 3.5). The trend of the graph indicates that as the post-
annealing temperature increases, the degree of disordering also increases. Referring to Figure
1.8, where disordering of crystalline material was described, it could be said that in our case,

this disorder can also be represented in a graph based on the ratio of the peaks m'/mia. In
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this experiment, the annealing time was not a measurable variable, as it was constant (tann =
15 minutes), and all applied annealing temperatures were over the critical temperature of
kesterite CZTS (Tc = 260 °C), but different disordering degree was still influenced by
temperature. Further research could focus on investigating the reversibility of the samples, as
disordering should theoretically be reversible even at high temperatures. Another direction of
research could involve varying the annealing time to understand the relationship between the

duration of high temperature treatment and its effect on disordering.

3.2 Room-temperature photoluminescence spectroscopy

Room-temperature photoluminescence measurements were conducted for all the samples,
with 10 measurements per sample. PL results were analysed using Origin 2015 and Origin
2018 software and fittings were done using Fityk program, employing the split Pseudo-Voigt
function. PL studies have shown that kesterites have different recombination pathways. The
biggest issues usually arise from defects within the material, like deep defects that facilitate
recombination, and band-tails that limit the energy carrier’s utilization. Very common antisite
defects include Cu and Zn cations due to their low formation energy. Cu and Zn can easily
substitute in the kesterite system due to their similar sizes and the reason that they don't
differ much chemically. This swapping leads to antisite defects in the kesterite structure, like
Cuzn and Zncy, and other related complexes. These defects cause fluctuations in the electric

charge and make the bands less uniform [43,44].

As expected, the reference sample showed an intense PL peak at 1.51 eV, which aligns with
the band gap of the ordered kesterite CZTS (Figure 3.6). As the temperature increased, a
reduction of the band gap was observed, and for sample S700, the PL peak had shifted by
0.07 eV (Figure 3.7a). This shift can be attributed to the Cu-Zn disorder, where copper and
zinc atoms can interchangeably occupy the 2a, 2¢, and 2d positions within the crystal structure
[45]. As mentioned above, about 30% occurrence of disorder can result in a deviation of the
band gap by ~100 meV. In this study, when comparing the reference sample to the sample
annealed for 15 minutes at 700 °C, the observed shift was 70 meV. As shown in Figure 3.7b,
at higher post-annealing temperatures, the CZTS structure started to decompose, leading to
two distinct peaks in PL spectrum. Previous experiments using high-temperature X-ray
diffraction have revealed a structural change in the material occurring around 900 °C. This

change involves a transition from a tetragonal phase to a cubic phase. During the temperature
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range between 866 °C and 883 °C, there is a mixture of both phases present. This transition
is associated with the loss of ordered arrangement over long distances within the material's
structure. As a result, the material progresses into a phase characterised by complete disorder

in the arrangement of cations within the crystal lattice [46].

35004 reference 1.51

3000
2500 -
2000 ~

1500 ~

PL intensity, arb. units

1000 ~

500 4 y - o exp.
fit by SplitPseudoVoigt

0 T T T T T T T T T T T
1.2 13 1.4 1.5 16 17 1.8
E, eV

Figure 3.6 Fitted PL intensity of the reference sample.
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Figure 3.7 Fitted PL intensity of the sample S700 (a) and S950 (b).
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Figure 3.8 solidifies the experiment's findings, demonstrating that at higher temperatures
between 340 -825 °C for 15 minutes, the material becomes more disordered, accompanied by

a decreasing in the position of the PL peak to ~1.43 eV. From the annealing temperature of
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850 °C, the PLmax shifts to an even lower energy, and the powder heated at 925 °C or higher
exhibits already two peaks at 1.36 and 1.64 eV in the PL spectrum.
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Figure 3.8 Box plot of the PL peak positions of samples post-annealed at different temperatures.
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Figure 3.9 Box plot of relative deviation of PL peak intensities for all samples.
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Figure 3.9 shows the measured PL intensities as a box plot graph, illustrating the grain-to-
grain inhomogeneity. Different facets of CZTS monograins annealed at the same temperature
exhibit considerable variability, as shown in the graph. The variability of PL intensities is
presented by the relative deviation, which is calculated by dividing a measured PL intensity
value by the average value. The relative deviation varies from ~0 to ~2. A possible reason
could be the variations in disordering degree during the cooling process. This variability can

lead to fluctuations, thereby influencing the output parameters of the produced cells.

