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Abstract

The focus of this thesis is to use low-cost fabrication and deposition methods to synthesize
CuZnSnS, (CZTS) nanocrystal inks as thin films to study the impacts of several variables to
determine the most desirable conditions to improve the efficiency of CZTS solar cell devices.
These variables are the hot injection synthesis reaction temperatures and times, tin contents
of the composition synthesis, the spin coating speed and acceleration index for the
deposition of the inks and the post deposition annealing temperatures and times. From the
results of these conditions, CZTS PV devices were built and tested. The films were
characterized using X-ray diffraction (XRD), Scanning Electron Microscope (SEM), Energy-
dispersive X-ray spectroscopy (EDS), Raman spectroscopy and Ultraviolet-visible
spectroscopy (UV-vis). Devices were tested by measuring [-]”7 characteristics under
llumination.

The low-cost, non-vacuum hot injection technique was used for synthesising the CZTS
nanoparticle thin films with spin coating for deposition on a soda lime glass substrate. For
the reaction temperatures, the optical data confirms that the energy bandgap decreased with
raised reaction temperatures from 1.55 = 0.02 to 1.34 £ 0.02 eV for the range of
temperatures 225-300 °C. The samples fabricated at 300 °C showed absence of secondary
phases in Raman spectra. In the reaction times, 15-60 minutes was examined for 225 °C,
250 °C and 275 °C. It was found that the energy bandgap increased with the increase of
reaction times for the three reaction temperatures tested from 1.40 = 0.02 to 1.54 £ 0.02 eV
for 225 °C, 1.41 £ 0.01 to 1.56 * 0.03 eV for 250 °C and 1.35 £ 0.03 to 1.46 £ 0.01 eV for
275 °C. The sample produced at 250 °C for 30 minutes demonstrates well matching peaks
and locations with the theoretically expected values for the 4, ¢ lattice constants, d-spacing
and Raman shifts. For the tin contents, the optical properties showed a trend where the
bandgap increases from 1.34 £ 0.04 to 1.71 £ 0.01 eV as the tin contents increases from
0.60-0.90 mmol. Two secondary phases of CusSnSs and CuS were detected by Raman at
locations of 317 and 472 cm™ in the sample of 0.70 mmol Sn. Different spin coating speeds
from 1300-9700 rpm were studied where the XRD data revealed that the size of scattering
domain decreases with the increase of the spin coating speed from 17 = 2 to 7 £ 3 nm.
However, the optical properties of CZTS seem to be less affected by the spin coating speed
as a slight change were demonstrated in the bandgap fluctuating between 1.40 = 0.03 to
1.52 £ 0.03 eV. Different spin coating acceleration rates from 80-2400 rpm s” were

investigated. The bandgaps obtained were in the range of the theoretical expected values of
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between 1.40-1.60 eV. There was a possible secondary phase of SnS present at peak location
of 288 cm™ in the sample of 2400 rpm s~ observed by Raman. It is found that acceleration
index has a more significant effect on thin film properties than spin coating speed. Increasing
acceleration index produced films with a smaller scattering domain, more Zn, less S, and a
larger energy bandgap.

A range of different annealing temperatures 560 °C, 585 °C, 610 °C, 635 °C with Nx:H»S
80:20, and 585 °C with N, only atmosphere were investigated. From the optical properties,
the films demonstrate improvement in uniformity and crystallinity of CZTS with annealing
especially the sample of 585 °C with N, and H.S environment for 60 minutes as the gaps
and cracks visible in microscopy images almost disappeared in comparison with the sample
before annealing and formed a continuous thin film in the sample. This annealing
temperature was chosen to further the investigation, but on the annealing times 30, 60 and
120 minutes. The 60 minutes sample showed a better performance in respect of energy
bandgap, uniformity and crystallinity. This sample has an energy bandgap of 1.50 £ 0.01 eV
which is near the optimum value to achieve the highest PV device efficiency. In addition, it
showed less gaps and cracks in comparison to the sample examined before annealing and 30
minutes. Moreover, no secondary phases were present by Raman measurement in the sample
of 60 minutes.

Batches of solar cell devices with structure of Mo/CZTS/CdS/ZnO/ITO/Au grid were
built with different CZTS ink conditions for the reason of studying the I-]” device
performance and efficiency and the composition and structure of the device layers. Of
particular relevance are CZTS nanoparticle reaction temperatures and reaction times. The
cross-section images of the devices were done by SEM which showed a formation of MoS;
thin layer on top of the Mo back contact. A thick CZTS layer was deposited on top of Mo
with thickness between 1630 to 4680 nm in all devices. The illuminated-dark I-1” curve of
these devices showed PV conversion. Among the devices tested, 2.6 = 0.05% was the highest
efficiency performance reported. However, this is a low efficiency value which indicates that
the fabrication of devices has not been fully successful. An EDS mapping image was
presented for the highest efficiency performance. This mapping showed a good agreement
with SEM images of the formation of a thin layer of MoS; on top of Mo. The distribution
of all measured elements throughout the device is confirmed by EDS mapping. A higher
concentration of S in MoS; compared with CZTS was confirmed by S element map. Cu, Zn,
and Sn were distributed approximately evenly and uniformly among the CZTS nanocrystals.

It was not possible to correlate overall device efficiency with CZTS fabrication conditions
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because of the low efficiency due to large recombination losses, meaning that to determine

the impact of different absorber layers on device efficiency is not possible at this stage.
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Chapter 1:

Introduction

The increase of the world’s population will lead to an increase in global energy demand. Yet,
to meet these demands, the major energy supply of primary energy is still the conventional
source of fossil fuels. This source needs to be replaced or significantly reduced via having
another energy source to fulfil the demands since it is harming the environment via CO»
emission which is one of the main causes of climate change. Renewable sources of energy
are the key to addressing this issue to result in a carbon neutral energy system. Solar energy
is one of the most significant sources of renewable clean energy. However, harnessing this
energy to usable products has several obstacles currently, preventing it from completely
replacing fossil fuels or even being fully competitive. The high cost of the solar technology,
the scarcity of some semiconductor materials which are at the heart of a solar cell device,
toxicity and the high cost of materials for some technologies are examples of these obstacles
which motivate researchers in the field of solar energy to investigate and look for promising
materials for low-cost and efficient solar cell devices.

CuZnSnS4 (CZTS) is one of the most promising candidates to be used as an absorber layer
in thin film solar cell devices due to its excellent properties. Being considered as an earth
abundant material, composed of non-toxic elements, it has a near optimum direct bandgap
energy of ~ 1.5 eV, high absorption coefficient greater than 10* cm™ at the energy bandgap
and lower processing cost are among the promising properties.

Recently, politicians, researchers and several green environmental organisations have been
attempting to attract more global attention toward the issue of global warming. A lot of
studies show a link between human activities, mainly the increase of fossil fuel consumption,
and the global warming issue. Global warming is the change of the earth’s surface
temperature mostly increasing due to a larger concentration of greenhouse gases in the
atmosphere, causing weather instability which might eventually lead to melting ice at the
earth’s poles and the rapid increment of sea levels [1, 2]. In addressing this serious issue, the

so-called Paris Agreement was adopted from the Paris climate conference (COP21) in
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2015 [3]. It is an international treaty on climate change to bring countries together for the
settled goal of limiting global warming to well below 1.5 °C degrees, compared to pre-
industrial levels by mid-century [4].

This chapter is an introduction that explains in more details the energy issue, the possible
alternative energy sources (renewable solar energy). A short history of solar cells is presented,

including the three generations of photovoltaic (PV) device technology.

1.1. An overview on energy and motivations

The current world’s population in 2023 is more than 8 billion and continuously growing
according to the United Nations [5]. This growth leads to an increase of the industrial sector
globally, resulting in a rapid rise of the energy demand to satisfy human society’s needs for
their energy daily life usage [6-8]. The consumption of power for the whole world was around
16 TW (16x10" Watt) in 2019 and it is estimated to rise to 30 TW in 2050 [9]. In 2020, the
global energy demand decreased sharply by 4.5% due to the COVID-19 pandemic lockdown
but rebounded by 5.8% in 2021 [10].

The energy production field still depends heavily on conventional sources of energy known
as fossil fuels (coal, petroleum, and natural gas) in which carbon is the main element, and
which accounts for 82% of the world’s energy consumption in 2021 [10, 11]. The energy
production process from fossil fuels requires burning carbon, leading to the emission of
greenhouse gasses such as CO,, CH, and NO which are associated with issues related to the
environment widely known as climate change [12-14].

