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ABSTRACT

Photovoltaic technology is a very crucial technology and it is gradually growing worldwide
as there is plenty of sunshine daily especially in African countries. The aim of photovoltaic
technology is to generate electricity from solar power using photovoltaic devices like solar
(photovoltaic) cells. Photovoltaic cells are mostly used to provide electricity in rural areas
which are not connected to the national grid like farms (cattle posts). In this work superstrate
CZTS solar cells (Cell-A and Cell-B) were fabricated from optimised CZTS absorber layers
and In.Ssz buffer layer by a cost-effective spray pyrolysis technique. Firstly, CZTS absorber
layers were grown on borosilicate glass substrates from various precursor solutions and their
properties were studied through X-ray diffraction, Raman spectroscopy, UV-Vis
spectroscopic analysis, Hall measurement, and Scanning electron microscopy. X-ray
diffraction results revealed similar patterns for all samples that are three peaks: (1 1 2), (2 2
0), and (2 1 2) belonging to kesterite CZTS with tetragonal structure. All thin films were
growing along (1 1 2) plane. Results obtained via Raman spectroscopy revealed two wide
peaks at 248 cm™ and 331 cm? in all thin films. Both peaks belonging to CZTS with
tetragonal structure. Both the X-ray diffraction and the Raman spectrometry results revealed
that samples prepared from solutions containing tin (1) chloride were highly crystalline. The
maximum absorbance obtained for all thin films was between 1.5 and 4 in the visible and
near infrared region. Unlike crystallinity, the absorbance was high for samples that were
prepared from solutions containing tin (I1) chloride as a tin source. As revealed by the Hall
measurement, the resistivity of the thin films was ranging from 2.84 x 10 Qcm to 3.29 x 10!
Qcm and the sample with the lowest resistivity (labelled as CZTS003) was prepared from a
solution containing copper (1) chloride, zinc acetate, tin (IV) chloride and thiourea solutions.
The SEM micrographs showed well defined grains for all thin films except the one that was
prepared from a solution containing copper (I1) chloride, zinc nitrate, tin (IV) chloride and

thiourea. A sample that had the lowest resistivity also exhibited the largest grains.

In the second part of this work, In>Sz buffer layers were also deposited on glass substrates
from a mixture of indium chloride solution and thiourea solution. The concentration of
indium chloride solution was held constant and the concentration of thiourea was varied
between 0.090 M and 0.105 M in steps of 0.005 M. After deposition, the thin films were
characterised via X-ray diffraction, Raman spectrometry, UV-Vis spectroscopy, Atomic

Force Microscopy, and Hall measurement. The results obtained by X-ray diffraction revealed

Xiv



polycrystalline B-In.Ss, and the increased concentration of thiourea lead to decreased
crystallinity of the thin films. Similar Raman spectra of all thin films was obtained via Raman
spectroscopy. The two peaks found at 306 cm™ and 365 cm™ on the Raman spectra belong to
B-In2Sz. All the thin films exhibited similar transmittance spectra, and the transmittance of the
thin films was lying between 60 % and 80 % in the visible and near infrared region of the
electromagnetic spectrum. Transmittance was highest in the visible region for the sample
prepared from solution containing 0.095 M of thiourea solution. In addition, the thin films
had wide optical band gaps lying between 2.75 eV and 3.0 eV. The electrical resistivity of
In2Ss thin-film layers increased from 5.6249 x 10 Qcm to 4.0953 Qcm when concentration
of thiourea solution was increased from 0.090 M to 0.100 M, however, when the
concentration was further increased to 0.105 M the resistivity of the In;Sz thin film layers
decreased.

The performance of fabricated solar cells (denoted as Cell-A prototype and Cell-B prototype)
was studied. Cell-A prototype performed better than Cell-B prototype, because the efficiency
at maximum power point of Cell-A was 0.158 % while the efficiency at the maximum power
point of Cell-B was 0.07 %. In addition, Cell-A exhibited higher open-circuit voltage and
short-circuit current density compared to Cell-B. The open-circuit voltage and short-circuit
current density of Cell-A were 200 mV and 2.26 mA/cm?, respectively, while Cell-B had

shown open-circuit voltage of 80mV and short-circuit current density of 1.75 mA/cm?.

XV



CHAPTER 1 : INTRODUCTION

Energy is very crucial in our daily lives. Various activities that human beings carry out every
day, such as cooking, lighting, heating water or mobile communication, need energy [1],[2].
Among different forms of energy, electrical energy is the most flexible form of energy. It can
be easily transformed to other forms of energy. Electrical energy can be produced from both
renewable (solar, wind) and non-renewable (coal, natural gas, oil) sources, however, non-
renewable sources (coal, natural gas, oil) have a higher input towards the amount of
electricity required to power the whole world. Recently the demand of electricity in the world
for a single year was higher than 102 kwh. About three quarters of this value is produced
from non-renewable sources and the remainder is generated from renewable sources [3].
Despite the fact that renewable energy sources had contributed less towards power generation
in recent years, it still remain a glimpse of hope that can help everyone in the world to
survive the climatic changes in future. In developing countries, particularly in Africa, the
access of renewable energy is still a problem and people who need the help of renewable
energy are those who stay in remote areas like cattle posts or villages which are not
connected to the grid. The building of new technology based on renewable sources in Africa
is affected by several factors including: lack of education and training, poor economies and

inconsistent energy regulations [4].

At the current stage, most African countries depend on non-renewable sources. They mainly
utilize fossil fuels for energy, however, their use in power generation can lead to serious
environmental problems. For example, the burning of fossil fuels generates greenhouse gases
like carbon dioxide (COz) gas that is released into the atmosphere. The increasing level of
CO2 gas in the atmosphere leads to warming of global temperatures and unstable climate [5].
Due to the negative effects of using fossil fuels on the environment, the clean and safer
renewable sources such as solar, wind or biomass are recently gaining attention. Among all
these sources, solar energy is the most promising [6]. Solar energy is one of the most plentiful
source of energy in the world, the average intensity of solar radiation emitted by the sun onto
earth on a clear day is approximately 1000 W/m? [7]. The use of solar power is growing
nowadays and the manufacturing cost has also reduced significantly. Photovoltaic devices
like solar panels are now used in many households and industries. Figure 1 shows that

consumption of electricity generated from solar energy in United States of America between



1989 and 2016, which has been drastically increasing from 2010 to 2016. However, in Africa,
generation of electricity from renewable energy sources (like solar energy) is still one of the
major challenges. The fact that African countries receive the highest amount of solar
radiation on earth is a great advantage to solve this challenge. For instance Botswana receives
an average solar radiation of 21 MJm™ per day [8]. This amount is very high and favourable
for power generation from solar energy. Now it is time for Africa to take the opportunity of
photovoltaics by developing more sustainable industries and research activities at universities

that can specialize in solar.

In particular, various technologies like concentrating solar power (CSP) systems, solar
heating/cooling and solar photovoltaics (PV) can be used to capture energy from the sun and
transform it into electricity. In CSP systems the solar concentrators are used to concentrate
solar radiation from the environment to the receiver where it will be transformed into heat.
The generated heat can be used to operate the turbines and produce power [9],[10]. Frontier
research focuses on the conversion of solar radiation into electrical energy by the use of a
clean and safe PV technology. Photovoltaic devices, such as solar cells, are used to capture
radiation coming from the sun and transform the solar energy into electrical energy. This

energy conversion process follows a principle denoted as photovoltaic effect [11].
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Figure 1: Consumption of solar energy in United States of America between 1989 and
2016 [12].



1.1 Statement of the problem

Several categories of solar cells had been developed and used in the past few decades. The
first category is based on silicon (silicon wafer, mono-crystalline silicon and polycrystalline
silicon) while the second category refers to thin films (amorphous silicon, CdTe, CulnSe,
CulnGaSey, etc.). Currently polycrystalline solar cells are mass produced and dominating the
solar market worldwide. However, thin films solar cells are expected to replace slowly the
polycrystalline cells and dominate the market in the coming years, because materials needed
to fabricate these cells become cheaper together with the reduction of production cost per
kilowatt-hour (kWh). Amongst thin film solar cells, only the cells made up of CdTe,
CulnGaSe> (CIGS) and thin film silicon absorbers are commercialized with thin film silicon
highly produced at the current stage. The CdTe and CulnGaSe; have a record efficiency of 19
% and 20.3 % respectively [13],[14].

However, the toxicity of some elements such as cadmium (Cd) and selenium (Se) raises a lot
of hazards about the CdTe and CulnGaSe, (CIGS) solar cells. In addition, the shortage of
indium (In) tellurium (Te) and gallium (Ga) pose some other problems about these solar cells
[15]. These disadvantages were taken care of by developing a low price, stable and
environmentally friendly CuZnSnSs (CZTS) absorber [16]. The rare elements indium and
gallium were replaced by abundant elements zinc (Zn) and tin (Sn) [17]. The CZTS solar
cells have lower efficiency compared to their counterparts (CIGS). A very high open circuit
voltage (Voc) deficit obtained from the CZTS solar cells might be one of the factors
contributing to lower efficiency of these solar cells [18]. This might be caused by an observed
cliff like conduction band offset at the boundary between the absorber (CZTS) and buffer
(CdS) [19]. Moreover detrimental phases such as CuxS, ZnSnS, ZnS, CuSnSs and others that
can be found in the light absorber, in addition to the kesterite CZTS structure, may also
degrade the performance of the cells as they increase recombination rate [20],[21].
Nevertheless, there is still a lot of improvements that can be implemented to enhance the
performance of the CZTS solar cells, especially when looking at the low-cost fabrication
methods like spray pyrolysis. In this project a CZTS solar cell were fabricated based on an
eco-friendly In2Ss buffer layer. At room temperature In2Sz buffer layer has small optical band
gap (about 2.1 eV)[22], however, wide optical band gaps (2.75 eV and 3.25 eV)[23] have
been achieved from InySz layers grown by chemical bath deposition and atomic layer
deposition, respectively. The wide band gaps achieved from In,Ss thin films makes them to

be suitable buffer layers that can replace CdS layer.



1.2 Aims and objectives

The intention of this project is to fabricate a solar cell prototype based on the abundant and

eco-friendly CZTS absorber. This will be achieved through the following objectives:

e Synthesis of the CZTS and In.Ss thin films through a simple and cost effective a spray
pyrolysis method under different conditions.

e Analysis of the structural, optical, morphological and electrical properties of both
CZTS and In2Sz thin films. The CZTS layers that exhibit good properties will be used
for fabricating photovoltaic cell prototypes.

e Building two photovoltaic cell prototypes with the structure FTO/CZTS/In,Ss/Ag
based on two CZTS thin films and one In2Ss3 thin film with good properties. Silver
(Ag) contacts will be deposited on the CZTS and FTO layers through Radio
frequency magnetron sputtering.

e Evaluating the performance of the produced solar cells under standard test conditions
by using a solar simulator. Measurement of key parameters of the cells namely short

circuit current, open circuit voltage and efficiency will be performed.

1.3 Significance of study

Photovoltaic technology is becoming a prominent field these days. Unlike other conventional
technologies, photovoltaic technology has interesting environmental advantages as it helps to
reduce the emission of hazardous gases (sulfur dioxide, carbon monoxide and carbon
dioxide) into the atmosphere. As stated before in photovoltaic technology solar cells are used
in the process of energy conversion, however, there some problems associated with various
manufacturing processes and materials involved while fabricating these cells. But at the end
the low-cost photovoltaic devices that do not cause a lot of pollution to the surrounding have
to be built. In this project the efficiency of the eco-friendly and low-cost CZTS thin film solar
cells were studied based on spray pyrolysis technique. A focus was on how different
precursor solutions can help to improve the cell efficiency. The prototype products of this
project can be used in future to provide power especially in rural and remote areas. The
output of this research will also help researchers to find possible ways of improving the
performance of new absorber and window layer materials based on the low-cost spray
pyrolysis technique. Moreover, a CZTS layer can also be used as counter electrode in dye
sensitized solar cell (DSSC) concepts to replace the environmental unfriendly Pt counter

electrode.



1.4 Outline of the thesis

The content of this thesis is written in five separate chapters. And the chapters are as follows:
Introduction, Theory and Background information, Methodology, Results and Discussion,

Conclusion.

Chapter 1: Introduction

In this Chapter the importance of energy is mentioned. The generation of electrical energy
from renewable and non-renewable sources was described. The challenges of renewable
sources and advantages of using renewable sources (especially solar energy) in power
generation are outlined. Furthermore, the ways of capturing solar energy (concentrated solar
power systems and solar photovoltaics) are described and a few examples of solar cells are
stated.

Chapter 2: Theory and Background information

This Chapter focus more on the origin and current status of photovoltaic technology and a
brief description of photovoltaic effect and p-n junction is given. The kesterite (CZTS and
CZTSe) solar cells are the main focus in this chapter. Therefore, the origin, structure and
performance of kesterite solar cells are discussed, moreover the problems leading to poor
performance of the CZTS solar cells are stated. In addition, the structural, electrical and
optical properties of the CZTS absorber layer are described. Lastly the in-depth descriptions
on vacuum and non-vacuum-based methods that were previously employed to deposit CZTS

absorber layer are given.

Chapter 3: Methodology

In this chapter, a detailed description on the preparation of the CZTS absorber layer, In2Ss
buffer layer and FTO/CZTS/In,Ss/Ag solar cell is given. The methods of characterizing the

obtained products are also described in details.

Chapter 4: Results and Discussion

Here, the results obtained from various instruments, thorough analysis and full discussion of

results are given.

Chapter 5: Conclusion

In the last chapter a summary of results and important tasks that can be carried out in future

to improve the current work are presented.



CHAPTER 2 : THEORY AND BACKGROUND
INFORMATION

2.1 The photovoltaic effect

When semiconductor materials absorb photons, electron-hole pairs are generated and an
electric field builds within a semiconductor. This process is called the photovoltaic effect and
was discovered in 1839 by Edmund Becquerel [24]. The Photovoltaic effect can be easily
detected on photosensitive semiconducting materials with very high absorption coefficient.
After the discovery of the photovoltaic effect most researchers came up with different
technologies for generating electricity from solar energy. Selenium was the first material
studied around 1870, however, the obtained efficiency was very low (1% to 2%). Later in
1954 a 4 % solar cell was fabricated using a crystalline silicon at the Bell Labs. After some
further improvements an efficiency of 11 % was achieved and this lead to the development

of the first generation of solar cells [25].