3.3 Solar cell characteristics

To understand the effect of the disordering on the output parameters of solar cells, devices
were produced using all the different samples as absorber layers in the monograin layer solar
cell structures. All the samples’ solar cell characteristics were measured, with a focus on Voc,
as this parameter can be most affected by the disordered structures of the material. Each
solar cell had five measuring spots, with an active area of 0.045 cm?2. The J-V characteristics
of the devices measured under illumination and obtained output parameters are presented as
box plots in Figure 3.10. The mean value of efficiency for reference cell was 1.8% with Voc =
650 mV, Jsc =9.1 mA/cm? and FF =37%. When the annealing temperature rises from 260 °C
to 500 °C, the mean values of Jsc and FF increase to 11 mA/cm2 and 55%, respectively,
resulting in an increased mean efficiency of up to 3.7%. However, in this temperature range,
Voc decreases from 650 mV to 605 mV, indicating increased disordering in the CZTS structure.
In the temperature range of 500 °C to 575 °C, all parameters decrease, resulting in an
efficiency of 3.2%. This decreased efficiency can be caused by partial degradation of the CZTS
surface due to insufficient vapor pressure in the ampoule to prevent it.

Then, from 600 °C to 700 °C, the enhancement of the three mentioned characteristics (Jsc,
FF, and Voc) is apparent again until decomposition starts again, and other phases (SnS, SnS>)
begin to develop. This means that intermediate temperatures above the Tc (260 °C), before
the development of secondary phases, can have a positive effect on the output parameters of
the solar cells. On Figure 3.10 it could be seen that all the output parameters were enhanced

when the samples underwent post annealing process at temperatures between 260 to 825 °C.
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Figure 3.10 Output parameters of the produced solar cells.

Additionally, another comparison graph (Figure 3.11) was made to describe the relationship
between PLmax and the respective Voc measurements. Although the reference sample shows
the highest maximum peak in the PL measurements, it does not have the highest Voc. The
highest Voc belongs to the sample S260, with the annealing temperature being the critical
temperature of CZTS. As seen in the graph, post-deposition annealing can have a positive
effect on the Voc of the solar cells, as samples S260, S300 and S625 all have higher Voc values
than the reference sample. This means that the disordered structures of CZTS is not the main
reason for Voc-deficit and can even enhance the output parameters of solar cells. This
phenomenon definitely needs further studies, as this annealing experiment proved to be useful

on increasing the parameters of produced solar cells.
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Figure 3.11. Graph comparing the measured PLnax to respective Voc measurements.

As efficiency tends to be the most important parameter for solar cells, a table (Table 3.1) was
created to illustrate the best samples of each annealing temperature based on efficiency. The
best solar cell results were obtained with absorber materials annealed at temperatures

between 625 °C and 700 °C, with efficiencies ranging from 3.9% to 4.24%, respectively.

Table 3.1 Output parameters of the solar cells produced in the research (chosen based on highest

efficiency value).

Temperature, °C Voc, mV | FF, % Jsc, mA / cm? Eff., %
REF 679.8 40.6 9.1 2.5
260 685.0 40.5 10.0 2.8
300 667.3 39.4 10.8 2.8
340 634.1 43.5 12.0 3.3
380 628.9 50.5 12.1 3.8
420 619.4 54.3 10.4 3.5
460 605.8 56.7 11.3 3.9
500 613.3 54.8 11.4 3.8
525 623.7 53.0 10.3 3.4
550 612.2 54.0 10.1 3.4
575 601.4 54.0 10.0 3.3
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600 648.5 49.2 11.4 3.6
625 665.4 52.6 11.1 3.9
650 641.1 53.4 11.3 3.9
675 642.9 56.2 11.8 4.3
700 631.8 55.7 12.1 4.2
725 634.6 51.9 11.3 3.7
750 639.0 40.3 9.5 2.4
775 638.7 46.4 11.5 3.4
825 605.2 44.4 12.6 3.4
850 548.8 40.8 11.2 2.5
875 504.4 38.1 10.6 2.0
900 235.1 32.6 8.5 0.7
925 60.5 27.3 4.6 0.1
950 2.8 25.7 0.9 0.0
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CONCLUSION

The aim of the present study was to induce various degrees of disorder in Cu2ZnSnS4 (CZTS)
monograin powders by annealing them above the critical temperature (Tc=260 °C) between
260 °C and 950 °C, followed by rapid cooling in ice water. The effect of this disorder on the
structural and optical properties of the CZTS crystal lattice was investigated using room
temperature Raman spectroscopy and photoluminescence spectroscopy. In addition, powders
with different interference levels were used as absorber material in monograin layer solar cells

and their photovoltaic parameters were investigated.

Raman analysis showed that the main peak of disordered kesterite CZTS is at 336-338 cm™!,
consistent with established literature, with slight variations due to calibration differences.
The Al peak in the Raman spectrum broadened from 6.9 cm™ to ~9.2 cm™ in samples
subjected to higher annealing temperatures compared to the reference sample, indicating the
increased degree of disordering within the crystal structure. The powders annealed at
temperature higher than 700 °C, exhibited an additional peak at 313 cm™, which is signed to
SnS2 phase.

A new method to estimate the degree of disorder in CZTS monograin powders using the ratio
of Raman peaks m' to mia was proposed. The peaks ratio m'/mia demonstrated a clear
correlation between increasing post-annealing temperatures and the degree of disordering in
CZTS samples. The reference sample (as grown) exhibited the lowest degree of disordering
(Q'=0.06) among the samples, while the most disordered sample was S925 with Q'=0.162.