Due to several challenges such as environmental issues like climate change, oil depletion
meaning limited source of energy, the escape from dependence on fossil fuels, the ambitious
Shell Sky scenario of achieving net zero CO;emissions or carbon neutrality by around 2070,
political issues such as the Arab crisis in 1973, and the war between Russia and Ukraine in
2022, researchers are continually motivated to put more effort in addressing and responding
to these challenges by suggesting alternative sources of energy for humanity [15-20].
Renewable sources of energy are the alternative source which is simply defined as the energy
that can be obtained from the natural environment and can be continuously replenished. The
principal renewable energies are solar, wind, hydropower, wave, geothermal and biomass.
Among these renewable energies, solar energy is the most promising source as it is the

primary source of sunlight for the earth. However, capturing and harnessing its energy for
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conversion to another form of energy is not yet a fully matured technology to the point of
being competitive with the well-developed technology of energy from fossil fuel (oil) as a
source of energy. The radiant (solar) energy carried by light and several other forms of energy
including mechanical (kinetic and potential), chemical, thermal, nuclear, gravitational, and

wind energy can be converted to electricity as shown in figure 1.1.

Gravitational .
Nuclear Hydro-tidal Wind
1 Heat 1 Electric
engines , enerators .
|—> Mechanical F———=| Electrical
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Coal, oil, gas, Fuel Cells
biomass, hydrogen

Figure 1.1 Different forms of energy including their efficiency (5) with the way that they

can be converted to electricity (from [21,22]).

In figure 1.1, for the solar energy to be converted to electrical form of energy, the
photovoltaic technology abbreviated as PV is the key. It is a technology uses the photovoltaic
effect to directly convert the light to electricity by a device named solar cell which will be

explained in more details in section 1.3.

1.2. Solar energy

Solar energy is a form of radiation energy that can be obtained from the sun as
electromagnetic radiation (light or heat). The visible incident sunlight on the earth is only a
small fraction of the whole energy spectrum emitted by the sun as figure 1.2 shows. Sunlight
is a form of electromagnetic radiation including the visible light which is a portion of this
electromagnetic spectrum, which is described in chapter 2, section 2.2. The light indeed
travels through space in packages of energy called photons. The energy of photons depends

on the frequency or colour (wavelength) of the light [23]. These photons are travelling at the
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speed of light as they have zero rest mass [24]. The photons incident on the earth’s
atmosphere will be either reflected, absorbed or transmitted through. To conclude this
section, showing the importance of solar energy to be the key as a suitable alternative source
of energy for the world today, it is enough to know that one hour of solar radiant incident

on the earth is enough to meet the total global energy consumption for a year [25].
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Figure 1.2 Electromagnetic spectrum (from [20]).

1.3. Short history of solar cells

A solar cell is a semiconductor device that converts the direct sunlight energy (photons) to
the form of electrical energy through the photovoltaic effect. The concept has been known
for almost a century, with several attempts of improving the first silicon solar cell which was
only 6% efficient made in 1954 [27]. Silicon is the major material used to make solar cells
because of its abundancy in nature and cheap cost. In 1958, silicon solar cells were considered

to be suitable to use in generating energy in space and remote areas [28]. For instance, the
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cells can be very useful for powering communications equipment or weather monitoring
stations as well as optimal for supplying power for the satellites and vehicles being improved
for the space industry [29]. Indeed, solar cells and PV technology are considered to be the
fastest growing renewable energy technology globally. The photovoltaic technology has been
used for a wide range of applications which include providing power for consumer products
such as electronic calculators, garden lights and for supplying energy for developing
countries [30].

An individual solar cell generates only a very low voltage (related to the semiconductor
fundamental energy gap) depending on the type of materials used in the cell which is
generally around 0.6 V for silicon [31]. Therefore, several of these individual cells can be
connected to each other in series creating a solar module to increase the output voltage to
around 12 or 24 V or to the desired output voltage. These solar modules can be connected
together to form a solar panel with higher voltage to meet the desired voltage needed by the
energy system. The solar modules are covered by glass to protect the solar cells from the
ambient and commonly installed on rooftops of houses that run their energy by PV. The
solar panel can be grouped and wired to form larger solar array, meaning higher output

power. Figure 1.3 shows a diagram of the building blocks for a PV system.

Cell

'I' Panel
\ Module
‘ m

WO e / ’ Arvay
woe®
WD 6

‘l

I
3

Figure 1.3 Building blocks for PV system (cell, module, panel and array) (from [32]).

A practical solar cell is indeed packaged into modules which contain either a number of
crystalline silicon cells that are connected in series or a layer of thin film material that is
internally connected in series [33]. Since the solar cell is a direct current (DC) device, an
inverter is required to alter the DC signal into alternating current (AC) for the purpose of
feeding the distribution system as electrical energy is normally distributed in AC mode. A

storage device like a battery is sometimes required, especially in a stand-alone system for
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storing the solar energy to use it after sunset especially in rural or remote areas or in

developing countries where the electrical infrastructure is not good enough.

1.4. Three generations of PV

PV technology has developed in three generations. First generation basically comprised of
the manufacturing of the original solar cell concept such as Si and single-junction gallium
arsenide (GaAs). They are the most commonly used in the current stage. In fact, silicon
wafer-based PV technology which is first generation accounts for around 90% of the total
solar panel production in 2021 [34]. These silicon-based solar cells are yet still an excellent
option for solar cell technology with continuous cost reduction due to the abundancy of
silicon materials in the earth’s crust and the stability of the silicon based solar cells under
outdoor conditions. Thus, silicon solar cells dominate our rooftops and are sold
commercially to customers in our markets. The first generation or silicon wafer based solar
cells demonstrate a performance up to roughly 26.7% efficiency for mono-crystalline, multi-
crystalline silicon wafer-based technology can perform around 24.4% efficiency [34, 35]. The
first generation of PV has a serious drawback in that silicon is an indirect bandgap
semiconductor, meaning the absorption coefficient is relatively weak, leading to a
requirement of certain thickness of the materials, between 100-500 um, to absorb sufficient
sunlight. This leads to using more material which, combined with high-temperature
fabrication process, results in increased manufacturing cost. To achieve lower cost
manufacturing and improved manufacturability at larger scales, less material consumption
and easy cheap fabrication process are needed which can be achieved by the so-called thin
films, the second generation of PV.

The second generation thin film is mainly based on amorphous silicon (a-Si) and
polycrystalline silicon in a lower cost material compared to the first generation. The typical
performance of these second-generation cells is around 8% to 26% efficiency [35]. Since this
cell avoids utilization of silicon wafers and comprises a lower material consumption, around
1 pm thick by direct transition bandgap semiconductor materials, it has been possible to
reduce the costs of these types of solar cells which is considered a great improvement of the
cells. Common examples of thin film semiconductor materials for solar cells devices are
cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and copper zinc tin

sulphide (CZTS). Among these common thin films materials, CZTS is a promising candidate
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for a thin film solar cell device absorber layer since it possesses a near optimum direct
bandgap energy of around 1.5 eV and high absorption coefficient more than 10* cm™ [36-
40]. CZTS is similar to the well-studied materials CIGS chalcopyrite structure, but with the
replacement of the toxic and scarce elements In/Ga with non-toxic and abundant element
Zn/Sn [41-44]. Since CZTS is the focus of this thesis, more details of CZTS will be covered
in chapter 3.

Third generation solar cell is a concept for enhancing the performance of the cells. There are
many approaches or technologies involved in third generation PV such as tandem

multijunction cells and hot carrier cells which figure 1.4 shows several of these approaches.
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Figure 1.4 A range of technologies of 3rd generation solar cells showing approaches to

increase device efficiency (from [45]).

Multijunction cells contain several p-n junctions (or sub cells) where each p-n junction has a
different bandgap absorber material, meaning that these different p-n junctions can absorb
different wavelengths of the solar spectrum [46]. This configuration can increase the
conversion efficiency in comparison to that of a single p-n junction. However, the
manufacturing cost will be increased and the complexity in growth are drawbacks of this cell
design. Hot carrier cells are cells that attempt to capture carriers before thermalization which
is a promising route to higher efficiencies [47].

These cell technologies are focusing on overcoming the Shockley-Queisser limit for single-
bandgap devices [48, 49]. This limits the device of the single absorber layer cell efficiencies
to around 32% or a little more, depending on concentration ratio [48, 49] to the Shockley-

Queisser efficiency limit. More details about this limit will be presented in chapter 2.
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1.4.1. Best research-cell efficiency chart

The USA National Renewable Energy Laboratory (NREL) regularly publishes an updated
chart of various solar cell technologies over time showing their efficiency improvement.
Figure 1.5 demonstrates the best research-cell efficiencies globally for numerous solar cell
technologies. In this figure, cell efficiency is provided within families of semiconductors:
multijunction cells, single-junction gallium arsenide cells, crystalline silicon cells, thin film
technologies and emerging PV. The figure presents thin film technology as a fast-growing
sector of photovoltaic technologies. For instance, CZTS and CZTSSe are showing

continuous performance increasing since 2010 from 9.7% to 13% in 2023.
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Figure 1.5 Efficiency of various solar cell technologies (from [50]).
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1.5. International shift to solar energy

In responding to the Paris Agreement in 2015, most of the countries around the world agreed
to act upon reducing CO; emissions. All countries actions such as shifting toward solar cells
as power source or the financial support to less developed countries are counted to be
valuable to reach the zero CO, emissions goal. The international economic cooperative
group of countries known as The Group of Twenty (G20) accounts for more than 70% of
the global CO, emissions as figure 1.6 shows [51]. Therefore, the most effective and critical
response should come from them.