2.2 A p-n junction

To understand diodes and solar cells it very essential to understand how a p-n junction is
formed and the mechanisms taking place in a p-n junction. Electrical and optical properties of
semiconductors can be improved by doping. Doping is a process in which impurities are
introduced to semiconductors leaving behind an extra electron or hole in structure of the
semiconductor [26]. A semiconductor with more electrons than holes is referred to as n-type,
while the one with more holes than electrons is p-type. A p-n junction is formed by

assembling a p-type semiconductor material with an n-type semiconductor material [27].

Now it would be very interesting to understand the motion of electrons and holes in a p-n
junction. The electrons in the n-region (free electrons) are free to move randomly so those
closer to the interface of the junction will cross the junction to p-region and combine with the
holes, as electrons and holes combine, the p region loses some of the holes. As a result of this
motion, a layer of positive charges and a layer of negative charges build along the interface of
the junction in the n-region and p-region respectively [28]. These layers of charges form an
electric field (the so-called built-in electric field). This built-in electric field now opposes the
motion of charges caused by diffusion [29]. Eventually the flow (diffusion) of electrons

across the junction will be stopped by the electric field and external energy will be required to



move an electron across the junction. Figure 2 shows the configuration of a p-type material,

n-type material and p-n junction.
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Figure 2: A typical structure of a p-type semiconductor material, n-type semiconductor
material and p-n junction [30].

This concept of a p-n junction is applied in many photovoltaic devices such as solar cells to
generate and separate the charges. For an electrical current to be produced in solar cells,
charges need to be separated and electrons and holes must flow towards positive and negative

contacts. The gradients of Fermi energies are the ones that give rise to this flow.

2.3 How does a photovoltaic cell work?

A photovoltaic cell (also known as a solar cell) is a device that generates electrical energy
directly from solar power. It is made up of p-type (usually the absorber) and n-type (usually a
window/buffer layer) semiconductor materials. When sunlight shines over the surface of a
photovoltaic cell, electron-hole pairs are generated and separated by a p-n junction. This
phenomenon leads to current flow in the cell and induces voltage across the contacts (front

and back) of a solar cell. A typical design of a photovoltaic cell is shown in Figure 3.
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Figure 3: Typical design of a photovoltaic cell [31].

2.4 Types of recombination mechanisms occurring across a p-n junction

In section 2.3 it was clearly discussed how electrons and holes are generated across a p-n
junction, however, this process can be reversed through a process called recombination.
Recombination is a mechanism whereby an electron reacts with a hole to produce energy,
photons or phonons. There are two major types of recombination processes being radiative
and non-radiative recombination. In radiative recombination only photons are produced while
in non-radiative recombination the energy produced is absorbed by other particles such as
phonons, electrons and holes. Furthermore, non-radiative recombination is divided into three
forms, namely, auger recombination, surface recombination, and Shockley-Read-Hall
recombination [32],[33]. The Shockley-Read-Hall is the main mechanism that occurs in

practical solar cells.

2.4.1 Auger recombination

Auger recombination requires three different charge carriers. When the two charge carriers
(an electron and hole) recombine, energy is released and this energy is given to a third charge
carrier (either an electron or a hole). Energy gained by a third charge carrier leads to the
excitation of the third charge carrier. The third charge carrier moves to higher level within the
conduction band, if it is an electron or be pushed down to the valence band, if it is a hole.
Figure 4 presents the four schematic diagrams of auger recombination processes in a case

where the third charge carrier is an electron. Auger recombination strongly depends on the



band gap of a semiconductor. It occurs at a higher rate in semiconductors with small optical

band gaps and its rate decreases with increasing optical band gap [34].
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Figure 4: Schematic diagrams for various auger recombination process (a) direct intra-
band, (b) indirect intra-band, (c) direct inter-band and (d) indirect interband [35].

2.4.2 Shockley-Read-Hall recombination

As shown in Figure 5 there are some impurities that exist in the centre of a forbidden zone.
These impurities play a pivotal role by capturing excited electrons and holes. Let us consider
a homogeneously charged semiconductor under open circuit condition. As the semiconductor
absorbs photons, the concentration of electrons at the conduction band increases, because
electrons are generated at a rate G, which is equal to the generation rate of holes in the
valence band. However, some electrons are trapped by the impurity states, which are found in
between the valence band and conduction band. As a consequence, this changes the
concentration of electrons in the conduction band by a capture rate Reimp. The electrons
trapped by the impurities can also be ejected from such impurities back to the conduction
band at an emission rate Ge,imp. Similarly the concentration of holes in the valence band is
affected by the generation rate (G), capture rate (Rnimp) and emission rate (Gn,mp). This
phenomenon is called Shockley-Read-Hall recombination [31].
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Figure 5: Shockley-Read-Hall mechanism [36].



2.5 Modelling a photovoltaic cell and characteristic parameters

A photovoltaic cell can be modelled from an ideal point of view. To achieve the most
accurate results compared to that of practical cell, the ideal model can be improved by
including other important parameters (like resistors and diodes that represent losses and
recombination) that real PV cells exhibit. The equivalent circuits of an ideal and a practical

PV cell are shown in a Figure 6.
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Figure 6: Equivalent circuit of (a) an ideal and (b) a practical PV cell [37].

o—»bi -

2.5.1 Model of an ideal photovoltaic cell

As shown in Figure 6, a PV cell is like a current source under illumination and diode in the
dark, respectively. This is the starting point to formulate an ideal model of PV cell in order to
describe the current-voltage characteristic. To derive the 1-V characteristic the Kirchhoff’s

junction rule is applied at junction A in Figure 6 (a), which represents the ideal PV cell. At

junction A:

Il=Id+Ir (1)

where |y is the current under illumination, while Iq is the dark current. A simple rewriting of

(1) leads to
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]=]l_ld (2)

The current passing through a diode in dark (lq) is given by the Shockley diode equation[38]:

I; =1, [exp (%) - 1] )

Based on Egs. (2) and (3), we are able to determine the 1-V characteristic of an ideal PV cell.
The parameters lo, g, V, n, k and T in (3) are the reverse saturation current of a diode, charge
of an electron, voltage across the diode, diode ideality, Boltzmann’s constant, and
temperature, respectively. When a p-n junction is connected in reverse bias mode some of the
current carriers start leaking across it. The measure of such leakage is known as a reverse
saturation current. The value of an ideality factor n helps to identify the type of
recombination that lowers the cell performance and its location within the cell[39]. For an
ideal diode there are no defects and the current flowing across the junction is due to diffusion
only, i.e., the n is equal to one. But when deficiencies increase recombination also climbs.

Thus, the value of n can rise up to two.

Hence inserting (3) into (2) leads the current — voltage (I-V) characteristic of an ideal
photovoltaic cell:

v 4
I=Il—10[exp(m)—1] @)

2.5.2 Model of a real photovoltaic cell (Single diode model)

In practical solar cells there are some losses that takes place within in a cell. Such losses can
be compensated by including series and parallel resistors to the equivalent circuit as shown in
Figure 6 (b). Series and parallel resistors represent the total resistance that takes place at the
surface of a cell and losses caused current leaking at the p-n junction, respectively. Series
resistance lowers the value of a fill factor and in an ideal PV cell its value is equivalent to
zero. The approximate value of series resistance can be found by computing the gradient of
an |-V curve near the open circuit voltage point. To compensate for recombination another
diode can be added to a single diode model, however, in this section we restrict our
discussion to an |-V characteristic for a single diode model. Kirchhoff’s junction and loop
rules are also used here to come up with I-V characteristic of a real cell. Looking at Figure 6
(b), applying Kirchhoff’s junction rule at junction A leads to:
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Il = Id + Ik! (5)
and at junction B we obtain:
Ik :I+IRSh' (6)

The current I, produced by PV cell, can be found by inserting (6) into (5), which leads to the

relation:

I:Il_Id_IRSh (7)

By applying the Kirchhoff’s loop rule to a loop on the right that consists of Rsh and Rs gives
the following equation:

V+IRg (8)

I = .
Rsh Rsh

Therefore inserting (3) and (8) into (7) lead to the 1-V characteristic of a practical cell:

q(V + IRS)> ~ 1] _V+IR (9)

=i e (g %

In the above equation, there is an extra voltage term (IRs) due the series resistance and it
influences the total voltage across the diode. When this term is included the voltage across
the diode becomes V + IRs. Figure 7 shows two plots of | versus V and P versus V from
which four main parameters of a photovoltaic cell (open circuit voltage (Voc), short circuit
current (lIsc), fill factor (FF), and maximum power point (Pmp)) can be obtained. A fill factor
is defined as a fraction between a red rectangle and blue rectangle.
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Figure 7: The current-voltage (1-V) and power-voltage (P-V) curves of a PV cell [40].
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2.5.3 Open-Circuit voltage

Open-circuit voltage (Voc) is the parameter of great significance when working with a
photovoltaic cell. It refers to the maximum voltage that can be obtained across the contacts of
a cell under open circuit conditions. That is when there is no current passing through a cell.
The Voc depends on the various factors such as photo-generated current and optical band gap
of the absorber materials. Voc obtained from a cell made of a particular material will be
always be smaller compared to the optical band gap of that material. Under open circuit
conditions the shunt resistance is assumed to be very high, so the third term on I-V
characteristic equation (9) becomes very small and can be neglected. Thus, by setting I= 0, a
rewriting of equation (9) gives:

nkT

Vo= I I 1 (10)
oc = q n(lo )

According to the above equation Voc and lo are “inversely” related, the highest value of Voc
can be obtained if lo is at the lowest point. The value of lo is mainly influenced by the

recombination mechanism occurring within a cell [41].

2.5.4 Short-Circuit Current (Isc)

Another vital parameter of solar cell is the short-circuit current. It is the most possible current
that can be measured when the potential difference across the contacts of a cell is zero. This
parameter is influenced by the amount of photons incident upon the surface area of a cell. In
most cases short circuit current density (Isc) is used to explain the highest possible current
that a cell can produce per cm?. Isc depends on the optical parameters of the absorber
material, such as band gap and absorption coefficient. To understand how does band gap
affects the value of Isc, we consider two absorber materials one with a small band gap and the
other with a large band gap under light. The one with a small band gap will suck up more
photons than the one with a wide band gap. Therefore, it can be concluded that the short

circuit current is inversely related to the band gap of the absorber material [42].

2.5.5 Fill Factor (FF)

A fill factor is also a useful parameter to characterize photovoltaic cells. It is defined as the

highest amount of electrical power that can be scooped out from a photovoltaic cell. The
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equation (11)[43] that follows can be used for determining the fill factor and also proves that

it is always less than one.

e Yl (11)
Voclsc

Note that the value of a fill factor of an ideal solar cell is 100 %. That corresponds to a square
I-V graph. However, it is not possible to obtain a square 1-V graph with a real solar cell due
to the losses occurring in a real solar cell. High quality photovoltaic cells (like silicon solar
and inorganic cells) are characterized by high values of the fill factor (above 80 %) [44],[45].

2.5.6 Efficiency (1)

The efficiency of a photovoltaic cell is defined as the ratio of the maximum power produced

by a cell to the power incident upon a cell, it is given by the following equation[46]:

Vol (12)
Pin

I’J:

where the numerator is given by the Pmp=Vmlm. Equation (12) is mostly used when analysing
and contrasting the performance of various solar cells. The efficiency of a photovoltaic cell is
affected by several factors like solar spectrum and temperature. To evaluate the efficiency of
a photovoltaic cell, the standard test conditions, defined as value at a temperature of 25 °C, a
solar irradiance (1000 W/m?) and AM 1.5 spectrum, have to be considered. By introducing

the fill factor (11), the efficiency at maximum power point can be written as:

_ VoclscFF (13)
==

The last equation shows that efficiency is directly related to Voc and Jsc as well as the fill
factor FF. which can be estimated from the current-voltage curve if we are simultaneously
tracking the maximum power point. Both Jsc and Voc are related to the band gap of a
material [47],[48]. This gives a clear idea that optical band gaps of the absorber materials has
to be optimized in order to design new solar cells with higher efficiencies. William Shockely
and Hans Queisser were the first describing a thermodynamic approach for determining the
highest theoretical efficiency of a one p-n junction solar cell absorber material [49]. They
have shown that 30 % is the highest possible value in an absorber material with a band gap of

1.1 eV. The variation of efficiency with band gap is shown in the Figure 8.
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Figure 8: Efficiency of the solar cells as function of their energy gaps [50].

2.6 Current trends in photovoltaic technology

Solar cells are categorized into various generations based on the cost of materials and
conversion efficiency. Over the past years highly efficient solar cells based on silicon (silicon
wafers, mono-crystalline and poly-crystalline silicon) were developed and are used world-
wide [51],[52]. Although the silicon solar cells were more efficient, the materials that were
used to manufacture them were very expensive. Due to material cost, especially for silicon
wafers, the second generation solar cells also called thin films were developed. Few examples
of thin film solar cells include but not limited to CulnSez, a-Si, CdTe, Cu(Iln, Ga)Se2 and
Cu2ZnSnS4 [53],[54]. Unlike the first generation (silicon) solar cells, thin film solar cells are
cheaper, easy to fabricate and malleable, however, this type of solar cells are subjected to
shorter lifetime and lower efficiency [55],[56]. As the new photovoltaic materials were
gradually developing, the cost effective third generation solar cells were also developed.
Examples of third generation solar cells are quantum dot solar cells, dye sensitized solar cells,
organic solar cells and many more [57]. While third-generation solar cells have better
conversion efficiency than thin film solar cells, they degrade easily due various factors such
as humidity, temperature and ultra-violet light. The trend of photovoltaic technology

development is shown in Figure 9.
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Figure 9: Trend in photovoltaic technology since 1960 [58].

Table 1 gives an overview and summarizes the efficiency achieved by various types of solar

cells materials.