This confirms that the degree of disordering increases with higher post-annealing temperature.

Room-temperature photoluminescence (PL) analysis revealed that the reference sample
exhibited a broad PL peak at 1.51 eV. As the annealing temperature increased, the PL peak
position notably shifted to lower energy values. Powders annealed between 340 -825 °C for
15 minutes exhibited increased disorder, resulting in a decrease in the PL peak position to
~1.43 eV. Annealing temperatures above 850 °C caused a further shift of PLmax to lower
energy, and powders annealed at 925 °C or higher already exhibit two peaks at 1.36 and 1.64

eV in the PL spectrum.
The study also investigated the homogeneity of the powder facets by measuring the RT-PL
spectra of at least 10 crystals. The intensities of the spectra varied considerably, possibly due

to the short annealing time. This variability in intensities may also be due to changes in
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radiative and non-radiative recombination during the cooling process, potentially leading to

fluctuations that affected the performance of the produced cells.

The research additionally explored the impact of disordering in CZTS powders on the output
parameters of monograin layer solar cells. The mean value of efficiency of the reference cell
was 1.8%, with Voc = 650 mV, Jsc = 9.1 mA/cm2, and FF = 37%. As the annealing
temperature was increased from 260 °C to 500 °C, the mean values of Jsc and FF increased to
11 mA/cm?2 and 55%, respectively, resulting in an increased efficiency up to 3.7%. However,
in this temperature range, Voc decreased from 650 mV to 605 mV, indicating increased
disordering in the CZTS structure. In the temperature range of 500 °C to 575 °C, all parameters
decreased, resulting in an efficiency of 3.2%. This decrease in efficiency may be attributed to
partial degradation of the CZTS surface due to insufficient vapor pressure in the ampoule to
prevent it. Between 600 °C and 700 °C, an enhancement in characteristics was observed until
further decomposition occurred. As also Raman analysis revealed, annealing above 700 °C,
peaks of secondary phases such as SnS: appear, indicating surface decomposition. At
temperatures above 825 °C, the CZTS material begins to decompose also in the bulk. This
decomposition is reflected also in the output parameters. The average efficiency decreases
from 3.6% to 3.1% when CZTS powders were annealed at 725-825 °C, and at higher
temperatures, the output parameters of the solar cell drop to nearly zero.

In conclusion, CZTS annealing above the critical temperature (T¢) improved the efficiency of

solar cells, but temperatures that cause surface and bulk decomposition should be avoided.

Future research should explore the reversibility of this disordering at high temperatures and
investigate the effects of different annealing durations. This could provide a deeper
understanding of the thermal stability and structural stability of CZTS, which is crucial for
optimizing its use in photovoltaics. These results highlight the critical influence of thermal
treatment on the structural and electronic properties of CZTS, suggesting further research on

optimizing annealing processes to mitigate defects and enhance device performance.
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SUMMARY

The global energy demand is constantly increasing as the population is rapidly growing and
global fossil fuel reserves are steadily decreasing. These factors significantly influence the
ways we will obtain energy in the future. Taking this into consideration, the world should focus
on alternative energy sources. Supporting this is the fact that the European Union, in
agreement with its member states, has coordinated the so-called Green Deal to make Europe
a climate-neutral region by 2050. I believe that with this thesis, I can contribute to this. Solar
panels are certainly a step in the right direction, but there is definitely room for development

in this field, and one of the directions of development is thin-film solar cells.

Within this thesis, 26 samples of kesterite structure CZTS were produced. The samples
differed in terms of the degree of disorder in the crystal structure. Different disordering
degrees in the structures were achieved by varying post-deposition annealing temperatures,
ranging from 260 °C to 950 °C. All the samples were annealed for 15 minutes and then

quenched in ice water.

One of the objectives of the thesis was to study how does the Cu-Zn disordering in the crystal
structure changes the optical and structural properties, using Raman spectroscopy and
photoluminescence spectroscopy. Raman spectroscopy confirmed an increase in degrees of
disorder with higher post-deposition annealing temperatures. This fact was also supported by
room-temperature photoluminescence studies, which showed the PL peak shifting towards
lower energy values. Analysis of the room-temperature photoluminescence measurements
also revealed inhomogeneity of the grains in similar samples, which could negatively impact
the performance of the produced solar cells.

For the second objective of the thesis, monograin layer solar cells were produced using all the
samples as absorber layers to study the effect of the disordered structures on the output
parameters of the solar cells. This approach proved to be effective, as some samples with
higher annealing temperatures (and a higher degree of disorder) exhibited better output

parameters than the reference sample.

These results provide a basis for further and deeper study of kesterite CZTS as an absorber
layer in solar cell structure. The research and experiments demonstrated that disordered
structures of the absorber layer crystals of kesterite CZTS can positively affect the output

parameters of solar cells. This indicates that the disorder in crystal structure is not the main
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reason for open-circuit voltage deficit of kesterite based solar cells, encouraging more detailed

exploration of this material for photovoltaic applications.
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