One example of a country action and response among the G20 is Saudi Arabia. Being one
of the biggest oil producers in the world, shifting to PV is already happening there. The
climatic benefits and distinct geographical area position that Saudi has, makes utilizing solar
energy sources economically attractive. Saudi has supported the diversification of the
domestic energy mix which is part of its Vision 2030 goals. Therefore, building solar plants
such as The Sakaka Solar Power Plant in 2020 was accounted as an action of contribution
toward reducing the CO; emissions [52]. This reduction from the Sakaka solar plant is
606 ktons per year. This solar plant consists of 1.2 million solar panels arranged over a land
area of 6 km? [52]. The Saudi technical team made great effort to ensure the highest possible
quality of electrical power generation by carefully choosing the site. This solar plant set a new
wotld record for low cost in the solar PV sector [52]. This cost is accounted to be
SARO.08775 per kWh which is equivalent to around $0.023 per kWh on Feb 2023 currency
conversion [52]. In addition, for the contribution to the reduction of CO, emissions, similar
projects were built. The production capacity of these projects is shown in table 1.1 below. It
should be noted that more renewable projects were built such as Dumat Al-Jandal wind farm
with 400 MW production capacity. In fact, it has a world record for the cheapest cost of

electricity produced by wind [53].



1. Introduction

11

CO; emissions (GtCOzeq excluding forestry and other land use)

30

i B N |

20

10

2020

i —

2030 2050
1.5°C Scenario 1.5°C Scenario

@ Argentina
United Kingdom

@ South Africa

@ Australia

© Turkey

@ Mexico

@ Canada

@ Brazil

@ Saudi Arabia

@ Indonesia

@ Republic of Korea
Japan
Russian Federation

@ India

QU

@ United States

@ China

Figure 1.6 CO;emissions by the G20 countries. GtCOzeq means one billion tonnes of

carbon dioxide equivalent (from [51]).

Project (PV power plant)

Sakaka
Shuaibah
Rabigh
Jeddah
Qurayyat
Medina
Rafha
Sudair

Production capacity (MW)

300
600
300
300
200
50
20
1500

Table 1.1: Several solar power plant projects in Saudi Arabia and their production

capacity [53].
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Figure 1.7 Pictures of several solar power plant in Saudi Arabia [53]. From the top left:
Sakaka, Shuaibah, Rabigh, Jeddah, Qurayyat, Medina, Rafha and Sudair.
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On top of these actions to the contribution to the reduction of CO; emissions, two important
initiatives have been launched in Saudi. These two initiatives are the Saudi Green Initiative
(SGI) and the Middle East Initiative (MGI) started in 2021 [54]. MGI is a regional effort led
by Saudi Arabia to mitigate the impact of climate change on the region. Their primary goal
is to contribute to the reduction of global CO; emissions by 10%. To achieve this goal, 50
billion trees will be planted across the middle east region (10 billion in Saudi and 40 billion
in the region) which account for 5% of the global target for planting trees. This will enhance
reducing the global CO; emissions by 2.5%. In addition, 60% of CO; emissions caused by

oil will be reduced.
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Chapter 2:

Fundamentals of solar cells

Solar cells as mentioned in chapter 1, are semiconductor devices that convert the direct sunlight
energy (photons) to electrical energy through the PV effect. To understand the physics of PV, the
essential definitions such as the PV effect, solar spectrum, the interaction of light with matter, the
concept of semiconductor, the absorption of light, the formation of p-n junctions and some of

the parameters of solar cells are presented in this chapter.

2.1. The PV effect

In 1839, a young French experimental physicist named Edmond Becquerel experimented with an
electrolytic cell made up of two metal electrodes which was placed in an electrically conducting
solution [1-3]. This experiment resulted in the discovery of the PV effect. The result showed that
when exposing certain materials to sunlight, a weak electrical current can be generated. This
phenomenon results in the creation of a voltage, or a corresponding electric current from a material
when exposed to electromagnetic radiation [4]. In fact, the PV effect is the basic process in which
a solar cell converts sunlight into electricity. This effect later was first studied in solids like selenium
in the 1870s by Heinrich Hertz [5-7]. Soon afterward, selenium photovoltaic (PV) cells achieved
1% to 2% efficiency [8].

2.2. The solar spectrum and optical absorption

A black body is simply a case of an ideal absorber of all radiation incident on its surface, and
emitter of radiation based on its temperature such as the sun. Light is emitted as electromagnetic
radiation by the sun over a range of wavelengths known as the solar spectrum which is emitted as

a black body at 5760 K. The earth’s atmosphere which photons travel through to earth can affect
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this solar spectrum. This can be measured via a concept called the air mass (AM). The air mass
can be defined as the path length of light through the atmosphere to the earth’s surface [9]. If the
sky is clear, the maximum sunlight intensity can hit the earth’s surface when the sun is directly
overhead which means that the sunlight has the shortest path length through the atmosphere. This

path length can be expressed as

AM = ! . 2.1)
cos b,

Where 6, is the angle between the sun and the point directly overhead [10]. The air mass global
spectrum which includes both direct and diffuse radiation is referred to as AM1.5G and
corresponds to a power density of 930 Wm™ of light incident at 48.20° of angle from overhead.
Similarly, the AM1.5D is the direct air mass (includes direct radiation only) which corresponds to
900 Wm™ of light incident at 48.20° of angle. AM1.5 has become the standard for photovoltaic
work. Figure 2.1 shows the solar spectrum for AMO and AM1.5.
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Figure 2.1 The solar spectrum for AMO (outside earth’s atmosphere) and AM1.5 at the surface of
the earth (from [11]).

Sunlight passing through the earth’s atmosphere is reduced by a percentage of around 30% when
it reaches the earth’s surface. This reduction is due to several effects as follows: Rayleigh scattering
by molecules in the atmosphere, scattering by aerosols or dust particles and absorption by

atmospheric gases such as oxygen, water vapour, ozone and nitrogen [12, 13]. The effect of
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absorption by gases in the atmosphere can be seen as absorption bands in figure 2.1 corresponding
to molecular vibrational modes.

The light can interact with matter in four forms related to refractive index change as: reflection or
scattering, transmission and absorption [14]. The form of reflection is the change in light direction
at a fixed angle during the interaction with materials. Scattering similarly is the change in light
direction but at different angles. Transmission is the passage of light through the material without
loss of energy. Absorption is the transfer of light radiation to energy within a material, normally
through excitation of electrons across energy bands. In solar cells, absorption upon these forms is
favourable, the other forms (transmission and reflection) are considered to be loss mechanisms of
energy as photons which are not absorbed in the cell will not generate carriers (electrons and holes)
leading to no power generated [15]. For the absorption to occur in the solar cells, the incident
photons should have energy greater than the energy bandgap of the solar cells materials. Photons
with energy less than the bandgap will not be absorbed and transmitted through the solar cell

materials.

2.3. Semiconductors

Semiconductor materials are the basic materials used for construction of solar cells which
eventually can produce electricity. Electricity is the movement of the charged carriers such as
electrons and holes in the form of an electrical current [16]. Therefore, from an electrical point of
view, all materials can be divided into three classifications, according to their capability of carrying
charged carriers as electrical current. These classifications are conductors, semiconductors and
insulator materials [17]. To understand the electrical properties of these materials and their
electrical conductivity, it is recommended to know the basic concept of the energy levels in an
atom and the electronic distribution in these levels.

Each electron in the atoms can be located in an energy level which means that the electrons are
usually distributed in different energy levels in the atoms due to the Pauli Exclusion Principle. The
electrons which are close to the nucleus of the atom will be tightly connected to the nucleus and
have stronger connection with the nucleus than the more distant electrons. Electrons in the most
distant orbital from the nucleus are called valence electrons as they have the weakest connection
with the nucleus being in the outer orbitals and are distributed in valence band (VB) [18]. The VB
is defined as the band of energy levels occupied by the valence electrons [19]. Electrons in the VB

form covalent bonds which give the semiconductor its crystal structure. When the valence
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electrons obtain a certain amount of energy, they can transfer to excited energy levels, called the
conduction band (CB) which usually has a significantly lower concentration of electrons. The CB
and the VB are separated by a gap called the energy bandgap (E,) to show the differences in energy
between the two bands leading to determination of the type of the material. For example, if the
energy gap is less than 0.5 eV, then the material will be a conductor. To be a semiconductor
material, the energy gap should be between 0.5 to 3.5 eV. Insulator materials will have energy gaps
greater than 3.5 eV [20]. The bandgap arises because of the interaction between electron wave
function and the periotic potential of crystal atoms. Figure 2.2 shows the VB, CB and the E, of a

typical direct bandgap semiconductor.
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Figure 2.2 Simplified energy bandgap structure of a typical direct bandgap semiconductor
showing the main features. During optical excitation by a photon, the excited electron jumps
from the VB to CB across the energy bandgap leaving a hole in the VB, as shown by the red

arrow.