Table 1: Highest efficiencies obtained through various solar cells configurations[59].

Solar cell type Efficiency Laboratory/Institution

Crystalline Si 24.7 University of New South Wales

Multi Crystalline Si 20.3 Fraunhofer Institute of Solar Energy System
Amorphous Si 10.1 Kaneka

HIT cell 23 Sanyo Corporation

GaAs cell 26.1 Radbound University Nijmegen

InP cell 21.9 Spire Corporation

Multi junction cell 40.8 National Renewable Energy Laboratory
CdTe 16.5 National Renewable Energy Laboratory
CIGS 19.9 National Renewable Energy Laboratory
CulnS; 12.5 Hahn Meitner Institute

DSSC 11.1 Sharp

Organic solar cell 6.1 Gwangju Institute of Science and Technology
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Since 2000 the photovoltaic production has been growing rapidly at a rate larger than 40 %
worldwide. As a result the price of electricity dropped by 40 % between 2008 and 2011 [60].
In 2018 the global production data for solar cells was ranging from 100 GW to 115 GW [61].
However, it was later reported that the rate at which the electricity is consumed worldwide
will drop to 2.4 % by the year 2030 [62]. This can be mitigated by increasing the usage of
solar power globally. The first generation solar cells has been covering more than 80 % of the
photovoltaic market in the past decade, however, second generation photovoltaic cells are
expected to dominate the market in future. There is still room for improvement for thin film
solar cells. New technology based on organic solar cells and dye sensitized solar cells are still
under research level and not yet commercialized. As shown in Figure 10 the production of
thin film solar cells was very low (about 13 % of the total produced power) in 2010. The

global market is still dominated by standard crystalline silicon solar cells.

2010 Cell Production by Technology (MW-dc)
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Figure 10: The global market share of various solar cells in 2010 [63].

Even though some thin film solar cells developed from CdTe and CIGS absorbers are
commercialized and have a high record efficiency, they suffer from the issues of toxicity and
scarcity. Materials like tellurium, gallium and indium are rarely found on the earth crust
[64],[65],[66] and this issue limits the number of solar modules that could be manufactured
from these elements in the market. Figure 11 shows the abundance of elements relative to
their atomic number. On the other hand an element Cd is very harmful to the environment

[67],[68],[69], any waste containing has to be handled and deposited with care. To address

17



these problems the environmentally friendly CZTS absorber was developed from earth
abundant elements. This absorber material was developed by replacing In and Ga with Zn
and Sn. The record efficiency achieved from a CZTS solar cell with structure CZTS/CdS is
around 9.5 %. Though the efficiency is low there is still lot that can be improved to achieve a
higher efficiency [70].
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Figure 11: The abundance of elements in atoms of element per 10° atoms of Si
as a function of atomic number [71].

2.7 Crystal structure of a Cu2ZnSnS4 (CZTS) compound

CZTS is a quaternary compound made up of the elements which are less toxic and abundant
on the earth crust. Such elements are copper (Cu), zinc (Zn), tin (Sn) and sulfur (S). A
quaternary CZTS compound exists in two dominant tetragonal crystal structures namely a
kesterite and stannite, respectively. A kesterite structure is Zn rich while a stannite structure
is Zn poor. Even though these structures have some similar properties, the position of the
cations among them give rise to two different space groups, I4 and 142m, respectively. A
kesterite type structure belongs to the 14 space group. Here, a single copper atom shares the
same position 2a (0, 0, 0) with a zinc atom. The other remaining copper atoms go to the 2c
(0, 1/2, 1/4) site and the 2d (0, 1/2, 3/4) site. The distribution of copper and zinc atoms in this
structure leads to a p-type conductivity. On one hand a stannite type structure is a member of

the 142m space group in which the divalent cations are situated at the 2a site and monovalent
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cations are located at the 4d (0, 1/2, 1/4) site. In both structures the position of Sn is the same,
at 2b position (0, 0, 1/2). A unit cell of both a kesterite type structure and stannite type
structure is shown in Figure 12. The atoms of copper, zinc and tin are denoted by blue,

orange and red spheres, respectively.
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Figure 12: A unit cell of a kesterite CZTS (left) and stannite CZTS (right) [72].

2.7.1 Observable secondary phases in CZTS structure

It is not easy to obtain a single phase CZTS compound. In most cases secondary phases such
as CuSy, SnSz, CuzSnSs, Cu2ZnSnsSg and many others are found in the CZTS structure [73].
To get more insight on how CZTS and all these additional compounds are formed, we need to

consider the equilibrium phase diagram of Cu.S-ZnS-SnS; given in Figure 13.
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Figure 13: Equilibrium phase diagram for the Cu2S-ZnS-SnSz [74].
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As shown in Figure 13, a pure phase of CZTS crystals can only be obtained at specific region
(region 1), while the secondary phases are formed at any other region except region 1. Many
researchers had obtained a combination of CZTS and different secondary phases in a single
structure. Some of the examples of CZTS thin films with secondary phases were prepared by
sputtering from various source targets containing Zn, Sn, S, and Cu at room temperature.
Immediately after sputtering the films were sulfurized at temperatures between 250 °C and
550 °C. As shown in Figure 14 the XRD patterns revealed that secondary phases (ZnS, CuzS
and SnSy) exist in the structure.
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Figure 14: Typical XRD diffractograhs of CZTS layers prepared at different
temperatures [75].

2.8 Electrical and optical properties of a CZTS absorber

The electrical and optical properties are very important when selecting the best materials for
photovoltaic applications. The electrical features of CZTS thin films are influenced by
temperature (substrate and annealing temperature) and composition: The resistivity of the
films decreases as the temperature increases. CZTS thin films, which are rich in Cu and Sn,
have a low resistivity. Thus, those are not good for application in photovoltaic cells. As
reported in literature, CZTS absorber exhibit p-type conductivity with values of resistivity
ranging from 102 to 10° Qcm([76],[77]. The reported values of carrier concentration are in
order of 101 cm™®[78],[79].
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Like the electrical properties, the optical properties are also dependant on temperature. The
optical band gap of the CZTS thin films narrows as the temperature rises. The optical band of
the CZTS thin films reported in literature ranges from 1.4 to 1.7 eV which is very close to its
optimum band gap of 1.5 eV [80], however, some researchers had found a optical band gap
of 1.2 eV. In addition, CZTS thin films have a very high absorption coefficient, which is
greater than 10* cm™ in the visible range [81]. All these properties together make a CZTS
absorber to be a good absorber material for converting solar energy to electrical energy.

2.9 Design of CZTS solar cells

The CZTS solar cell belongs to the second generation of photovoltaic technology known as
thin films solar cells. It is an emerging substitute for the CIGS solar cell. All thin film solar
cells have a similar structure, but only the structure of traditional CZTS solar cell will be
described in this section. Traditional CZTS solar cell consists of a p-type absorber (CZTS)
layer deposited on a glass coated with an electrode layer (usually molybdenum). Then an n-
type buffer layer grown on top of absorber forming a p-n junction. Other two n-type thin film
(window) layers of transparent conducting oxides (i-ZnO and ZnO:Al) are deposited on the
buffer layer. A cell is completed by growing the aluminium grids. These grids act as front

contacts. A typical architecture of a traditional CZTS solar cell is shown in the Figure 15.
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Figure 15: A typical architecture of a CZTS solar cell [82].

2.10 Background Information of kesterites solar cells

A large Voc deficit associated with the CZTS solar cells can be improved by exploring other
Cd free buffer layers. Most of these Cd-free buffer layers are based mainly on zinc (Zn) and
indium (In) compounds. Few examples are ZnS, ZnO and In2Sz [83]. On the other hand, the

optical band gap of CdS is very narrow, ranging from 2.4 to 2.5 eV and this lowers the
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performance of the cell. Most of the Cd-free buffer layers like ZnS have a wider band gap
which can help to optimize the performance of the cells [84]. In 2018 Xin Cui et al [85]
reported CZTS with efficiency of 9.3 % using Cd-free buffer layer ZnSnO. Figure 16 shows
the current density versus voltage (I-V) curves as well as the external quantum efficiency
(EQE) of the CZTS/ZnSnO cells obtained.
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Figure 16: 1-V characteristics and EQE of the CZTS/ZnSnO cells [86].

Studying how the elemental composition of CZTS or CZTSSe films influence the efficiency
of a cell is also a crucial step towards improving the efficiency of the kesterite solar cells.
Best performing cells are found to have Zn rich and Cu poor regions in their absorbers
[87],[88]. In addition, the presence of secondary phases caused by the reaction of copper and
sulfur in the CZTS films degrades the conversion efficiency of CZTS solar cells. Such phases
make it very difficult to achieve a CZTS compound with most favourable values of Cu/ (Zn +
Sn) and Zn/ Sn ratios. Therefore, reducing the amount of copper in the samples decreases the
chances getting secondary phases hence improving efficiency the cells. A significant increase
of the Cu/ (Zn + Sn) ratio lowers efficiency of the CZTS cell [89]. Figure 17 shows the
current — voltage curves of two kesterite cells, one prepared under stoichiometric conditions
and the other by tuning Cu/ (Zn + Sn) ratio. The efficiency of the built cells was 0.37 % and
1% respectively.
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Figure 17: Current -Voltage curves of a cell fabricated with absorber under
stoichiometric conditions and a cell obtained by reducing Cu and increasing amount of
Zn [90].

Doping the CZTS absorber with alkali metals like sodium (Na) and potassium (K) helps to
enhance the efficiency of CZTS solar cell. The enhanced efficiency is associated with
improved crystallinity, grain size and band gap. Zhengfu Tong et al [91] produced a CZTS
films with improved crystallinity and grain size by doping with K. The complete solar cell
showed that short circuit current density raise up while open circuit voltage and series
resistance (Rs) dropped. Incorporation of these alkali metals to the CZTS also increases the
carrier concentration and this improves the electrical performance. Figure 18 shows the
current — voltage curves for Na and Sb doped kesterite solar cells with efficiency about 5.7
%.
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Figure 18: Current - Voltage curves of Na and Sb doped cell and the complete cell [92].
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Another way of increasing the efficiency of the kesterites (CZTS or CZTSSe) solar cells is by
adopting the bifacial cell structure. Here the Transparent Conducting Oxides (TCO), such as
fluorine doped tin oxides (FTO) or tin doped indium oxide (ITO) are used as the back
contacts or electrodes instead of molybdenum (Mo). The problem encountered with bifacial
cell configuration is that some of these transparent conducting oxides, like ITO, reacts with
the absorber at a higher temperature leading to expansion of the lattice, however, the optical
variables like band gap and absorption coefficient are slightly affected [93]. Figure 19 shows
the current — voltage curves of bifacial kesterite (FTO/CZTSe and ITO/CZTSe) solar cells
prepared at a temperature greater than 500 °C. The efficiency of FTO/CZTSSe and
ITO/CZTSSe obtained under illumination were 6.05 % and 4.31 %, respectively. The lower
conversion efficiency of ITO/CZTSSe cell might be caused diffusion of indium from ITO
substrate to the absorber. Several solar devices such as solar windows, tandem solar cells and

others use bifacial solar cells.
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Figure 19: Current -Voltage characteristics of FTO/CZTSSe and ITO/CZTSSe solar
cells under bifacial, front, rear and dark illumination [94].

2.11 Methods of growing CZTS thin films

The techniques of growing CZTS films can be split into two classes namely vacuum based
techniques (co-evaporation, pulsed laser deposition and sputtering) and non-vacuum
techniques (sol-gel and spray pyrolysis). Although the physical vapour deposition techniques
can lead to thin films with higher power conversion efficiency, they are more expensive
compared to the simple and low-cost chemical methods. One of the common limitations
among all these methods is the difficulty in obtaining thin films that exhibit pure phase of
kesterite. Controlling the composition of the thin films is also a challenge. Despite these
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challenges several CZTS thin films with excellent properties had been achieved [95],[96].

Some physical vapour and chemical growth methods are described below.

2.11.1 Thermal evaporation

Thermal evaporation is one of the vacuum-based techniques that can be used to deposit
various thin films. This technique is further divided into few methods namely resistive
heating and inductive heating [97],[98]. Resistive heating is a simple method under which the
heating electrodes are used to heat the source material (usually a powder) carried in a dimple
boat. One important factor that has to be considered when choosing a suitable material for
designing a boat is the melting temperature of both the dimple boat and source. The melting
temperature of a dimple boat has to be greater than that of a source. In this method the rate at
which the material is evaporated can be controlled by regulating the amount of current
supplied to the electrodes. The problem with thermal evaporation is that when temperature is
very high the boat may evaporate and contaminate the source material, the source material
may mix with a vapour from boat leading to films with poor composition ratio. Moreover, a
boat can break due high temperature if inappropriate material for designing a boat is chosen.
Most of the problems encountered in resistive heating can be effectively eliminated by
depositing through inductive heating. Here a crucible surrounded by water-cooled radio
frequency (RF) inductive coils is used to carry the source material. These inductive coils are
the ones that supplies energy. Though inductive heating is better than resistive heating, it is
still difficult to avoid contamination. The contamination here arises from the crucible. The
typical representations of resistive heating (a) and inductive heating methods (b) are shown in
Figure 20.
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Figure 20: Typical representation of (a) resistive heating and (b) inductive heating [99].
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Thermal evaporation had been used by a lot of researchers in recent years to synthesize CZTS
films. Shi et al [100] had successfully grown the CZTS thin films via thermal evaporation
from a powder that was prepared by mixing CuS, ZnS and SnS powders. The grown films
had amorphous structure and the films with crystalline structure were obtained after
annealing at 300 °C under nitrogen atmosphere. In 2013 Jiang et al [101] synthesized the
CZTS films following a two-step process. They started by depositing Cu, Zn and Sn
precursors on glass substrates coated with molebydenum via thermal evaporation followed by
sulfurization under sulfur ambience. In their work they studied the effects of sulfurization
temperature and source composition on the properties of the films, their results showed that
films prepared from Cu-rich sources exhibit multi-phase structure with Cu19S and CZTS

phases while those prepared from Cu-poor sources does not show any secondary phase.