Electrons in the CB are free to move throughout the materials [21]. However, electrons in VB do
not move or respond to electric fields as the band is completely filled. In the insulator, the E, is
very much bigger than in the semiconductors and conductors meaning that the electrons in the
VB need a higher energy to enable them to transfer to the CB. Semiconductors have different
electronic configuration from that of insulators and metals. The energy gap is between that of
insulators and conductors which means the electrons in the valence band need a smaller amount
of energy to transfer to the conduction band [22]. This can be achieved by thermal excitation or

absorption of photons. In metals, the outer energy band is only partially filled allowing electrons
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to move easily into other energy states, thus electrical conductivity can occur at normal
temperatures. In the case of conductors, electrons are distributed between the CB and the VB
according to the Fermi-Dirac distribution.

Semiconductor materials have resistivity values between a conductor and an insulator [23]. In other
words, the semiconductor can act as a material that is an insulator at low temperatures, but as a
conductor when energy is available. Table 2.1 gives examples of several elements used to produce

semiconductors. Table 2.2 shows material families used to produce semiconductors.

Group I Group II Group III | Group IV Group V Group VI
Cu Zn B C N S
Ag cd Al Si P Se
- - Ga Ge As Te
- - In Sn Sb O

Table 2.1: Common elements used to produce semiconductors with their groups assigned in the

Periodic Table [24].

Examples of semiconductors
Si, Ge
AIN, AIP, AlAs, ALSb
GaN, GaP, GaAs, GaSb
InN, InP, InAs, InSb
ZnS, ZnSe, ZnTe, ZnO
CdS, CdSe, CdTe, CdO
CulnSe; (CIS), Cd\Mng.yTe, CdHguTe,
AlLGagyAs
CulnGaSe; (CIGS), AgInGaSSe,
CuZnSnS, (CZTS)

Semiconductor family

Elemental semiconductors

II1-V semiconductors

1I-VI semiconductors

Ternary compound semiconductors

Quaternary compound semiconductors

Table 2.2: Several families of semiconductor materials that are of possible use in PV devices

[24].

2.4. The bond model

The bond model is a model that describes semiconductor behaviour [25, 26]. To illustrate the

model, silicon semiconductor (as silicon is very common semiconductor material) will be used as
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an example. Silicon semiconductor has an atomic number of 14 and its electron configuration will
be as follow: 15°2s*2p°3s°3p”. The number of electrons is distributed in different energy levels as
in the first level (shell) is 2, in the second level is 8 and in the third level is 4 electrons. The four
electrons in the third level which is the outer shell will be called valence electrons or valence shell
containing 2 electrons in the s atomic orbital and 2 in the p orbital. As Si atoms interact with each
other, the atomic orbitals 3s and 3p mix hybridizing to minimize the energy of the system into
4sp’ molecular orbitals which leads to the resulting tetrahedral crystal structure. The 4 valence
electrons which populate these molecular orbitals represent the covalent bonds that hold the lattice
together. For instance, in silicon crystalline form, each silicon atom is bound to four other silicon
neighbour atoms by the covalent bond in a tetrahedral arrangement (tetrahedral crystal structure)
as figure 2.3 shows below. Each covalent bond consists of two electrons which are shared between
the two bound atoms. Now, at low temperature, the chemical covalent bonds will be stable and
the silicon semiconductor behaves as an insulator material. However, at high temperatures
electrons are excited to the CB enabling the electrons to move freely in the silicon crystal lattice
meanwhile the empty electron state leaves behind a hole, a positive charged carrier, meaning that
a vacancy position is waiting for other electrons from neighbouring atoms to be filled. This

movement of charged carriers results in the conduction of the materials [27].

Figure 2.3 The tetrahedral crystal structure of silicon.

2.5. The energy band model

The energy band model is also a model that describes semiconductor behaviour using the quantum

mechanical model of solids, but in terms of the energy levels between valence band and conduction
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band [28,29]. The electrons in the valence band need a certain amount of energy to be excited up
to the conduction band. This amount of energy depends on the forbidden gap E,which is the
minimum energy required to excite an electron from VB to CB, thus the energy gained by the
electrons should be greater than the bandgap to enable the electrons to jump. When an electron is
transferred to the conduction band, a hole vacancy will be created in the valence band. This process
will enable electrical conduction, the process of the movement of charge carriers [30].

The energy gap can be calculated as:
E¢=Ec-Ev. 2.2)

Where, Eris the energy level at the bottom of the conduction band and Ev is the energy level at

the top of the valence band.

2.6. Doping of semiconductors

One of the very advantageous properties of the semiconductor is the ability to change the number
of electrons and holes in the crystal lattice of materials to modify the electrical and optical
properties of the semiconductor [31]. This process is known as doping which is defined as the
introduction of the impurities into an intrinsic semiconductor. Intrinsic semiconductors or
undoped semiconductors simply mean a pure semiconductor that have the property of the number
of excited electrons are equal to the number of holes (7= p) [32]. Atoms with an extra valence
electron, compared to the atom being replaced, will donate the extra electron to the semiconductor
CB producing n-type material. A donor dopant such as group V phosphorus is commonly used to
produce n-type silicon. Atoms with missing electron will accept an electron from the
semiconductor VB and will be called p-type material, acceptor dopant such as group I1I boron is
commonly used to produce p-type silicon [33, 34]. The concentrations of donor and acceptor

atoms can be extracted from the law of mass action which can be expressed as:

nopo=n. (2.3)

Where, 79 and po are the electron and hole concentrations, 7 is the intrinsic carrier concentration.

For n-type, the concentration of carriers is given as follows:
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no=Nb, po=——. (2.4

D

and for p-type, the concentration of carriers is given as follows:

2

po=Nan = ]’ij . (25

A

where N4 and Np are the doping densities of acceptors and donors respectively.
2.7. The practical solar cell

The basic operation for solar cell devices to function will usually include charged carrier generation
by light absorption, charge separation by a p-n junction and charge collection in an external
load [35]. If any of these operations is not occurring, the solar cell device will show poor output
efficiency or even no PV activity at all. In practical devices, the power losses of the solar cell
devices should be considered as the devices will suffer usually from several factors affecting the

device performance. A detailed section about power losses in solar cell devices will be given in

2.16.

2.8. Light absorption

When photons (light) strike the semiconductor material or solar cell device, photons with energy
less than the bandgap energy (E, < E,) will be transmitted through the semiconductor device.
These photons will be considered as lost energy. However, photons with energy greater than the
bandgap energy (E; > E,) will be absorbed in the semiconductor device. The absorbed photons
will interact with the electrons in the VB and excite them. An electron in the VB will be excited to
jump up to the CB leaving behind a positive charged carrier called a hole in the VB. This process
is called electron-hole pair generation where each photon with energy greater than the energy of
the bandgap will create one electron-hole pair (photoelectric effect) [36]. Now, the electrons in the
CB can move freely as there are a large number of unoccupied states of energy. This movement
can lead to current flow. The charged carriers whether they are electrons or holes need to be
separated by an electric field which can be provided by a p-n junction in the semiconductor solar

cell device in order to avoid recombination. More details will be provided later in section 2.11
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about p-n junctions. Recombination simply is the reverse process of the electron-hole pair

generation [37].

CB @

Photon Eo

h+
VB

Figure 2.4 The absorption of light in the semiconductor solar cell device.

The creation of electron-hole pairs (E,,>E,) can be given as:

he
E, zlypzx, (2.6)

where, I, = photon energy, s/ = Planck’s constant, » = frequency, ¢ = speed of light and 1 =
wavelength.

The absorption coefficient, o, can be expressed by:

a=Afw-E). (@27

Where A is a constant determined by the electronic band structure, 4 is the Planck constant, » is
the frequency of the light, and E, is the bandgap of the material. This relationship is due to the

bulk 3D energy density of states [38].

2.9. Direct and indirect bandgap semiconductors

Semiconductor materials can be divided into two different kinds regarding the bandgap of the
materials, direct and indirect bandgap. In the direct bandgap semiconductor, the top (maximum)
energy of the valence band occurs at the same value of the crystal momentum (&-vector) in the
Brillouin zone as the bottom (minimum) energy of the conduction band at £ = 0 or the I" point

[39]. Absorption does not need any assistance from lattice vibration called a phonon and the
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electron is excited directly from the maximum energy of the valence band to the minimum energy
of the conduction band without any change in its &-vector (crystal momentum), because the
photon momentum is very small. GaAs and CZTS are examples of direct bandgap semiconductors
[40]. However, in the indirect bandgap semiconductor, the maximum energy of the valence band
does not occur at the same value of the crystal momentum to the minimum energy in the
conduction band. The photon absorption process requires assistance from a phonon and the
electron has to undergo a significant change in its momentum to be excited from the valence band
to the conduction band leading to a slower process rate and also smaller absorption coefficient
than in the direct bandgap semiconductor. Silicon is an example of the indirect bandgap
semiconductor [41]. The energy and momentum are conserved for both direct and indirect
bandgap semiconductor [42]. Figures 2.5 and 2.6 illustrate both direct and indirect bandgap

semiconductors.
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Figure 2.5 Direct bandgap semiconductor where the electron is excited directly from the VB to

CB without any change in crystal momentum.
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Figure 2.6 Indirect bandgap semiconductor, where the electron needs assistance of a photon and

a phonon to be excited from the VB to CB.