2.11.2 Sputtering

Sputtering is another technique for depositing thin films. In this technique the ionised Ar gas
(plasma) is used for depositing the materials. To activate plasma a voltage source either direct
current (DC) or alternating current (AC) is applied across the anode and cathode. An Ar atom
is ionized to an Ar* ion by a collision between Ar atoms and a free electron discharged close
to the cathode while on its way to the anode. As a result of this collision an additional free
electron is produced that will in turn collide with other Ar atoms as it will be accelerated
towards the anode. In contrast Ar* ions produced in this process will go up to the cathode, a
portion of these Ar* ions with high kinetic energy may sputter off the uppermost layer of the
target source and the sputtered material will undergoes a semi-ballistic motion from the
source to the substrate [102]. Another portion of the Ar* ions help to maintain plasma’s self-
sustaining activity whereas the remaining portion can be embedded into the source. In the
sputtering system the target source and substrate are placed at the cathode and anode
respectively. Figure 21 shows a simplified representation of a sputtering system. Sputtering
can help to prepare various materials like insulators, mixtures and metals with precise
composition and uniform thickness. Furthermore, the distribution of particles and size of the
gains can be controlled in sputtering. The rate at which materials grow during the deposition
is influenced by few factors; these are sputtering power, sputtering yield and pressure of
ionizing gas. Sputtering deposition technique can be further divided into three methods
namely magnetron, DC and RF sputtering. DC sputtering is a very simple method, however,
it is characterized by lower deposition rates. RF sputtering has a larger deposition rate

compared to DC sputtering. Unlike in DC sputtering it is easier to deposit insulators through
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RF sputtering method. Magnetron sputtering has higher rates compared to DC and RF

sputtering: This method also helps to achieve materials with better adhesion.
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Figure 21: A simplified description for a sputtering system [103].

Many researchers had already used sputtering methods to deposit CZTS thin films. In 2005
Tanaka et al [104] fabricated CZTS thin films using hybrid sputtering set-up consisting of
two sputter sources (for Cu and Sn) and two effusion cells (for Zn and S). The films were
obtained by depositing Sn, Zn and Cu sequentially followed annealing in S containing
environment. They also varied the substrate temperature. A pure phase of CZTS was
achieved at 400 °C. Early 2012 Sun et al [105] took a different route of sputtering. This group
used RF magnetron sputtering to deposit CZTS layers on glass substrates using a CZTS target
as source. The CZTS layer were further sulfurized in Ar + HzS atmosphere. The thin films,
obtained before annealing, exhibit a single phase CZTS structure as revealed by the X-Ray
diffraction and Raman spectroscopy. Later in 2013 Inamdar et al [106] grown the CZTS thin
films on the soda lime glass substrates via RF magnetron sputtering technique. The films
were further annealed in a nitrogen atmosphere at 350 °C and 550 °C. The grown films had a
poor Cu/ (Zn + Sn) ratio and this ratio was enhanced by growing a thin layer of Cu on top of
the CZTS layer and subsequent annealing in a nitrogen atmosphere. As result crystal structure

of the films were improved.

2.11.3 Sol gel

In a sol-gel technique, materials such as sheets, fibres, thin films, and thick films can
fabricated at a low temperature from solutions that contain precursors (metal compounds),
water, alcohol and acid or a base. Here water, alcohol and acid or base work as hydrolysing

agent, solvent and catalysts, respectively. In this technique two major processes (hydrolysis
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and poly-condensation) are involved. Firstly, metal compounds are hydrolysed followed by
subsequent poly-condensation of products released from hydrolysis. These two processes
produce sol. A sol would be turned into a wet gel in the next series of reactions. A wet gel
consists of solvents, which can be removed by evaporation producing a dry gel. Further
heating a gel gives rise to different products as shown in Figure 22. The advantage of using
sol-gel technique is to achieve the most stable surfaces and larger surface area. There are
several methods that fall under sol-gel, some of them include casting and spin coating [107].
Casting is used to make bulk bodies (sheets) and spin coating is used for producing thin and
thick films. Spin coating is the mainly used method by researchers in the field of material

science and solar energy conversion to deposit CZTS thin films.
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Figure 22: Steps involved in sol-gel method and some possible products obtained from
sol-gel technique [108].

In 2009 Tanaka et al [109] prepared CZTS layers on glass substrates coated with
molebydenum through sol gel method. They deposited the thin films by spin coating the

precursor onto the glass substrates at 3000 rpm followed by drying at 300 °C for 5 minutes in
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open air. The thin films obtained were further annealed at 500 °C for an hour under N2 + H2S
containing environment. Their results showed that some MoS; and Mo phases exist in the
CZTS structure, however, the band gap was close to 1.5 eV which is the theoretically
determined band gap of the CZTS. Later in 2011 Tanaka et al [110] also investigated the
effects of varying Cu/ (Zn + Sn) ratio in the sol-gel solution on the morphology and optical
properties of the thin films. In their work Zn/ Sn ratio was not varied. They concluded that
decreasing Cu/ (Zn + Sn) in the sol-gel solution leads to an increase of the grain sizes and
band gap. In the year 2011 Maeda et al [111] studied the effects of reducing the amount H2S
gas during sulfurization on the properties of CZTS thin films grown by sol-gel method. They
varied the concentration of HzS between 3 % and 20 % during sulfurization. They found that
as the concentration of H>S was reduced the quantity of S in the thin films also reduced until
the concentration reached 5 %. Below 5 % the concentration of S increased. Furthermore, the
grain size of the thin films sulfurized at a lower concentration of H,S (3 %) was larger

compared to others.

2.11.4 Spray pyrolysis

Recently the spray pyrolysis technique had been applied in wide range of research industries
to prepare thin films, powders and ceramic coatings. Many researchers adopt this technique
because it is easy and cost-effective [112]. It is very simple to build a custom made set up for
spray pyrolysis. The apparatus needed are the atomizer, substrate heater, pumps and small
precursor solution container. During the spray pyrolysis method, the precursor solution is
carried by a gas (compressed air or nitrogen) to a heated substrate in form of droplets. When
these droplets hit the substrate, they form a disk-shaped structure and go through pyrolysis.
The main factors that determine the thickness, particle size and shape of the resulting
nanostructure include temperature of the furnace or substrate, distance between the substrate
and atomizer, momentum of the droplets and spray duration [113]. In addition, the additives
and concentration of the reactants in the precursor affects the morphology of the films [114].

Figure 23 shows the typical set-up for spray pyrolysis technique.

29



ATOMIZER

SPRAY

SUBSTRATE

/

HEATING
PLATE

Figure 23: Typical Set-up for spray pyrolysis [115].

In 2006, Kamoun et al [116] carried out a study to find out how does varying the substrate
temperature and period of deposition affects the properties of CZTS thin films grown by
spray pyrolysis. In order to investigate these two conditions, they deposited the thin films for
a duration of 30 and 60 minutes at a temperature ranging from 553 to 633 K. From their
observation the thin films with the best crystallinity were obtained at higher substrate
temperature, and the thin films were deposited for longer duration (60 minutes). The X-Ray
diffraction showed that the thin films were multi-phase with peaks corresponding to Cus,
CZTS and CuS. Kumar et al [117] reported on the effects of temperature on the properties of
CZTS thin films around 2009. They had successfully deposited the CZTS thin films at
temperature range from 643 K to 683 K, and their results had showed that the crystal
structure of the CZTS thin films was enhanced by increasing temperature. In 2011
Rajeshmon et al [118] investigated on how the precursor influence the properties of CZTS
thin films. They varied the source of tin, stannous chloride and stannic chloride, which were
used as sources of tin. They found that a film prepared from solution containing stannic
chloride exhibit better crystalline structure and optical properties (a band gap was 1.5 eV and
absorption coefficient greater than 10* cm™) compared to a film grown from solution
containing stannous chloride. For this project the CZTS thin films were fabricated through a

simple and cost-effective spray pyrolysis method.
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CHAPTER 3 : MATERIALS AND METHODS

3.1 Arrangement of a spray machine

In this project, the CZTS and In,Ss thin films were deposited on the glass substrates by home-
made spray pyrolysis system. Compressed air was used to carry solution towards the
substrate. The experimental set for this experiment is shown on Figure 24, the components
are labelled with numerical numbers and their purposes are also described in what follows.
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Figure 24: Experimental set-up for spray pyrolysis.

The purpose of the heater (1) is to heat the substrates to a particular temperature. The pump
labelled as (2) pumps the precursor solution in the syringe, and the solution from the syringe
(3) is carried by a tube (4) to the nozzle (5) where it meets with a compressed air coming
from the compressor through tube (6). A compressed air carries the solution from the nozzle

to the substrates in form of droplets. The multi-meter (7) measures the substrate temperature.

3.2 Cleaning the substrates

In this research the borosilicate glasses and Flourine-doped Tin Oxide (FTO) coated glasses
were used as substrates. Prior to deposition the glass substrates were washed sequentially
with acetone, ethanol and distilled water. The purpose of cleaning the substrates was to

remove any dust or dirt from the glass surfaces that might lead to uneven thin film growth.
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Furthermore, the dirt on the surface of the glass substrates may cause failure of thin-films to
stick to the surfaces of the substrates. Firstly, the glass substrates were placed in a beaker
containing acetone and heated to 250 °C for 10 minutes using a hot plate. Figure 25 (a) shows
the heated glass substrates. After 10 minutes the glass substrates were removed from acetone,
dipped in distilled water and immersed in a beaker with ethanol. Then the beaker was placed
in an ultrasonic bath tank (Bransonic) containing water as shown Figure 25 (b). The
ultrasonic bath tank knob was then adjusted to 35 sonics and the beaker with the glass
substrates was left in the tank for 35 minutes. Lastly the glass substrates were rinsed with

distilled water three times and dried with flowing nitrogen gas.

Figure 25: The glass substrates in (a) acetone and (b) ethanol.

3.3 Depositing the CZTS thin films

Various salts such as copper chloride dehydrate, zinc acetate dehydrate, zinc nitrate
hexahydrate, tin (I1) chloride dehydrate, and thiourea from Sigma Aldrich were used for
preparation of CZTS thin films, however, tin (IV) chloride was used in a liquid state. All salts
were dissolved in distilled water to obtain 0.02 M of (copper chloride, zinc acetate, zinc

nitrate, tin (1) chloride) and 0.08 M of thiourea solutions, tin (I\V) chloride solution was
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diluted with distilled water to obtain 0.02 M aqueous solution of tin (IV) chloride. The
concentration of thiourea was four times that of copper chloride to avoid reduction of copper
by thiourea and also to compensate for loss of sulfur during pyrolysis. In this study four
different CZTS samples were obtained by varying the two sources of zinc and two sources of
tin, the copper salt and sulfur were not changed throughout the experiment. The table 2 shows

how the zinc and tin salts were selected to obtain four different samples.

Table 2: Pair of zinc and tin sources used for preparation of four CZTS samples.

Sample name Source of zinc Source of tin

CZTS001 Zinc acetate dehydrate | Tin (II) chloride dehydrate
CZTS002 Zinc nitrate hexahydrate | Tin (I1) chloride dehydrate
CZTS003 Zinc acetate dehydrate | Tin (V) chloride
CZTS004 Zinc nitrate hexahydrate | Tin (V) chloride

The four different solutions used for depositing CZTS thin films were prepared by mixing
0.02 M of (copper (11) chloride, zinc acetate or nitrate, tin (1) or tin (IV) chloride) solutions
and 0.08 M of thiourea solution in a beaker as described earlier (see table 2). The solutions
were stirred with a magnetic stirrer for 10 minutes to obtain clear solutions. Then 35 ml of
each solution was sucked using a syringe and the syringe pump was set to a rate of 1.0
ml/min. Before spraying each solution, the spraying system was adjusted such that the
distance between the substrates and the nozzle was 25 cm. Cleaned glass substrates were
heated up to 300 °C for five minutes with a hot plate. Then the solution was sprayed on the
heated glass substrates using compressed air as a carrier gas and substrate temperature was
held constant at 300 °C during deposition of all samples. After deposition, the four samples
were allowed to cool naturally and taken for characterization.

3.4 Synthesizing In2Sz thin films

The In2S3 thin films were also deposited by the spray pyrolysis technique. For the deposition
of the In,S3 samples, indium chloride tetra-hydrate and thiourea from Sigma Aldrich were
used as sources of indium and sulfur, respectively. In this experiment the composition of the
In2Sz thin films was examined by varying thiourea concentration in steps of 0.005 M. An
aqueous solution of indium chloride (0.015 M) was prepared by dissolving indium chloride
tetra-hydrate salt in distilled water and the four aqueous solutions of thiourea (0.090 M, 0.095

M, 0.100 M and 0.105 M) were obtained by dissolving specific masses of thiourea in distilled
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water. An excess amount of thiourea was required to compensate for loss of sulfur at higher

temperatures.

Four set of precursor solutions were prepared by mixing 0.015 M of indium chloride solution
with each of the four thiourea solutions in separate beakers, and the mixtures were stirred
with a magnetic stirrer for 10 minutes. Then In2Sz thin films were grown on preheated glass
substrates at 300 °C by spraying 15 ml of each prepared solution over the substrates at a rate
of 1.0 ml/min. Compressed air was used to carry the solutions in form of mist towards the
substrates and the distance between the substrates and nozzle was set at 25 cm for deposition
of all samples. After deposition all samples were annealed at 300 °C for 30 minutes. After
annealing the samples were allowed to cool naturally before taken for characterisation. The
samples were given names as In2Sz_0.090, In2S3_0.095, In2Ss_0.100 and In2Ss_0.105. The
numerical numbers indicate the corresponding concentration of thiourea used in sample

preparation.

3.5 Fabricating FTO/CZTS/Ag and FTO/In,Ss/CZTS/Ag solar cells

In order to investigate the photo response of CZTS thin films, the CZTS layers with good
structural and electrical properties (CZTS001 and CZTS003) were selected and deposited on
FTO coated glass substrates as described under section 3.3. Then a 100 nm Ag layer and Ag
strip were deposited on the CZTS layer and FTO layer, respectively. Ag was deposited as
outlined under section 3.6.