2.10. Junctions in semiconductor devices

The term junction in semiconductor devices usually means the boundary or interface between two
types of semiconductor materials inside a single crystal of the semiconductor [43]. When
semiconductors come into contact with another semiconductor material, an internal electric field
at the junction or the interface can be created [44]. Two basic types of junctions can be used in the
solar cell devices for the purpose of separating the charged carriers: Schottky junction and p-n
junction [45].

The Schottky junction can be formed, if a metal and a semiconductor are joined together [46]. The
resulting junction can be of two possible types of contact depending on the work function (the
minimum amount of energy that is required to remove an electron to the vacuum from its surface)
[47]. One type of contact might be a rectifier, if the work function for the metal is larger than the
work function of the semiconductor [48]. This rectifier is also known as the Schottky barrier
contact and can only allow charged carriers to pass in one direction between the metal and the
semiconductor, similar to a diode [49]. The other type of contact might be an Ohmic junction, if
the work function for the metal is smaller than the semiconductor [50]. The Ohmic junction can
allow current to pass in both directions between the metal and semiconductor [51].

The p-n junction can be formed, if two layers of semiconductor come to contact, a p-type doped
layer and n-type doped layer with different majority carrier types [52]. Two different possible
results can be formed, a homojunction and a heterojunction. If the two semiconductor layers of

the p-n junction are of the same materials, the junction will be a p-n homojunction, and if they are
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different materials and they have different bandgaps, then the junction will be a p-n heterojunction

[53-55].
2.11. P-N junction formation

In 1962, the p-n junction’s band structure model was studied by R. L. Anderson [56]. The p—n
junction can be formed, when the two semiconductors (p-type and n-type) are in contact with each
other which result in a rearrangement of the p-n junction’s band structure [57]. As the two
semiconductors combine together, with their different charged carrier’s concentrations, a diffusion
of these charged carriers (electrons and holes) across the junction will occur. The process of this
diffusion will be a movement from the high carrier’s concentration areas to the low carrier’s
concentration areas. The electrons or the negative charged carriers in the n-type semiconductor
will flow to the p-type and leave positive charged ions (exposed positive ion cores) behind in the
n-type near the junction. Similarly, the holes in the p-type will flow to the n-type, leaving negative
charged (exposed negative ion cores) behind in the p-type [58]. A recombination process can occur
at this moment where free electrons and holes coexist. Recombination leads to the formation of a
fixed space-charge creating a built in electric field. An equilibrium is established between diffusion
and drift. At this stage, the two semiconductors’ band structures will realign which means that the
Fermi level is close to CB in the n-type and close to VB in the p-type. The charged carriers’
movement and the exposed charged ions will result in the creation of an electric field at the
junction between the positive ion cores in the n-type material and the negative ion cores in the p-
type, leading to the formation of a region called the depletion region. In this region, the electric
field can quickly sweep the charged carriers out. A built-in potential 17, is formed at the junction
due to the electric field [59, 60]. This electric field can cause a drift of carriers through a drift
current in the opposite direction of the diffusion. The depletion region is also known as the space

charge region. Figure 2.7 shows the steps of p-n junction formation.

diffusion | — | recombination |— | electric field |—— drift — | equilibrium

Figure 2.7. P-N junction formation steps.

If a bias voltage is applied across the p-n junction, the width of the depletion region will be
changed. In the forward bias, the depletion region width will decrease, the positive terminal of an

external power source connects to the p-side of the p-n junction and the negative terminal
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connects to the n-side of the p-n junction [61]. In the reverse bias, the depletion region width will
increase, the positive terminal of an external power source connects to the n-side of the p-n
junction and the negative terminal connects to the p-side of the p-n junction [62]. Figure 2.8
illustrates the p-n junction and its band energy for the three cases mentioned above.

The built-in potential (I}) can be calculated as:

Vi =

k5T (NAND)
In — |. 2.8)

9

ni

The edges of the depletion region in p or n type:

X, = [25%1](&)(;”2 (2.9)
g N4 J\ Na+ Nbp

X, = [2”/”"](&)(—1 HZ 2.10)
AN Nb J\ N4+ Np

where ¢ is the maximum electric field produced by the space charge within the p-n junction.

The total width of the depletion region (V) can be then calculated as:

W =X+X. 2.11)
,VR+ +Va_
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Figure 2.8 p-n junction and its band energy diagram for (a) at equilibrium (b) reverse bias (c)
forward bias (from [23, 41]).
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2.12. Energy band alighment

At the interfaces of a p-n semiconductor heterojunction, alignment of conduction and valence
energy bands results in a band offset [63]. This band offset can be simply explained as a mismatch
or discontinuity between the relative energy positions of the band edges in the interfaces of the p-
type and n-type semiconductors. This can play a significant role in the ability of the charge carriers
to cross the junction, either assisting or preventing them in charge separation [64].

For heterojunction semiconductor solar cells, a spike-like conduction band offset forms when the
conduction band edge of the p-type material is lower than that of the n-type material, leading to
an energy barrier for the electrons to move from the p-type material to the n-type [65]. However,
when the conduction band edge of the p-type material is higher than that of the n-type material, a
cliff-like conduction band offset is formed, leading to an enhancement for the electrons to move

from the p-type material to the n-type.

2.13. Ideal diode equation and current-voltage curve

The solar cell device acts similar to a p-n diode which means that the device has the current-voltage
(I-1) characteristic of a diode [66]. The I-1” curve represents a relationship between the current
flowing through an electrical device and the voltage applied across it. This relationship is one of
the most common methods to determine the function of an electrical device in a circuit. To
measure the [-]7 curve, a series of voltages are applied to the measured device where at each
voltage, the current flowing through it is measured by an ammeter. A voltmeter is used to measure
the applied voltages.

The ideal diode equation, also known as the Shockley diode equation, can describe the I-1” curve

I=1 {exp (ﬂiBVqu] 2.12)

Where, I is the diode current, Iy is the saturation current, ¢ is the charge of electron, 17 is the

of a diode and is given as:

voltage across the diode, 7 is the diode ideality factor, £ is Boltzmann constant, 1'is the absolute

temperature of the p-n junction.
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Under illumination, the I-1” curve of the p-n junction is shifted down in the current axis and the

equation can be rewritten as:

I=I. |:exp (ﬂi};j—@—n. 2.13)

Where, I1.is the light generated photocurrent.

It should be noted that for the ease of studying how much current is being generated in the solar
cell, current density | should be used as the generated current is normalized by the area of the
active device layer. The current density defines as the volumetric flow of charge per unit area
through a conductor which usually use the units of mAecm™.

Some important parameters of solar cells can be determined from the equation 2.13 and from the
I-17 curve. These parameters are short circuit current s, open circuit voltage o, fill factor FF
and efficiency 7 [67].

The current-voltage relationship under dark and illuminated conditions can be illustrated in figure

2.9 below.

Current (A)
<
=<
o

FF|/\
v

|
sc [Puax

lyp e

Voltage (V)

Figure 2.9 The current-voltage curve under dark and illuminated conditions. Where, Iyp is the

maximum power current, [yp is the maximum power voltage.

The maximum power point (Pax) can be defined as:

Proas =10 X Iup . (2.14)



2. Fundamentals of solar cells 34

2.14. Short circuit current (/)

The short circuit current (I is the maximum current from a solar cell when there is no voltage
(zero) across the device. If there are no parasitic resistance losses, then under illumination at zero

bias we have I = Isc = I;. as shown in figure 2.9.

2.15. Open circuit voltage (V,,)

The open circuit voltage (Ioc) is the maximum voltage from a solar cell when there is no current

(zero) through the device. The open circuit voltage can be determined as:

o

P, =kl h{h +1j. (2.15)
%

2.16. Fill factor (FF)

The fill factor (FF) is the ratio of the maximum power from the solar cell to the product of the

short circuit current and the open circuit voltage and can be expressed as:

P max

FF = . (2.16)
Ise XV
Also, can be written as:
FF = Tmp x Ivp ' (2.17)
Isc X Vo

2.17. Efficiency (%)

The Efficiency parameter is usually used to show the performance of the solar cell devices. It is
defined as the ratio of the output energy of the solar cell to the input energy of the sunlight. Then,

the efficiency can be calculated as:
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y= Isc xVwx FF

2.18
Pz'ﬂ ( )
Another formula can be written as:
P/m/‘
= , 2.19
=5 (2.19)

where P, is the output energy of the solar cell and P, is the incident sunlight to the solar cell.

2.18. Power losses in solar cells

The power loss process of solar cell devices in a single bandgap under one sun concentration can
be categorised into two categories: intrinsic and extrinsic losses [68]. The intrinsic losses can be
explained with the fundamental thermodynamic limit on the efficiency of solar cells and the
theoretical accepted limit usually known as Shockley-Queisser limit (see section 2.18.1). The
extrinsic losses are related to the recombination process, optical, electrical and shading losses. It
should be noted that some of the intrinsic losses such as the thermodynamic losses are
unfortunately unavoidable. On the other hand, the extrinsic losses are avoidable, if the solar cell

device engineers optimise devices very carefully.

2.18.1. Shockley-Queisser limit

In 1961, W. Shockley and H. Queisser applied the principles of the detailed balance limit of
efficiency, used usually in thermodynamics, for an ideal solar cell case to find out the efficiency
limit for a single p-n junction based solar cell [69]. In this limit, several assumptions were made
including: the concentration of light is one sun (no concentrated optics are used), the radiative
recombination of hole-electron pairs was the only recombination mechanism considered as in an
ideal semiconductor, and the sun and the cell act as a black body where their temperatures are
Ts = 6000 K and Tr = 300 K, respectively.

A solar cell device can be considered as a heat or Carnot engine which can do electric work during
a process where the heat can flow from the sun as a hot reservoir at 6000 K to a much colder
reservoir; the earth’s atmosphere at 300 K. During the conversion of the thermal energy to the
electrical work, some energy will be lost. This lost energy can reduce the 100% incident light by

5%. Another loss of energy by around 9% occurs due to the inequality of absorption and emission
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angles from the solar cell devices as the cell absorbs the light in one direction into the device
surface and emits in all directions, resulting in an entropy generation process. This loss is usually
referred to Boltzmann loss. One more percentage loss of energy is coming from the spontaneous
recombination in pure semiconductor materials. Another 55% out of the 85% remaining of the
incident light from the sun is lost from the non-absorption of photons by the semiconductor. The
photons with less energy than the bandgap energy will not be able to excite electrons from the VB
to CB, meaning the energy is lost as no absorption occur. This loss can be accounted for around
25%. Another loss may occur in a cell, if the photon’s energy is much greater than the bandgap
energy, a pair of electron-holes can be created and quickly the excess energy is lost through
thermalisation to the band edge by emitting phonons as heat. This loss can be accounted for
around 30%. These losses can limit the solar cell device to around 32% for a single solar cell under
standard AM1.5G conditions.

Beside the S-Q limit, figure 2.10 attempts to illustrate the loss mechanism in single p-n junction

based solar cell.

Figure 2.10 The loss mechanism of single solar cell device as (1) inability of absorption of below
bandgap photons, (2) thermalization loss, (3) and (4) junction and contact voltage losses and (5)

recombination loss (from [70]).

The S-Q limit efficiency varies with the bandgap of materials as shown in figure 2.11. Materials

with bandgaps around 1.1-1.5 eV can achieve near S-Q) limit for efficiency.
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Figure 2.11 The theoretical S-Q efficiency limit as function of bandgap for several materials
(from [71]). The red colour corresponds to materials of solar cells achieving less than 50% of

their S-Q limit, green 50 to 75% and blue more than 75%.

Several other important attempts were done to understand the power loss mechanisms in solar

cells which table 2.3 shows below.
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Paper title Year | References
Maximum Efficiency of Solar Energy Conversion by Quantum 1955 [72]
Processes.

Photovoltaic Effect Derived from the Carnot Cycle. 1960 [73]

Upper Limit of Efficiency for Photovoltaic Solar Cells. 1977 [74]

Thermodynamics of the Conversion of Diluted Radiation. 1979 [75]

Limiting Efficiencies of Ideal Single and Multiple Energy Gap 1980 [76]

Terrestrial Solar Cells.

Upper Limit for the Conversion of Solar Energy. 1980 [77]

Detailed balance limit of the efficiency of tandem solar cells. 1980 [78]

Thermodynamic Energy Conversion Efficiencies. 1980 [79]

On the Thermodynamic Limit of Photovoltaic Energy Conversion. | 1981 [80]

Entropy Fluxes, Endoreversibility, and Solar Energy conversion. 1993 [81]

Absolute Limiting Efficiencies for Photovoltaic Energy 1994 [82]
Conversion.

On Some Thermodynamic Aspects of Photovoltaic Solar Energy 1995 [83]
Conversion.

Limiting Efficiencies for Photovoltaic Energy Conversion in 1996 [84]

Multigap Systems.

Entropy Production in Photovoltaic Conversion. 1997 [85]

The Carnot Factor in Solar-Cell Theory. 1998 [86]

Third Generation Photovoltaics: Ultra-high Conversion Efficiency | 2001 [87]
at Low Cost.

Thermodynamics and Reciprocity of Solar Energy Conversion. 2002 [88]

Thermodynamic Limitations to Solar Energy Conversion. 2002 [89]

Thermodynamics of Losses in Photovoltaic Conversion. 2007 [90]

Solar Cell as Heat Engine: Energy-Entropy Analysis of 2008 [91]

Photovoltaic Conversion.
Fundamental Losses in Solar Cells. 2011 [68]
Fundamentals of PV Efficiency Interpreted by a Two-Level Model. | 2013 [92]

Table 2.3: Important research papers on mechanisms which limit efficiencies in solar cells.
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2.18.2. Recombination losses

Recombination in a semiconductor occurs when the energetic generated electron-hole pairs
combine together before they are collected. The uncollected useful energy is lost in this case as the
charged carriers return to their ground state which negatively influence the efficiency of the solar
cell. Recombination is possible via three main mechanisms: Shockley-Read-Hall recombination
(SRH), radiative recombination and Auger recombination. Figure 2.12 illustrates these
recombination types.

SRH recombination can also be called non-radiative recombination or through trap recombination
or defect recombination since it describes the recombination of electrons with holes through
different energy levels in the energy gap [93]. These levels are located in the bandgap where
phonons are released from the excess energy of the carriers. This type of recombination is
dominant in practical solar cell devices due to the difficulty of growing highly pure semiconductors.
Impurities, defects or vacancies are expected to be incorporated into the crystal structure during
the practical semiconductor material growth, leading to defects within the bandgap. These defects
can also be referred to as traps which can capture a delocalized free carrier.

The radiative recombination, band-to-band recombination, is a result of the direct recombination
of electrons in the CB with holes in VB through the emission of photons at the bandgap energy
E,. It is the reverse process of the electron-hole pair generation [94].

Auger recombination is non-radiative recombination which involves three carriers. An electron
recombines with a hole, giving the energy to a third free carrier, rather than emitting the energy as
a photon. This third free carrier, an electron in the CB then relaxes back down to the conduction
band edge very quickly in less than a picosecond by emitting multiple phonons in the process

known as thermalization [95].

a) SRH b) Radiative c) Auger
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Figure 2.12 The three main recombination mechanisms in a solar cell. E¢is the energy level at

the bottom of the CB and Evis the energy level at the top of the VB.
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2.18.3. Extrinsic losses, optical losses

Optical losses can reduce solar cell device efficiency in three main locations in practical solar cell
devices. Incident light coming to the device can be blocked by the front contact coverage. In other
locations, on the surface of the device, the light can be reflected and considered as a loss of useful
energy. The third possible way of optical loss is the reflection of light from the back contact in the

device. Figure 2.13 illustrates these optical losses.

Eég
‘ Front metal contact ‘ S{;‘ \ /'

n-type \

p-type

Back metal contact

Figure 2.13 Optical losses in a solar cell device.

To reduce these optical losses, several techniques can be applied to the device. Minimising the
front contact coverage in the top cell surface is a good technique. However, this can result in
increased series resistance which negatively influences the solar cell by reducing the FF. Another
way is the common technique of using antireflection coatings which can be located at the top
surface of a device, leading to cancellation of the reflection of light from the top surface of the
device. Texturing the surface of a device is also another way to reduce reflection, since roughening
of the surface can increase the opportunities of reflected light to bounce back onto the surface.
Light trapping in the back contact is also useful in reducing the optical losses as the possibility of

light absorption can be increased.

2.18.4. Electrical losses

Electrical losses or parasitic resistance are unfortunately always present in practical solar cell
devices which reduces the output of the device; hence they can not be ignored. The major impact

electrically here is to reduce the FF. The parasitic resistance can be divided into two resistances:
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series resistance Ry and shunt resistance Ry The causes of the series resistance Ry are mainly from
the current movement through the bulk materials of a semiconductor and the resistance of the
contact between the semiconductor materials and front or back metal contact. A negative impact
on the FF of the solar cells can be a result from the increasing of Ry. In addition, excessively high
value of Ry might reduce the short circuit current Isc. The shunt resistance Ry typically is a result
of the manufacturing defects and indicates increased recombination losses. A decrease in the open

circuit voltage [”or might occur in the case of having low Ry in the device.

2.18.5. Shading

The issue of shading is serious since even if a single solar cell is affected by shading in a module it
can have a negative impact on the whole efficiency of the system. To illustrate this, since several
individual cells are connected to each other in series creating a solar module, as mentioned in
chapter 1 in section 1.3, the drop in current by shading of a tree or building or any reasons can

reduce the whole current in the system lowering the system performance.