The two CZTS absorber layers and the one In,S3 layer with best characteristics were chosen
and used for building two superstrate-type CZTS solar cell prototypes with structure
FTO/In,S3/CZTS/Ag. Figure 26 (a) shows the architecture of the solar cells produced in this
work. Firstly, the n-type In.Ss buffer layer (In2Ss_0.095) was deposited on the two FTO
coated glass substrates, the In,Ss layer was deposited as described under section 3.4. Then
each p-type CZTS layer (CZTS001 or CZTS003) was grown on top of the prepared n-type
In2Ss buffer layer forming a p-n junction. The CZTS layers were prepared as described under
section 3.3. Finally, the contacts of each cell were made by depositing Ag layer on top of
CZTS layer and Ag strip on the FTO layer through radio-frequency (RF) magnetron
sputtering as described under section 3.6. After depositing Ag layer, Cu tape was used to
connect the cables to Ag layer. The two produced solar cells prototypes are named as Cell-A
(FTO/IN2S3/CZTS003/Ag) and Cell-B (FTO/In2Ss/CZTS001/Ag), respectively. Figure 26 (b)

presents the two solar cells (Cell-A and Cell-B) produced in this work.
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Figure 26: The (a) architecture of the FTO/In2S3/CZTS/Ag solar cells and (b)
FTO/IN2Ss/CZTS/Ag.

3.6 Deposition of Ag electrodes

The Ag layers was firstly grown on a cleaned borosilicate glass substrates through RF
magnetron sputtering using TF500 machine as shown in Figure 27. This machine can perform
three deposition methods being thermal evaporation, electron beam, and RF magnetron
sputtering. The Ag target attached to the Cu plate was used as a source. The diameter,
thickness and purity of the target were 2 inches, 4 mm and 99.99 %, respectively. Firstly, the
target was placed in the target holder and the glass substrates were placed on the substrates
holders which was about 25 cm above the target. Then the deposition chamber was evacuated
to 6.51 x 10®° mbar, the RF power and argon rate were set to 100 W and 14.0 SCCM
respectively. When chamber pressure reached 6.51 x 10° mbar, pre-sputtering was carried
out for 10 minutes. After pre-sputtering, the first sample was deposited for a period of 20
minutes. Since the first sample was very thick, the experiment was repeated but the time for
actual sputtering was reduced 5 minutes in-order to obtain a thin film about 100 nm thickness
with good properties. After obtaining a good Ag film at 5 minutes, the contacts for the cells
were made by depositing 1 cm x 2 cm Ag layer and 1 cm long Ag strip on the CZTS layer
and FTO layer respectively. Hence the active area of each cell was 2 cm?.
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Figure 27: TF 500 machine.

3.7 Characterizing the CZTS and In.Ss layers

Various techniques were employed in the characterisation of CZTS and In,Ss thin films. The
structural properties of the films were studied via X-Ray diffraction and Raman
Spectroscopy. Other properties such as thickness, optical properties, electrical properties,
morphology, and composition were studied through Stylus profilometry, UV-Vis
spectroscopy, Hall measurement, Scanning electron microscopy, Atomic force microscopy

and Energy-Dispersive X-Ray spectroscopy. These methods are briefly described below.

3.7.1 X-Ray Diffraction

X-Ray diffraction is a non-destructive method that uses the X-ray scattering phenomenon to
identify the nature of materials. Various structural parameters of materials like grain size,
crystallinity, dislocation density, strain, crystal defects and others, can be obtained through
this method. An instrument used in this technique is called an X-ray diffractometer. It has an
X-ray tube which consists of a pair of electrodes (anode and cathode). The anode is usually
made from metals with high density such as Cu, W, Mo and others. The cathode is made
from a tungsten filament which produces electrons through a process known as thermionic
emission when it is heated. When electrons with high kinetic strike a metallic target at the

anode in an X-ray tube, X-rays are produced. A high voltage has to be applied across the
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anode and cathode to speed up the motion of electrons from the cathode towards the anode.
When the electrons reach the anode a small portion of their kinetic energy is converted to X-
rays and the remaining larger portion is transformed to heat. As a result, there will be more
heat in the X-ray tube, and the tube need to be cooled by placing it in a coolant.

In this project the Bruker D8 Advance X-ray diffractometer was used to study the structural
properties of the CZTS and In,Ss thin films. The machine was equipped with CuK, radiation
having a wavelength of 0.154056 nm. The current and voltage of the X-ray diffractometer
was set to 40 mA and 40 kV, respectively. Figure 28 depicts a diagram of Bruker D8
Advance X-ray diffractometer.

Figure 28: Bruker D8 Advance diffractometer

X-rays are electromagnetic waves with short range of wavelengths (0.01 nm — 10 nm). This
range of wavelengths is almost the same as the spacing between atoms in most solid
materials. Due to short wavelength, X-rays are very penetrative and are suitable to be used
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for study the structural properties of materials. A beam of X-rays penetrating a crystal will be
dispersed in different directions by the atoms in a crystal, when the beam is dispersed in a
specular fashion (Bragg diffraction) as shown in Figure 29, constructive interference will take

place.
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Figure 29: Bragg’s scattering [119].

According to Bragg’s law the dispersed beam will only interfere constructively if the path
difference between the X-rays scattered by the planes is a multiple of the wavelength.

Mathematically, Bragg’s law can be expressed as shown in equation (14)[120]:

nil = Zdhleine (14)

In the above equation, n is the order of diffraction and the value of n is always an integer.
Other variables like A, d and 0 refers to the wavelength of incident X-ray beam, path

difference and incident angle.

Solid materials can exist in two forms being amorphous and crystalline. The examples of an
amorphous and crystalline solid materials glass and copper metal, respectively. In amorphous
solid materials, atoms are not arranged in order while in crystalline solids atoms are arranged
in a regular pattern. Most solids exist in crystalline form. There seven examples of crystal

systems namely cubic, tetragonal, hexagonal, orthorhombic, monoclinic and triclinic.

3.7.2 Raman Spectroscopy

Raman spectroscopy is a technique that employs light scattering phenomenon to obtain the
chemical and structural properties of the samples. This technique was named in honour of

C.V. Raman who discovered Raman scattering in 1928. The radiation incident upon the
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sample always scatters in different directions due to the vibrations of molecules within the
sample. During this process more radiation scatter with the same wavelength as of the
incident radiation, this is called Rayleigh (elastic) scattering. In addition, less radiation scatter
at wavelengths greater or smaller than that of the incident radiation and this is known as
Raman (inelastic) scattering. The occurrence of Raman scattering is determined by

wavelength of the incident radiation.

An instrument that is used in Raman spectroscopy is known as Raman spectrometer. Most
Raman spectrometers consists of various excitation lasers. The structural and chemical
information of a sample is extracted by illuminating it with a certain laser beam. The
interaction between the beam and molecules from the sample creates scattered light. Only
light that undergoes elastic scattering is used for modelling the Raman spectrum of the
sample. A Raman spectrum is graph of intensity as a function of Raman shift. A Raman shift
is defined as the difference between the energy of the incident radiation and scattered
radiation. It is independent on the wavelength of the incident light. When the wavelength of
the radiation incident upon the sample is smaller compared to the one of scattered radiation,
stokes lines are seen on the spectrum. But when the wavelength of the radiation incident upon
the sample is greater than the wavelength of scattered radiation, the anti-stokes lines are

observed on the Raman spectra.

Most Raman spectrometers can record the Raman spectra from 10 cm™ to 4 000 cm?,
however, this range can vary depending on the model and optical elements of the machine. In
this study the LabRAM HR Evolution Raman spectrometer, shown in Figure 30, was used for
further characterising the structure of the produced thin films. This spectrometer have three
(325 nm, 532 nm and 785 nm) lasers, however, a 532 nm laser was used in this poject.
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Figure 30: The LabRAM HR Evolution Raman spectrometer.

3.7.3 Stylus Profiler

A stylus profilometer is an instrument that is used to measure various parameters (roughness,
texture, thickness, e.t.c) of thin films. This instrument has a metallic probe which scans over
the surface of a sample. Next the process of measuring thickness of thin films with a stylus
profilometer is described. The first step for measuring thickness involves making a step on
sample by scratching with a thin metallic pin or etching by placing in a suitable solution like
hydrochloric acid. Then the sample is placed on the sample stage just below the probe. After
placing a sample with a step below the probe, the probe has to be lowered vertically
downward until it comes into contact with the surface of a sample. The last step is to scan the
surface. The scanning will give step profile on the screen of the computer, which is used for

determination of thickness.

It is crucial to note that thickness is the height from the surface of the substrate to the surface
of the thin film. Therefore, a step had to be made carefully without scratching deep into the
substrate. In addition, the roughness of the sample may limit the accuracy of results from
stylus profilometer as it adds more noise to the profile and as a result it may be difficult to
locate the position of the step. Furthermore, the vibration of the profiler, which might be
caused by the vibrations on the background, may also affect the results that are obtained. This

can be minimised fitting suitable shock mountings and rigid supports.
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The model of the profiler used in this project is KLA Tencor D-100 depicted in Figure 31.
This profiler works by generating the analogue signal through the position of a stylus. The

analogue signal will be converted to digital signal which can be stored and analysed.

ey
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Figure 31: KLA Tencor D-100 profiler.

3.7.4 UV-Vis Spectroscopy

UV-Vis spectroscopy is a basic technique used to measure the amount of radiation (light)
absorbed by various materials in the ultraviolet and visible regions of the electromagnetic
spectrum. Any radiation incident upon the material may undergo absorption, reflection or
transmission depending on the materials’ properties such as thickness, surface texture and
others. When a material absorbs sufficient amount radiation its molecules changes from the

ground state to excited state, this process is known as excitation.

Most UV-Vis spectrometers consist of radiation source (usually xenon or mercury lamps),
diffraction grater, half mirror and detectors. The diffraction grater splits the beam of light
from the radiation source into its makeup wavelengths. A half mirror divides monochromatic

beam from a diffraction grater into two beams with equal intensity. One beam is used for
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reference and the other beam will pass through the material under investigation. The purpose
of detectors is to measure the intensities of reference and sample beams. The results are
usually presented as graphs (absorbance and transmittance spectra). A UV-Vis spectrum is a
graph that shows how transmittance, absorbance or reflectance varies with wavelength. The
wavelength is plotted on the x-axes and the dependent variable (transmittance, absorbance or

reflectance) is plotted on the y-axes.

Absorbance (A) and transmittance (T) are related quantities. Transmittance is defined as the
ratio of the intensity of a sample beam to the intensity of a reference beam. The value of
transmittance is one if the material does absorb any radiation. A mathematical expression of
transmittance is given as follows[121]:

=1 (15)

Io

| denotes the intensity of light passing through the material and lo denotes the intensity of

light incident upon the material.

Absorbance is the amount of radiation absorbed by a material and the value of absorbance is
zero if the material does not absorb any radiation incident upon its surface. The absorbance
can be expressed mathematically as[122]:

A=—logT (16)

Reflectance is another important optical quantity of materials. It is the measure of a small
amount of incident radiation that bounces back at the surface of the material. Just like
absorbance and transmittance, reflectance depends on the wavelength of the incident
radiation. A mathematical equation that relates reflectance to absorbance and transmittance
reads[123]:

T+R+A=1 17)

The Perkin Elmer 750 UV/VIS/NIR spectrometer, shown in Figure 32, was used in this
project to measure absorbance, transmittance and reflectance of the thin films. This

spectrophotometer can measure optical quantities from 300 nm to 1 100 nm.
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Figure 32: The Perkin Elmer 750 UV/VIS/NIR spectrometer.

3.7.5 Hall Measurement

Hall Effect measurement is one of the most common methods used for studying the electrical
properties of semiconductors. Typical Hall Effect Measurement systems consists of vacuum
chambers, magnets, current source and others. The vacuum chambers in these systems allows
for measurements to be taken under defined conditions. The Hall Effect measurement
systems employs the Hall Effect in which electric field set up and magnetic field, applied on
the semiconductor material (sample), is used to obtain information about the charge carriers
(electrons and holes) found in it. When working with a Hall Effect measurement system, it is
important to ensure that the distance between current contacts and voltage contacts are fairly

large.

In Hall measurements the magnetic field is applied perpendicular to the sample and voltage is
applied across the sample. The applied voltage creates an electric field which is perpendicular
to the magnetic field and this causes current to flow. The charge carriers in a semiconductor
with current flowing perpendicular to the magnetic field are deflected due to the Lorentz
force. This induces a voltage (Hall voltage). Polarity of the Hall voltage is determined by the
charge on the carrier. The size of Hall voltage is influenced by several parameters such as
magnetic field strength, current and charge density. Several electrical parameters of

semiconductor materials such Hall coefficient, resistivity, mobility, charge carrier
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concentration and many more can be obtained by the Hall Effect measurement systems. The
type of conductivity of a semiconductor material is determined by the Hall coefficient. The
positive and negative signs on the Hall coefficients indicate that the semiconductor materials

are p-type and n-type, respectively.

In this study ECOPIA HMS5500 Hall measurement system, shown in Figure 33, was used. It
consists of two systems being AMP55T and AHT55T5, respectively. The AMP55T measures
the parameters at room temperature and it was used to measure electrical parameters of CZTS

and InzSsz thin films at room temperature. The AHT55T5 allows for measurement of electrical

parameters at various temperatures.

Figure 33: ECOPIA HMS5500 Hall measurement system.

3.7.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the most widely used technique for examining the
morphology and microstructure of various materials. A SEM is one of the best tools for
analysing particle size, because of its good resolution (about 10 nm). Even a resolution of 2.5
nm can be achieved with modern SEM devices. Some techniques like energy-dispersive X-
ray spectroscopy (EDS) are used in conjunction with SEM for examining the elemental

composition of the materials.

Some main components of SEM are sample stage, electron gun, electromagnetic lenses,
apertures, vacuum system and detection system. The first step involved in characterization of

materials with SEM is to mount the sample to the sample stage. Then a beam of electrons is
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emitted from electron gun which is located at the top of the column. This beam is accelerated
to higher energies ranging from 0.1 keV to 30 keV. This process requires a high vacuum
environment to prevent scattering and absorption of electrons by air. The beam is shaped and
directed to the sample surface when passing through the aperture and electromagnetic lenses.
The interaction that takes place when the beam reaches and penetrate the sample results in
ejection of electrons and photons from the surface of the sample. The emitted electrons and
photons are collected in the detector system used to generate signals. Generated signals are
used to produce images of the samples.

The EDS technique involves ionization of the atoms that make up the sample by focusing a
beam of electrons towards the sample. This beam may knock off an electron from the inner
shell in one of the atoms leaving a hole behind. When an electron from outer shell lose
energy and fills the hole left behind in the inner shell, energy is emitted in form of an X-ray.
The emitted X-ray is specific for every element and it is used to analyse elemental

composition of the sample with the energy dispersive detector.

The MERLIN ZEISS GEMINI SEM, shown in Figure 34, was used in this work to study the
morphology of the CZTS thin films. This machine had EBSD system and EDS detector
installed. Therefore, EDS detector was also used for analysing the composition of the CZTS

films.
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Figure 34: The MERLIN ZEISS GEMINI SEM.

3.7.7 Atomic Force Microscopy (AFM)

Atomic force microscopy is a high resolution (the order of nanometre) method developed in
1985 by Binning and his fellow workers. This method can be used for analysing the surface
of the sample. Various properties of the sample such as topography, chemical, electrical and

mechanical properties can be obtained through this technique.

The atomic force microscope consists of laser beam, cantilever, photo sensitive diode,
piezoelectric scanner and many more. A sharp tip (usually made from silicon) at one end of

the cantilever is used to scan over the surface of a sample. Prior to scanning a sample surface,
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the tip is brought closer to the sample surface. The assembly of cantilever and tip is known as
a probe. Its lateral and vertical position of the probe with respect to the sample surface is
controlled by a piezoelectric scanner. During scanning the cantilever is deflected due
changing topography on the sample surface and the deflection of the cantilever is traced
through a laser beam that bounces on the back of the cantilever. The reflected beam is
gathered by a photo sensitive diode and directed towards a detector and feedback system.
Figure 35 shows the basic components involved in atomic force microscopy. The points
obtained during scanning with the tip are combined and used to produce a three-dimensional

image of the sample surface.

photodiode AFM controller +

deflection laser E

feedback

Figure 35: Basic components of atomic force microscopy[124].

An atomic force microscope can operate under various modes, however, there are only two
imaging modes namely static and dynamic modes. In a static mode, the sample surface is
scanned with a probe having a constant contact between the tip and sample surface. The
dynamic mode involves scanning a sample surface using the probe oscillating or vibrating at
a certain frequency. This mode is better than the contact mode, because it can scan a sample
gently. When characterising samples with atomic force microscope it is important to keep
sufficient distance between the sample and tip as the continuous interaction force between the

sample and tip may damage the sample.

The BRUKER atomic force microscope, shown in Figure 36, was used in this work to study
the morphology of In.Ss thin films. This microscope has a resolution to the order of

nanometre.
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Figure 36: The BRUKER Atomic Force Microscope.

3.8 Studying the performance of the cell

The performance (the dark and illuminated I-V curve) of the solar cell prototypes was studied
under the standard test conditions by using a solar simulator in conjunction with the Keithley
4200A parameter analyser, a solar simulator provides a solar irradiation of 100mW per cm?
by keeping the solar cell temperature at 25°C for testing the produced solar cell prototypes. In
this research a low-cost and simple SciSun-150 solar simulator, shown in Figure 37, was used
for illumination of the solar cell prototypes. This solar simulator falls under the class AAA
and its maximum power is 150 W. The SciSun solar simulators can provide maximum
illumination of about two suns. Most of the SciSun models from Sciencetech consist of:
xenon lamp, filter holder, arc lamp housing with an integrated igniter, beam tuner and quality
control report. The different filters used the SciSun solar simulators are found in the filter

holder and the level of output irradiance can be varied using a variable aperture.
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Figure 37: The SciSun-150 solar simulator.

When SciSun solar simulators are used with suitable air mass filters, they can perform
measurement of class A spectral match. The results vary according the model of solar
simulator used. Figure 38 shows the results obtained from the SciSun solar simulator using
the AML1.5G filter. Moreover, the SciSun simulators can meet both class A spatial non-
uniformity and class A temporal instability. Class A spatial non-uniformity is usually
achieved on a default mode. In addition, class B spectral match which is required for larger

target sizes may also be available on these simulators by request.
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Figure 38: The spectral Match obtained from SciSun-150 solar simulator[125].

The Keithley 4200A parameter analyzer is used in conjunction with a solar simulator to
measure voltage variation on a forward biased solar cell connected in a four wire

configuration, while the current flowing through the solar cell is also measured at every step.
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The data obtained are then used to produce a graph of current as a function of voltage (I-V
curve). Various parameters about the solar cell such as open circuit voltage, short circuit
current, maximum power and others can be determined from the obtained I-V curve.
Additional materials required when performing measurement on a solar cell when using
Keithley are four triaxial cables and two SMUs (Source Measurement units). In this work, the
Keithely 4200A-SCS parameter analyzer shown in Figure 39 (a) was used for performing
measurements by using the Clarius 1.9 software. The best method for performing
measurements on the cell is to connect the output terminals of the SMUs to the solar cell in a
4-wire configuration. This method helps to reduce resistance due to the test leads and
unwanted potential drops. Figure 39 (b) shows the schematic connection of the solar cell to
the one SMU and the ground unit (GNDU), which is a built-in SMU of the Keithley 4200A.
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Figure 39: (a) The Keithley 4200A-SCS parameter analyzer and (b) schematic
connection of the solar cell to one SMU and GNDU[126].
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In this work, the current-voltage curves for the photo conductivity measurements were
obtained in the dark and under illumination. Just like for photo conductivity measurements,
the current-voltage characteristics for the solar cells were measured in the dark and under
illumination conditions. Figure 40 shows a biased solar cell. The positive terminal of a cell
was connected to SMUL and negative terminal of a cell was connected to GNDU. All
current-voltage curves were obtained by biasing the devices as shown in Figure 40. The bias
voltage for photo conductivity measurements was ranging from -4 V to 4 V and the solar
cells were biased from 0 V to 8 V. Under illumination conditions, a solar simulator was used
for testing the solar cell prototypes under illumination by applying a solar irradiation of 100
mW/m?.  All measurements were performed under air mass (AM) of 1.5 G. Finally, the
current-voltage characteristics were obtained and stored on the Keithley 4200A-SCS

parameter analyser by using the Clarius software.

Figure 40: A circuit for finding the I-V curve of a cell.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 Characterisation of CZTS thin films
4.1.1 Structural Characterization of CZTS thin films

4.1.1.1 X-Ray Diffraction Studies

X-Ray diffraction was used to study the crystallinity and identify the presence of the CZTS
phases in the films. Figure 41 presents the obtained diffractograms of the CZTS samples. The
X-Ray diffraction patterns revealed three phases which match with the (1 1 2), (22 0) and (3
1 2) crystallographic planes of the kesterite CZTS in a tetragonal lattice structure (PDF 00-
026-0575 Cu2 Zn Sn S4 KAsterite, syn). However, there is an extra peak at 26 (equal to 46.4
9), which is associated with CuxS and it most visible for samples (CZTS003 and CZTS004,
see Figure 41) prepared using tin (IV) chloride solution as one of the components of the
precursor. This peak might be caused by high amount of Cu in the samples[127]. All samples
were growing along the (1 1 2) direction. The crystallinity of the samples prepared using tin
(V) chloride as a source of tin is higher than those of samples prepared using tin (1) chloride
as proved by the intensity of the (1 1 2) peak in Figure 41. This shows that the precursor
solution plays a crucial role on the structural properties of CZTS films, however, changing
the zinc sources does not show a significant change in the crystallinity of the samples. These
findings agree with results published recently. Khalate et al [128] obtained similar XRD
patterns from the CZTS films deposited by chemical spray pyrolysis technique at various
substrate temperatures. Chtouki et al [129] also reported similar diffractograms of the CZTS

thin films grown by spin-coating and spray pyrolysis.
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Figure 41: X-Ray diffraction patterns of the CZTS samples.

The crystallite size (D), dislocation density (8) and the lattice parameters of the samples were
calculated using equations (18)[130], (19)[131], and (20)[132]. In equation (18) the
parameters A, B and 8 refers to the wavelength of the X-Ray, full width at half maximum and
Bragg’s angle, respectively. The parameters of dominant peak were used for calculating the
crystallite size in all samples. The d in equation (20) is the inter planner spacing, the h, k and |

represent the values of a miller index labelling the plane by the expression (h k I).

__ 09A
- Bcos(0) (18)
1
8=~ (19)
1 h2+k%2 12
=2 Ta (20)

Table 3 shows the values of the crystallite sizes, dislocation densities, and lattice parameters
for all CZTS thin films. As shown in table 2 crystallite sizes ranges from 29.36 nm to 38.52
nm. Remarkable, CZTS003 has the highest crystallite size. The crystallite size depend on the
full width at half maximum of the dominant peak, the dominant (1 1 2) peak was narrow for
CZTS003 and broad for CZTS004. This shows that highly crystalline CZTS thin films can be
achieved by varying the precursor solution. Moreover, CZTS003 has the lowest value of

dislocation density and this also indicates that CZTS003 has the best crystalline structure.
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The obtained values of lattice parameters (a and c) are in agreement with other values
reported in literature. The reported theoretical values of a and ¢ are 5.427 A and 10.848 A
[133], respectively. Note that the small difference observed in values of lattice constants may
be due to slight shift of the peaks.

Table 3: Values of crystallite sizes, dislocation densities and lattice parameters for
CZTS samples.

Sample Crystallite Dislocation | a (A) c(A)
name size (nm) density x

104 (1/m?)
CZTS001 34.79 8.262 5.422 10.847
CZTS002 30.58 10.800 5.402 10.846
CZTS003 38.52 6.740 5.408 10.847
CZTS004 29.36 11.600 5.414 10.487

4.1.1.2 Raman results

The XRD analysis does not prove the purity of the CZTS samples as some secondary phases
(such as SnS,,) with similar XRD pattern as CZTS might be formed during the preparation of
the CZTS samples. To avoid the misinterpretation of the results, the Raman spectroscopy
technique was used to study further the purity of CZTS samples. Figure 42 shows the Raman
spectra of all the spray deposited CZTS samples. All samples exhibit two wide peaks at
around 248 and 331 cm™. The dominant peak at 331 cm™ belongs to a kesterite CZTS with a
symmetry[134], while the small peak at 248 cm™ is associated with kesterite having B
symmetry [135]. There is also a blue-shift of the dominant peak from the theoretically
calculated value (338 cm™) to 331 cm™. This shifting might be caused due to the presence of
internal stresses in the films and shrinking of the substrate during cooling of the
samples[136]. Valdes et al[137] obtained similar results (dominant peak at 332 cm™) on the
films deposited by spray pyrolysis. Two samples (CZTS003 and CZTS004) have good
crystallinity and the crystallinity is higher for CZTS003 as in XRD results.
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Figure 42: Raman spectra of the CZTS thin films.

4.1.2 Thickness measurements

Various properties (structural, optical and electrical) of thin films are influenced by their
thickness. Thickness of thin films can be measured through optical and mechanical methods.
In this work the thickness of the CZTS thin films was determined through mechanical method

using an instrument called stylus profilometer and the results are summarised in table 4.

As shown in table 4, the values of thickness obtained for all CZTS thin films are between 1
370 nm and 2 545 nm. There is a huge difference in the values of thickness obtained for
different CZTS thin films and this huge difference clearly indicates the pivotal role played by
different precursors that were used for preparing CZTS thin films. However, most of the
values of thickness achieved are in agreement with the required range of thickness (1 000 nm
— 2 0000 nm) [138] for the CZTS absorber layer in a CZTS solar cell. There is only one
sample (CZTS004) with the thickness greater 2 000 nm.

Table 4: Thickness of the CZTS thin films.

Sample name Thickness (nm)
CZTS001 1 932.05
CZTS002 1374.07
CZTS003 1779.63
CZTS004 2542.73
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4.1.3 Optical studies of CZTS samples

4.1.3.1 Absorbance and Reflectance

The absorbance and reflectance spectra of the CZTS samples have been measured from 400
nm to 110 nm using UV-Vis spectrometer. Figure 43 (a) shows the absorbance spectra of the
CZTS samples. The absorbance spectra for the samples CZTS001, CZTS002 and CZTS004
exhibit higher absorbance in the visible region compared to CZTS003. This shows that using
the different precursors to deposit the CZTS thin films have an impact on the optical
properties of the obtained films, the absorbance of the obtained films is dependent on their
composition. The maximum absorbance of CZTS001, CZTS002 and CZTS004 in the visible
region of the spectrum ranges from 2.8 to 3.2. The CZTS003 sample has the lowest
absorbance of around 1.8. All samples have a good absorbance compared to the findings in
the literature. For example, Islam et al [139] obtained the maximum absorbance of 0.9299
and 0.8571 for two CZTS thin films prepared by the spin coating technique.

Figure 43 (b) shows the optical reflectance spectra of the CZTS samples. All samples show a
reflectance lower than 15 % in the visible region and 20 % near the infrared region. The
samples CZTS003 and CZTS004 have higher reflectance than the samples CZTS001 and
CZTS002. We found that the sample CZTS003 reveals the highest reflectance in both the
visible and the infrared region. Based on the results for the reflectance in the visible regions,
we conclude that all samples (CZTS001 — CZTS004) are in principle suitable to be used as

absorbers for solar cells.
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Figure 43: (a) Absorbance and (b) Reflectance of the CZTS thin films.