2.19. Solar cell device structure

In the matter of the structure or architecture of a solar cell device, two configurations can be
designed: substrate and superstrate. The substrate configuration can be designed as front metal
contact/transparent conducting oxide/window layer/buffer n-type/absorber p-type/back metal
contact/glass. In this configuration, the light strikes the solar cell device from the top surface side,
having an advantage of extending the possibility of recrystallizing the p-type absorber layer and
then activating the junction by independently controlling the interface of the n-type buffer and the
p-type absorber layers [96]. An appropriate choice of back metal layer is crucial in this
configuration as this layer has the main role in having a low resistance Ohmic contact formation
with the p-type absorber layer.

The superstrate configuration is a reverse configuration of the substrate configuration design
which can be designed as glass/transparent conducting oxide as back contact/window
layer/buffer n-type/absorber p-type/front metal contact. Unlike the substrate configuration, the
light in this configuration strikes the solar cell device from the glass substrate side which has a

transparent conducting oxide layer, indium titanium oxide (ITO) can be used and is deposited or
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coated onto the glass substrate to help the light pass through the cell, reaching the absorber layer.

Figure 2.14 below illustrates the two configurations of solar cell device.

\ Back metal contact

Absorber layer p-type

RRVAYAV

Front metal contact

Transparent conducting oxides layer

Buffer layer n-type

Window layer

Window layer

Front contact ITO layer
Glass

Buffer layer n-type

Absorber layer p-type

Back metal contact

Glass

Figure 2.14 The substrate (left) and superstrate (right) configuration of solar cell devices.



2. Fundamentals of solar cells 43

2.20. References

1. W. Palz, Power for The World: The Emergence of Electricity from The Sun, Pan. Stanford.
Publishing. (2010).

2. P. Hersch, K. Zweibel, Basic Photovoltaic Principles and Methods, National. Technical.
Information. Service. (1982).

3. S. Wenham, M. Green, M. Watt, R. Corkish, A. Sproul, Applied Photovoltaics, Routledge.
(2013).

4. G. Boyle, Renewable Energy: Power for A Sustainable Future, Oxford. University. Press. (1996).
5. W. Smith, Effect of Light on Selenium During the Passage of An Electric Current, Nature. 7
(1873) 303. https://doi.org/10.1038/007303¢0.

6. E. Weston, Art of Utilizing Solar Radiant Energy, US. Patent. (1888).

7. W. Adams, R. Day, IX. The Action of Light on Selenium, Philosophical. Transactions. of the
Royal Society of London. 167 (1877). https://doi.org/10.1098/1stl.1877.0009.

8. G. Cook, L. Billman, R. Adcock, Photovoltaic Fundamentals, Solar Energy Research Institute.
(1991).

9. P. Wirfel, Physics of Solar Cells from Principles to New Concepts, Wiley-VCH. (2005).

10. GP. Smestad, Optoelectronics of Solar Cells, SPIE press. (2002).

11. C. Bosson, Understanding Cu,ZnSnS4 as A Photovoltaic Absorber for The Future of Solar
Electricity, PhD Thesis. Durham University. (2018).

12. M. Green, Solar Cells: Operating Principles, Technology, and System Applications, Englewood
Cliffs. (1982).

13. Hu. Chenming, M. Richard, Solar Cells: From Basics to Advanced Systems, NanoHUB. (2012).
https://nanohub.org/resources/13141.

14. J. Flammer, M. Mozaffarieh, H. Bebie, The Interaction Between Light and Matter. In: Basic
Sciences  in  Ophthalmology.  Springer,  Berlin,  Heidelberg. (2013) 21-39.
https://doi.org/10.1007 /978-3-642-32261-7_2.

15. JL. Gray, The Physics of the Solar Cell. Handbook of Photovoltaic Science and Engineering,
John Wiley & Sons Ltd. (2003) 82-128.

16. B. Baigrie, Electricity and Magnetism: A History Perspective, Greenwood Press Publishing
Group. (2007).

17. C. Kittel, Introduction to Solid State Physics, 8th edn, John Willey and Sons. (2004).

18. W. G. Watkins, Macromolecules: Synthesis, Materials and Technology, Volume 2: By HG Elias.
pp 1342. Plenum, New York. (1984). ISBN 0-306-41085-0.


https://doi.org/10.1038/007303e0
https://doi.org/10.1098/rstl.1877.0009
https://nanohub.org/resources/13141
https://doi.org/10.1007/978-3-642-32261-7_2

2. Fundamentals of solar cells 44

19. R. J. Komp, Practical Photovoltaics: Electricity from Solar Cells, Ann Arbor: AATEC.
Publications. (1995).

20. J. Nelson, The Physics of Solar Cells, World Scientific Publishing Company. (2003).

21. M. Marone, The Art of Teaching Physics with Ancient Chinese Science and Technology,
Synthesis Lectures on Engineering, Science, and Technology, Springer. (2020).

22.]. P. Colinge, C. A. Colinge, Physics of Semiconductor Devices, Springer Science and Business
Media. (2000).

23. P. Y. Yu, M. Cardona, Fundamentals of Semiconductors: Physics and Materials Properties.
Springer. (2010).

24. 1. M. Dharmadasa, Advances in Thin Film Solar Cells, Pan Stanford Publishing. (2012).

25. J. Balfour, J. R. Michael, Shaw, Sharlene, Introduction to Photovoltaic, Lawrence J. Goodrich
Publishers. (2013).

26. P. Valizadeh, Field Effect Transistors, A Comprehensive Overview: From Basic Concepts to
Novel Technologies, Wiley. (2016).

27. R. C. Neville, Solar Energy Conversion: The Solar Cell, Elsevier. (1995).

28. I. Glover, S. R. Pennock, P. R. Shepherd, Microwave Devices, Circuits and Subsystems for
Communications Engineering, John Wiley & Sons. (2005).

29. A. Durrant, Quantum Physics of Matter, CRC Press. (2000).

30. B. K. Sharma, Industrial Chemistry, Krishna Prakashan Media. (1991).

31. E. F. Schubert, Doping in III-V Semiconductors, (1993).

32. A. K. Sharma, Semiconductor Electronics, New Age International P Ltd. Publisher. (1990).
33. N. W. Ashcroft, N. D. Mermin, Solid State Physics, Harcourt. Inc. (1970).

34. B. I. Shklovskii, A. L. Efros, Electronic Properties of Doped Semiconductors, Springer Science
& Business Media. (2013).

35. S. Fonash, Solar Cell Device Physics, Elsevier. (2012).

36. C. S. Solanki, Solar Photovoltaics: Fundamentals, Technologies and Applications, Phi learning
pvt. Ltd. (2015).

37.S. D. Stranks, V. M. Burlakov, T. Leijtens, J. M. Ball, A. Goriely, H. J. Snaith, Recombination
Kinetics in Organic-Inorganic Perovskites: Excitons, Free Charge, and Subgap States, Phys. Rev.
Applied. 2 (2014) 034007. https://doi.org/10.1103/PhysRevApplied.2.034007.

38. F. Urbach, The Long-Wavelength Edge of Photographic Sensitivity and of The Electronic
Absorption of Solids, Phys. Rev. 92 (1953) 1324. https://doi.org/10.1103/PhysRev.92.1324.

39. C. Hamaguchi, Basic Semiconductor Physics, 3" edition, Springer Cham. (2017).
https://doi.org/10.1007/978-3-319-66860-4.


https://doi.org/10.1103/PhysRevApplied.2.034007
https://doi.org/10.1103/PhysRev.92.1324
https://doi.org/10.1007/978-3-319-66860-4

2. Fundamentals of solar cells 45

40. S. M. Sze, Y. Li, K. Ng, Physics of Semiconductor Devices, 4" edition, John Wiley & Sons.
Inc. (2021).

41. K. Seeger, Semiconductor Physics, Springer-Verlag Wien GmbH. (1973).

42. G. Parker. Introductory Semiconductor Device Physics, CRC Press. (2004).

43. M. Kaltschmitt, W. Streicher, A. Wiese, Renewable Energy: Technology, Economics and
Environment, Springer. (2007.)

44. A. A. Ojo, W. M. Cranton, I. M. Dharmadasa, Next Generation Multilayer Graded Bandgap
Solar Cells, Springer Cham. (2019). https://doi.org/10.1007/978-3-319-96667-0.

45. J. D. Patterson, B. C. Bailey, Solid-State Physics: Introduction to the Theory, Springer Science
& Business Media. (2007).

46. U. K. Mishra, J. Singh, Semiconductor Device Physics and Design, Springer Dordrecht. (2008).
https://doi.org/10.1007 /978-1-4020-6481-4.

47.J. S. Yuan, J. J. Liou, Microdevices Physics and Fabrication Technologies: Semiconductor
Device Physics and Simulation, Plenum Press. New York. (1998).