4.1.3.2 Absorption coefficient and Band gap

Absorption coefficient (a) and optical band gap (E,) are very important optical parameters

that helps to determine the material’s suitability for certain applications. In case of an

absorber the absorption coefficient must high and band gap should be narrow (approximately
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1.5eV). In this work the absorption coefficient of the CZTS thin films was calculated from
the absorbance data using the relation given in equation (21) [140], where A and d denote the
absorbance and the thickness of the films, respectively. Furthermore, the band gap of the
films was determined using the tauc’s relation shown by equation (22) [141], here hv
represent the energy of the incident photon, k is a constant of proportionality, and Eq4 denotes

the optical band gap of the material

_ 2.323A 21)
(ahv)? = k(hv — E,) (22)

Figure 44 shows the graphs that describe the relationship between absorption coefficient and
photon energy for all CZTS samples. All samples have absorption coefficients ranging from
10° cm™ to 10% cm? in the visible and near infrared region, which is greater than the
theoretical value of 10* cm™. This obtained absorption coefficients are close to those reported
in literature. Thiruvenkadam et al [142] reported spray deposited thick CZTS thin films with
absorption coefficient values of order 6. Moreover, it was also observed that the samples
CZTS001 and CZTS002 have higher values of absorption coefficients compared to the
samples, CZTS003 and CZTS004. The higher absorption coefficients found make all
obtained layers to be suitable absorber layers because a good absorber must have a large

value of the absorption coefficient as mentioned earlier.
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Figure 44: Absorption coefficient (a) for the CZTS thin films.

The tauc’s plots were used to estimate the band gaps of all CZTS thin films (CZTS001-
CZTS004), Figure 45 presents the tauc’s plots of all samples. Optical band gaps were found
by extending the linear portions of the curves towards the photon energy axes as shown on
the Figure 45. The intersection of the extrapolated line and the horizontal energy axes gives
the optical band gap. The band gaps of the CZTS samples ranges from 1.75 eV to 2.0 eV.
These values are closer to the theoretically calculated band gap of CZTS (1.5 eV) and similar
to other band gap values obtained in literature. Vanalakar et al [143] reported the pulsed
prepared CZTS thin films with band gap values ranging from 1.53 eV to 1.83 eV before and
after annealing. Note that the larger values of the band gaps (greater than 1.5 eV) might be
attributed to quantum confinement effects caused by very small particles that make these
films [144]. CZTS003 has smaller optical band gaps of 1.78 eV compared to CZTS001,
CZTS002 and CZTS004. This difference in optical band gaps of the samples indicates that

the precursor solution plays a pivotal role on the optical properties of the CZTS thin films.
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Figure 45: Tauc’s plots for the CZTS samples prepared from solutions containing (a)
SnClz and (b) SnCla.

4.1.4 Electrical properties
The electrical properties are very important for choosing the best absorber layers for solar
cells. In this research the Hall Effect method was employed to study the electrical parameters

(bulk concentration, resistivity, mobility, and average Hall coefficient) of the CZTS samples

at room temperature. Table 5 shows a summary of electrical parameters for all CZTS
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samples. While the bulk concentration of the samples CZTS001, CZTS002, and CZTS004 is
of order 10* cm, the bulk concentration of sample CZTS003 is of order 10%° cm™. Just like
the bulk concentration results, the order of the resistivity of three of the four CZTS samples
was the same (10 Qcm), however, CZTS003 had the lowest resistivity which was of order
102 Qcm. Conductivity is inversely related to resistivity. This means that semi-conductor
materials with smaller values of resistivity will have larger values of conductivity and in this
case a CZTS003 has the largest conductivity compared to the other samples. The values of
mobility for the samples ranges from 0.74 to 2.04 cm?/Vs. The values of the electrical
parameters summarized in table 5 are in good agreement with the values reported in
literature. Kodigal et al [145] achieved a carrier concentration to the order 10'° cm™ from
CZTS thin films deposited via chemical spray pyrolysis, and Tanaka et al [146] obtained
resistivity values ranging from 102 Qcm to 10 Qcm from co-evaporated CZTS thin films.
The variation of the bulk concentration, resistivity and mobility of the samples shows that
precursor plays a vital role on the electrical parameters of the CZTS absorber layer.
Moreover, the positive values of the average Hall coefficient, stated on table 5, indicate that

all the samples exhibit p-type conductivity.

Table 5: The electrical parameters of the CZTS samples prepared from different

precursor solutions

Name of the Bulk Resistivity Mobility Average Hall
sample concentration (Q/cm) (cm?/Vs) Coefficient
(cm™®) (cm?/C)
CZTS001 1.22 x 10% 2.50x 10 2.04 5.11x 10?
CZTS002 2.52 x 10% 1.86 x 101 1.33 3.48 x 102
CZTS003 1.80 x 10%° 2.84 x 102 2.01 3.47 x 102
CZTS004 2.56 x 10%° 3.29x 10 0.74 2.44 x 10!

4.1.5 Morphology

The Scanning electron microscope was used to study the morphology of the CZTS thin films.
Figure 46 depicts the SEM micrographs of the films prepared from various precursor
solutions. It was observed that most of the samples (CZTS001, CZTS002, and CZTS003)
except CZTS004 exhibit well defined grains, while the sample CZTS004 shows a smeary
appearance with some regions like islands. The grains observed on CZTS003 were larger
compared to the grains observed on other three samples (CZTS001, CZTS002, and
CZTS003). This clearly demonstrates again that the properties of the CZTS thin films can be
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enhanced by varying the type of precursor solutions. Voids had been also observed in all
films, which might be due to the S deficiency, and this voids can lead to poor performance of
a solar cell [147]. Chalapathi et al [148] also reported CZTS thin films with a similar
morphology having voids at the surface. The values of grain sizes obtained from all films lie
between 1um and 2 um. These values match with most of the values reported in literature.
For example, Mahewar et al [149] reported the spray deposited CZTS thin films with an
average grain size of 1.63 um.
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Figure 46: SEM images of (a) CZTS001, (b) CZTS002, (c) CZTS003, and (d) CZTS004
thin films.
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4.1.6 Elemental composition

The elemental composition of the CZTS thin films was carried out using Energy Dispersive

X-Ray technique. Figure 47 presents the EDX spectra of all samples as obtained from the

machine.
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Figure 47: The EDX spectra of (a) CZTS001, (b) CZTS002, (c) CZTS003 and (d)
CZTS004

All samples were scanned using three different spectrums and the results were averaged. The
findings are summarized in table 6. As shown in Figure 47 and table 6 all CZTS samples

reveal a large variation from stoichiometry. For a stoichiometric CZTS thin film the atomic
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percentages of Cu, Zn, Sn and S are 25, 12.5, 12.5, and 50, respectively [150]. In addition,
the Cu/ (Zn +Sn) and Zn/ Sn ratios are both equal to one. All CZTS thin films had higher
amount of Cu ranging from 31.56 % to 37.29 %, which might be caused by the higher
concentration of Cu in the used precursor solutions. These results agree with XRD results
which showed that there might be a high amount of Cu in the sprayed samples. This is in
agreement with previous findings, e.g., Arba et al [151] achieved a Cu proportion of 37.73 %
and 37.92 % in CZTS thin films grown at 375 °C and 425 °C by spray pyrolysis method.

Moreover, our analysis also exhibited S deficiency. The lower amount of S might be due to
evaporation of sulfur as the films were prepared at higher temperatures. Despite S deficiency,
the results agree with other results reported in literature. Espindola — Rodriguez et al [152]
reported CZTS thin films with a S content ranging from 32 % - 33 % before any treatment.
From table 6, we can see that CZTS001 has the smallest Cu/ (Zn + Sn) ratio. This means that
sample CZTS001 is Cu poor compared to the remaining three CZTS samples. On the other
hand, CZTS003 had the highest amount of Zn/Sn ratio and its Cu/ (Zn + Sn) ratio was
approximately equal to one. Thus, the sample CZTS003 is Zn rich.

Table 6: Elemental composition of the CZTS thin films.

Name of the | Cu (at. %) | Zn (at. %) | Sn (at. %) | S (at. %) Cu Zn
sample Zn + Sn Sn
CZTS001 31.56 23.11 26.12 19.21 0.64 0.88
CZTS002 34.70 18.85 9.92 36.53 1.21 1.90
CZTS003 33.60 28.30 5.07 33.04 1.01 5.58
CZTS004 37.29 17.96 9.10 35.65 1.38 1.97

4.2 Characterisation of In,Ss thin films
4.2.1 Structural properties

4.2.1.1 XRD results

Figure 48 shows the XRD spectra of In.Ss thin films prepared by varying the concentration of
thiourea. All samples exhibit three peaks at 26 = 27.5°, 33.3 © and 43.7 ° matching with (1 0
9), (22 0) and (3 0 9) planes of § —In2Ss, values of d obtained from these films match well
with those in JCPDS data card (25 — 390). Jayakrishnan [153] obtained similar XRD patterns
for the In,S3 thin films that were prepared using spray pyrolysis method. However, there is a
weak peak found at 26 = 31.6 ° on the pattern of the sample In.Ss_0.90 which belongs to

In203[154]. This might be caused by the low content of sulfur as the low concentration of
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thiourea was used for preparation that sample. Some In might have reacted with oxygen from

the surrounding during deposition forming In20s. The intensity of the dominant peak (2 2 0)

decreased as the concentration of thiourea was increased. Sample In.Ssz_0.090 had the highest

intensity, while sample In>Ss_0.105 showed the lowest intensity (see Figure 48).
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Figure 48: XRD spectra of 1n2Ss thin films.

Both the crystallite sizes and dislocation densities of all In.S3 samples were determined using

equation (18) and equation (19), respectively. The results are summarised in table 7. As

shown in table 7, when the concentration of thiourea was increased from 0.090 M to 0.100 M

the crystallite size decreased and the dislocation density increased due broadening of the most

intense (2 2 0) peak. However, if the concentration of thiourea was further increased to 0.105

M, the crystallite size increased, while the dislocation density decreased. The decreasing

values of crystallite size and increasing values of dislocation density show that a high amount

sulfur degrades the crystallinity of the In,Sz thin films.

Table 7: Values of crystallite sizes and dislocation densities of In2Ss thin films.

Sample name | Crystallite | Dislocation density
size (nm) | x 10** (1/m?)

In2S3_0.090 46.89 4.55

In2Sz_0.095 46.01 4.72

In2S3_0.100 41.63 5.77

In2S3_0.105 43.46 5.30
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4.2.1.2 Raman spectroscopy studies

The properties of the In.Ss thin films were further characterized through Raman spectroscopy
to confirm the presence on In,Sz phases. Figure 49 shows the Raman spectra of the sprayed
thin films. All samples exhibit similar patterns and have two peaks at 306 cm™ and 365 cm™
belonging B-In2Ss. The peak at 306 cm™ is associated with the vibration of InS, tetrahedra
[155]. Just like in XRD results, the intensity decreased if the amount of S was increased,
indicating that increasing the amount of S degrades the crystallinity of In.Ss thin films. A
similar behaviour of decreasing crystallinity with increased S content was shown by S.
Elfarras et al [156].
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Figure 49: Raman spectra of 1n2Ss3 thin films.

4.2.2 Measurement of thickness

The thickness of the In2S3 thin films was measured with a stylus profilometer, and a graph of
thickness as a function of thiourea concentration was plotted (see Figure 50). The thickness
of the In2Ss films was increasing as the concentration of thiourea was increased from 0.090 M
to 0.100 M. Mohamed et al [157] achieved a similar trend from the sprayed deposited In,Ss

thin films that were prepared by varying precursor concentration. However, when the
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concentration of thiourea was increased further to 0.105 M, we observed that the thickness of

the In,Ss3 thin film decreased.
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Figure 50: Thickness of In2Ss thin films prepared at various concentrations of thiourea.

4.2.3 Optical measurements

4.2.3.1 Transmittance and optical band gap

The optical transmittance spectra of the In2Ss thin films were recorded in the range from 300
nm to 1 100 nm. Figure 51 shows the transmittance spectra of all sprayed In,Ss thin films. All
In2Ss samples had similar spectra and fringes observed on the transmittance spectra usually
arises from films with uniform thickness due interference of reflected light [158]. Moreover,
all samples show a good transparency in the visible region (from 300 nm to 800 nm) as well
as the near the infrared region of the spectrum. The average transmittance of the samples
ranges from 70 % to 80 % in the visible region. The In2Sz_0.095 sample shows the highest
transmittance in the visible region. Moreover, the transmittance of both the In.Sz_0.095 and
In2Ss_0.100 near the infrared region is greater than 80 %. As shown by the hump between
700 nm and 800 nm on the transmittance spectra, the transmittance of the films in the visible
region increased as the concentration of thiourea was increased from 0.090 M to 0.095M, this
might be associated with good formation of In,S3 phases and better crystallinity of a sample
prepared from a solution containing 0.095 M of thiourea. However, when the concentration

of thiourea was increased beyond 0.095 M the transmittance started to drop due degrading
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crystallinity. The obtained optical transmittance of the samples is similar to what others
achieved in literature. Sall et al [159] reported In.Ss buffer layers deposited by spray
pyrolysis at a temperatures ranging from 250 °C to 330 °C and the average transmittance of
the layers in the visible region was lying between 50 % and 70 %.
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Figure 51: Transmittance spectra of spray deposited and annealed In2Ss thin films

The transmittance data of the samples was converted to absorbance and then the absorption
coefficients of the samples were calculated using equation (22). Just like for the CZTS
samples, the optical band gaps of the In2Sz thin films was determined by plotting the tauc’s
plots of each sample. The optical band gaps were found by extending the linear portion of
the graphs towards the energy axes as shown on Figure 52. The obtained InzSz thin films
have wide optical band gaps ranging from 2.75 eV to 2.88 eV, which are close to values of
InoS3 films band gaps (2.3 eV to 2.8 eV) reported in literature. Sanz et al [160] achieved the
band gaps ranging from 2.58 eV to 2.73 eV from the In,Ss thin films that were deposited by
evaporation at low temperature. Note that both the In.S;_0.095 and In2Sz_0.100 thin films
have larger band gap than the In,Ss_0.090 and In,Ss_105 thin films. Differently speaking, the
results for the optical band gaps agrees with transmittance measurements since highly
transparent materials have wide band gaps compared to materials that exhibit lower
transmittance.
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Figure 52: Optical band gaps of In2Ss thin films obtained by varying thiourea
concentration.

4.2.4 Electrical properties

The Hall measurement system that was used to determine the electrical parameters of the
CZTS thin films was also used to evaluate the electrical properties of the InzSz thin films at
room temperature, and the results were summarized in table 8. It was observed that the bulk
concentration of the films also increased from 10" cm™ to 10 ¢cm™ when the concentration
of thiourea was increased from 0.090 M to 0.105 M. The resistivity of the InSz thin films
increased from order 102 Qcm to 10° Qecm when the concentration of the thiourea was
increased from 0.090 M to 0.100 M, however, then the resistivity decreased when the
concentration thiourea was increased to 0.105 M. Our values of the resistivity for all In,Ss
thin films are in range with values reported in literature. Lugo-Loredo et al [161] obtained
highly resistive In,S3 thin films by chemical bath deposition technique, their conductivity
values ranging from order 10® (Qcm)? to 10 (Qcm)™?. Kundakci et al [162] reported for
In2Ss thin films which are prepared via SILAR method a very high resistivity value of about
1.5 x 107 Qcm.

It was also observed that the mobility of the In,Ss thin films decreased from order 102 cm?/Vs
to 10 cm?/V/s when the concentration of thiourea was increased from 0.090 M to 0.100 M.

The mobility then rose up to order 10* cm?/Vs when the thiourea concentration was further
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increased to 0.105 M. All observed values of average Hall coefficients were negative and this

shows that the prepared In2Ss thin films were n-type.

Table 8: The bulk concentration, resistivity, mobility and average hall coefficient of

In2S3 thin films.

Sample name Bulk Resistivity Mobility Average Hall
concentration (Qcm) (cm?/Vs) Coefficient
(cm?) (cm®/C)
In.S3_0.090 -6.9956 x 10% 5.6249 x 102 1.5863 x 102 -8.9231 x 10*
In2Ss_0.095 -1.0478 x 1018 1.0896 x 10°* 5.4677 x 10* -5.9576 x 10
In.S3 0.100 -1.9538 x 108 4.0953 x 10° 7.8012 x 10! -3.1948 x 10
In,Ss 0.105 -7.5288 x 1018 7.0257 x 1072 1.1801 x 10? -8.2911 x 10!

The electrical conductivity of the In2Sz thin films as a function of thiourea concentration was
also studied and the results were presented using a linear graph (see Figure 53). Figure 53
reveals that the conductivity of the sprayed In,Ss thin films was lying between 0.2 (Qcm)™
and 18 (Qcm)™. It was further observed that the conductivity of the films dropped when the
concentration of thiourea was increased from 0.090 M to 0.100 M. This might be attributed
decrease in the crystallite size as observed under section 4.2.1.1 which may lead to increase
of the grain boundaries, the scattering of charges at the grain boundaries may cause the
resistivity to increase hence lowering the conductivity of the material. Moreover, when the
concentration of thiourea was further increased to 0.105 M the conductivity increased as
shown by rising portion of the graph from 0.100 M and beyond 0.100 M. The higher
conductivity of In.S;_0.090 might be due to excess In in the thin-films and InzSz thin films
with high conductivity are good candidates to be used as window layers for photovoltaic cells
[163].
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Figure 53: Conductivity of In2Ss thin films as a function of thiourea concentration.

4.2.5 Atomic Force Microscopy results

AFM was used to analyse the surface morphology and roughness of the In,Ss thin films. The
AFM micrographs shown in Figure 54 indicate that all films adhered very well to the surfaces
of glass substrates. In addition, the morphologies shown on the AFM micrographs indicate
that the composition of In,Ss thin films play a very crucial role on the grain sizes. As shown
on Figure 54, the samples prepared from a solution containing thiourea at a lower
concentration (In2Sz_0.090 and In2S3_0.095) revealed smaller grain sizes. The films grown
from solutions containing thiourea at higher concentration (In2Sz_0.100 and In2S3_0.105)
exhibit large irregular shaped grains which might be formed by agglomeration of small
grains. The roughness measurements (shown in table 9) indicate that the roughness of the
In.Ss films depend on the composition. The roughness of the films decreased with increase in
the amount of sulfur in the films. This decrease in roughness values might be associated to

the large irregular shaped grains formed when the amount of S in the films increased [164].
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Figure 54: AFM micrographs of (a) In2S3_0.090, (b) In2S3_0.095, (c) In2Ss_0.100 and (d)
In2Ss_0.105 thin films.

Table 9: Roughness of In2S3 thin films.

Sample name Roughness (nm)
In2S3 0.090 2.84
In2S3_0.095 2.76
In.S3_0.100 2.70
In2S3_0.105 2.57

4.3 PERFOMANCE OF THE CELLS

4.3.1 The photo-conductivity of CZTS thin films

The potential of the chosen CZTS layers (CZTS001 and CZTS003) in photovoltaic
applications was investigated by studying their photo-conductivity. In order to study the
photo response, the CZTS absorber layer was sprayed on a FTO coated glass substrate
followed by the deposition of an Ag contact on top of the CZTS layer. The current-voltage (I-
V) curves of both samples were measured in the dark as well as under illumination. A solar
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simulator ((AM 1.5G, 100 mW/cm?)) was used for illuminating both samples, which were
kept at a temperature of 25°C. As shown in Figure 55, it was observed that illumination of
both thin films (CZTS001 and CZTS003) leads to an increased current. The increment of
current shows that a photo current is generated and hence the samples can be used for
photovoltaic applications. It was also observed that CZTS003 has a higher current than
CZTS001 both in the dark and under illumination. The higher current observed in CZTS003
compared to CZTS001 might be due to its lowest resistivity (2.84 x 10 Q/cm) and higher
mobility reported under section 4.14 (Hall measurements) [165]. In particular, for CZTS003
we observed a current increment by an order of 42% under illumination, while for CZTS001

we found a current increment by an order of 15% under illumination.
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Figure 55: 1-V curves of the samples CZTS001 and CZTS003 measured in the dark and
under illumination.

4.3.2 The I-V characteristics of the CZTS solar cells

In this section we summarize our findings for first CZTS thin film solar cell prototypes, we
were able to produce in our Lab based on spray pyrolysis and RF magnetron sputtering. In
order to study the performance of the produced devices (Cell-A and Cell-B), the current
density — voltage (I-V) characteristics of both Cell-A and Cell-B were measured in the dark
(see Figure 56(a)) and under illumination (see Figure 56(b)). In addition, the power — voltage

(P-V) curves were measured under illumination (see Figure 56(c)). Table 10 summarizes the
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photovoltaic parameters of both prototypes. The dark curves (shown in Figure 56 (a)) reveal
that both solar cells behaved like diodes and this confirms that p-n junctions were formed
between the respective CZTS absorber layer and In2Ss buffer layer in both prototypes.
However, a straight line was obtained for Cell-B under illumination (see Figure 56 (b) and
this is attributed to low shunt resistance. The values of short-circuit current density Jsc are
2.225 mA/cm? and 1.748 mA/cm? for Cell-A and Cell-B, respectively. Moreover, we
measured an open-circuit voltage Voc of 200 mV for Cell-A, while Cell-B has an open-
circuit voltage of 80 mV. Low values of short-circuit current density and open-circuit voltage
leads to low efficiency, the values of efficiency n at maximum power point are 0.158 % and
0.07% for Cell-A and Cell-B, respectively. The most probable power (Pmp) was 0.158
mW/cm? for Cell-A and 0.070 mW/cm? for Cell-B (see Figure 56(c)). The efficiencies for
Cell-A and Cell-B were calculated as described under section 2.5.6 and sample calculations

of efficiencies are shown below.
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Figure 56: The (a) dark, (b) illuminated I — V characteristics and (c) P — V curves for
cell-A and cell-B.

Recently D. Payno et al [166] reported the performance of CZTS solar cells with superstrate
configuration. They achieved similar values of short-circuit current density (2.4 mA/cm? —
7.6 mA/cm?), the open-circuit voltage (164 mV — 258 mV) and efficiency (1.128 % - 0.518
%). R. N. Gayen and T. Chakrabarti [167] obtained superstrate type CZTS cell with a low
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short-circuit current density of 0.837 mA/cm?, open-circuit voltage of 285 mV and efficiency
of 0.08 %. Our results for both Jsc and Voc are in the same range with those found in
literature [168],[169].

The poor performance of the sprayed CZTS solar cell prototypes might be attributed to higher
values of bulk concentration and lower values of mobility of the absorber layers as observed
under Hall measurement results (section 4.1.4). Moreover, values of series and shunt
resistance were determined for both cell prototypes. The values of series resistance were
calculated using the suns-Voc method [170] and those of shunt resistance were found by
calculating the inverse of the slopes for J-V curves at the point where voltage is equal to zero
[171]. The values of series and shunt resistance found for Cell-A were 47.59 Q/cm? and

2 and shunt

105.90 Q/cm?, respectively, Cell-B had a series resistance of 11.30 Q/cm
resistance of about 13.55 Q/cm?. Lower values of shunt resistance might be caused by poor
morphology (voids and low quality of crystals) and high recombination, this also contributes

to low efficiency of the cells [172].

In summary, Cell-A exhibits a higher open-circuit voltage and short-circuit current density
than Cell-B due to higher crystallinity, better composition and large grain sizes of the
CZTS003 absorber layer compared to CZTS001. Furthermore Cell-A has the highest
efficiency of 0.158 % at the maximum power point and most probable power of about 0.158
mW/cm?2. This might be due lower electrical resistivity and higher photo current [146]
observed for absorber layer (CZTS003) used for building Cell-A. The thickness of the
absorber layer also plays an important role on the performance of a solar cell. Cell-A
prepared from a thin layer (CZTS003 with thickness of 1 779.63 nm) had a better
performance compared to Cell-B, which was prepared from a thick layer (CZTS001 with a
thickness of 1 932.05 nm). The effect of absorber thickness had been studied by A. Tumbul et
al [173], and the results revealed that decreasing thickness of the absorber layer lowers the
rate of recombination and enhances the performance of a cell. They also reported that current
density through thick absorber layers is decreased after reaching certain values of thickness.

Table 10: The photovoltaic parameters of Cell - A and Cell - B.

Name of | Voc (mV) | Isc FF (%) 1 (%) Rs Rsh

the Cell (mA/cm?) (Q/cm?) (Q/cm?)
Cell - A 200 2.26 17.53 0.158 47.59 105.90
Cell -B 80 1.75 25.25 0.070 11.30 13.55
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

The main aim of this work was to fabricate superstrate-type CZTS solar cells by a simple
spray pyrolysis method based on different precursor solutions. In the first part of this work,
CZTS thin films were successfully prepared on the borosilicate glass substrates from various
precursor solutions and their properties were studied. Structural characterization confirmed
the formation of CZTS thin films. According XRD results, highly crystalline CZTS thin films
were formed and all thin films were growing along the (1 1 2) direction. In addition, Raman
results confirmed the formation of CZTS thin films with a more intense peak at 331 cm™. The
crystallinity of the thin films was dependent on the solutions used, and it was found that a
source of tin had a strong influence on the structural properties. CZTS thin films prepared
from solutions containing SnCls were highly crystalline compared to the CZTS thin films
prepared from solution containing SnClz. Furthermore, the optical and morphological
properties of all CZTS thin films were also studied. The optical band gap of the sprayed
CZTS thin films were varying ranging from 1.75 eV to 2.0 eV. The CZTS thin films grown
from a solution containing SnCls had a smaller band gaps. The electrical resistivity of the
sprayed CZTS layers varied between 2.84 x 102 Q/cm and 1.86 x 10 Q/cm: the sample
CZTS003 revealed the lowest resistivity.

In the second part of this work, In.Ss thin films was grown on glass substrates by varying the
S/In ratio and characterization of those thin films was carried out. Both XRD and Raman
results confirmed formation of highly crystalline B-In.Ss thin films. The XRD results
revealed that all In.Ss thin films were growing along (2 2 0) plane and Raman spectra showed
a major peak at 306 cm™ for all In.Ss thin films. Increasing the amount of S degraded the
crystallinity of the In2S3 thin films. All In.Ss thin films showed good transmittance (70 % -
80%) in visible and near infrared region. The films had also a wide band gap ranging from
2.75 eV to 2.88 eV. The AFM results revealed that grain size increased with the amount of S
in the film and roughness decreased with the amount of S in the film. Lastly, electrical
measurement revealed that the resistivity of In2Sz thin films increased with amount of S in the

samples. However, after reaching a certain S/In ratio, the resistivity decreased.

Finally, two superstrate-type CZTS solar cell prototypes (Cell-A and Cell-B) were fabricated
based on CZTS layers and an In;Sz layer with good energy conversion properties. The

performance of the CZTS solar cell prototypes were studied. Both solar cells exhibited low
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short circuit current density. The values of the short-circuit current density were 2.225
mA/cm? and 1.748 mA/cm? for Cell-A and Cell-B, respectively. The values of open-circuit
voltage were 200 mV for Cell-A and 80 mV for Cell-B, respectively, which are rather low
compared to theoretically possible values for CZTS solar cells. Moreover, Cell-A and Cell-B
had efficiency at maximum power point of 0.158 % and 0.07 %, respectively. The rather poor
performance of both solar cell prototypes was caused by large values of series resistance and
small values of shunt resistance. Based on the measured photovoltaic parameters, Cell-A
performed better than Cell-B, because the absorber layer that was used for fabricating Cell-A
had better structural, morphological and electrical properties compared to the one used for
fabricating Cell-B.

5.2 Recommendations

The objectives of this work were successfully achieved, however, there are some interesting
tasks that can be carried in future to improve the performance of sprayed CZTS based solar
cells, such as:

e Carry out sulfurization for the CZTS absorber layers under S and H>S atmosphere to
improve the morphology.

e Anneal the CZTS absorber layers under a vacuum or in presence of unreactive gases
such as nitrogen to avoid formation of secondary phases and improve their structural,
optical and electrical properties.

e Decrease thickness of the CZTS absorber layers to about 1 pm and those of In»Sz thin
films to about 100 nm to minimize recombination.

e Perform the XPS measurements for CZTS thin films.

e Improve the contacts of cells to lower series resistance and improve the short circuit
current.

e Measure the External Quantum Efficiency (EQE) for the cells.
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