48. M. Balkanski, R. F. Wallis, Semiconductor Physics and Applications, Oxford University Press.
(2000).

49. B. L. Sharma, Metal-semiconductor Schottky Barrier Junctions and their Applications, Springer
Science & Business Media. (2013).

50. D. J. Klotzkin, Introduction to Semiconductor Lasers for Optical Communications: An
Applied Approach, Springer Cham. (2020). https://doi.org/10.1007/978-3-030-24501-6.

51. A. Rockett, The Materials Science of Semiconductors, Springer. (2008).

52. J. L. Pankove, Optical Processes in Semiconductors, Dover Publications. Inc. New York.
(1972).

53. N. Dasgupta, A. Dasgupta, Semiconductor Devices: Modelling and Technology, Phi Learning
Pvt. Ltd. (2004).

54. B. L. Sharma, R. K. Purohit, Semiconductor Hetrojunctions, Elsevier. (2015).

55. S. S. Perlman, D. L. Feucht, P-N Hetrojunctions, Solid-State Electron. 7 (1964) 911-923.
https://doi.org/10.1016/0038-1101(64)90070-X.

56. R. L. Anderson, Expermints on Ge-GaAs Hetrojunctions, Solid-State Electron. 5 (1962) 345-
351. https://doi.org/10.1016/0038-1101(62)90115-6.

57. B. G. Yacobi, Microdevices Physics and Fabrication Technologies: Semiconductor Materials:
An Introduction to Basic Principles, Kluwer Academic/Plenum Publishers. New York. (2003).
58. B. Kumar, S. B. Jain, Electronic Devices and Circuits, PHI Learning Private Limited. (2014).
59. B. Grob, Basic Electronics, Gregg Division McGraw-Hill Book Company. New York. (1977).


https://doi.org/10.1007/978-3-319-96667-0
https://doi.org/10.1007/978-1-4020-6481-4
https://doi.org/10.1007/978-3-030-24501-6
https://doi.org/10.1016/0038-1101(64)90070-X
https://doi.org/10.1016/0038-1101(62)90115-6

2. Fundamentals of solar cells 46

60. S. T. Karris, Electronic Devices and Amplifier Circuits with MATLAB® Applications, Orchard
Publications. (2005).

61. G. W. Neudeck, The PN Junction Diode, Addison Wesley Publishing Company. (1983).

62. De. Debashis, Basic Electronics, Dorling Kindersley (India) Pvt. Ltd. (2010).

63. E. T. Yu, J. O. McCaldin, T. C. Mcgill, Band Offsets in Semiconductor Heterojunctions, Solid
State Phys. 46 (1992) 1-146. https://doi.org/10.1016/S0081-1947(08)60397-5.

64. A. Klein, Energy Band Alignment at Interfaces of Semiconductor Oxides: A Review of
Experimental Determination Using Photoelectron Spectroscopy and Comparison with
Theoretical Predictions by the Electron Affinity Rule, Charge Neutrality Levels, and the Common
Anion Rule, Thin. Solid. Films. 520 (2012) 3721-3728. https://doi.org/10.1016/j.ts£.2011.10.055.
65. W. Hu, J. Yang, Two-Dimensional Van Der Waals Heterojunctions for Functional Materials
and Devices, J. Mater. Chem. C. 5 (2017) 12289-12297. https://doi.org/10.1039/C7TC04697A.
66. F. C. Krebs, Polymeric Solar Cells: Materials, Design, Manufacture, DEStech Publications, Inc.
(2010).

67. E. A. Gibson, Solar Energy Capture Materials, Royal Society of Chemistry. (2019).

68. L. C. Hirst, N. J. Ekins-Daukes, Fundamental Losses in Solar Cells, Prog. Photovolt: Res. Appl.
19 (2011) 286-293. https://doi.org/10.1002/pip.1024.

69. W. Shockley, H. Queisser, Detailed Balance Limit of efficiency of p-n Junction Solar Cells, J.
Appl. Phys. 32 (1961) 510-519. https://doi.org/10.1063/1.1736034.

70. M. A. Green, Third Generation Photovoltaics: Advanced Solar Energy Conversion, Springer.
(2003).

71. A. Polman, M. Knight, E. C. Garnett, B. Ehrler, W. C. Sinke, Photovoltaic Materials: Present
Efficiencies and Future Challenges, Sci. 352 (20106) 6283.
https://doi.org/10.1126/science.aad4424.

72. D. Trivich, P. A. Flinn, F. Daniels, J. A. Duffie, Maximum Efficiency of Solar Energy
Conversion by Quantum Processes, Solar Energy Research, Thames and Hudson. London. (1955)
143.

73. A. Ross, Photovoltaic Effect Derived from the Carnot Cycle, J. Appl. Phys. 31 (1960) 1640-
1641. https://doi.org/10.1063/1.1735906.

74. C. D. Mathers, Upper Limit of Efficiency for Photovoltaic Solar Cells, ]. Appl. Phys. 48 (1977)
3181-3182. https://doi.org/10.1063/1.324059.

75. P. T. Landsberg, G. Tonge, Thermodynamics of the Conversion of Diluted Radiation, J. Phys.
A: Math. Gen. 12 (1979) 551. https://doi.org/10.1088/0305-4470/12/4/015.


https://doi.org/10.1016/S0081-1947(08)60397-5
https://doi.org/10.1016/j.tsf.2011.10.055
https://doi.org/10.1039/C7TC04697A
https://doi.org/10.1002/pip.1024
https://doi.org/10.1063/1.1736034
https://doi.org/10.1126/science.aad4424
https://doi.org/10.1063/1.1735906
https://doi.org/10.1063/1.324059
https://doi.org/10.1088/0305-4470/12/4/015

2. Fundamentals of solar cells 47

76. C. H. Henry, Limiting Efficiencies of Ideal Single and Multiple Energy Gap Terrestrial Solar
Cells, J. Appl. Phys. 51 (1980) 4494-4500. https://doi.org/10.1063/1.328272.

77. W. Ruppel, P. Wurfel, Upper Limit for the Conversion of Solar Energy, IEEE. Transactions
on Electron. Devices. 27 (1980) 877-882. https://doi.org/10.1109/T-ED.1980.19950.

78. A. De. Vos, Detailed Balance Limit of the Efficiency of Tandem Solar Cells, J. Phys. D: Appl.
Phys. 13 (1980) 839. https://doi.org/10.1088/0022-3727/13/5/018.

79. P. T. Landsberg, G. Tonge, Thermodynamic Energy Conversion Efficiencies, J. Appl. Phys.
51 (1980) 1-20. https://doi.org/10.1063/1.328187.

80. A. De. Vos, H. Pauwels, On the Thermodynamic Limit of Photovoltaic Energy
Conversion, Appl. Phys. 25 (1981) 119-125. https://doi.org/10.1007 /BF00901283.

81. A. De. Vos, P. T. Landsberg, P. Baruch, J. E. Parrott, Entropy Fluxes, Endoreversibility, and
Solar Energy Conversion, J. Appl. Phys. 74 (1993) 3631-3637. https://doi.org/10.1063/1.354503.
82. G. L. Aratdjo, A. Marti, Absolute Limiting Efficiencies for Photovoltaic Energy Conversion,
Sol. Energy Mater. Sol. cells. 33 (1994) 213-240. https://doi.org/10.1016/0927-0248(94)90209-7.
83. P. Baruch, A. De. Vos, P. T. Landsberg, J. E. Parrott, On Some Thermodynamic Aspects of
Photovoltaic Solar Energy Conversion, Sol. Energy Mater. Sol. Cells. 36 (1995) 201-222.
https://doi.org/10.1016/0927-0248(95)80004-2.

84. A. Marti, G. L. Aragjo, Limiting Efficiencies for Photovoltaic Energy Conversion in Multigap
Systems, Sol. Energy. Mater. Sol. Cells. 43 (1996) 203-222. https://doi.org/10.1016/0927-
0248(96)00015-3.

85. A. Luque A. Marti, Entropy Production in Photovoltaic Conversion, Phys. Rev. 55 (1997)
6994. https://doi.org/10.1103 /PhysRevB.55.6994.

86. P. T. Landsberg, T. Markvart, The Carnot Factor in Solar-Cell Theory, Solid-State Electron.
42 (1998) 657-659. https://doi.org/10.1016/S0038-1101(97)00253-0.

87. M. A. Green, Third Generation Photovoltaics: Ultra-high Conversion Efficiency at Low Cost,
Prog. Photovolt: Res. Appl. 9 (2001) 123-135. https://doi.org/10.1002/pip.360.

88. T. Markvart, P. T. Landsberg, Thermodynamics and Reciprocity of Solar Energy Conversion,
Physica. E: Low-dimensional Systems and Nanostructures. 14  (2002) 71-77.
https://doi.org/10.1016/51386-9477(02)00352-1.

89. P. Wirfel, Thermodynamic Limitations to Solar Energy Conversion, Physica E: Low-
dimensional Systems and Nanostructures. 14 (2002) 18-26. https://doi.org/10.1016/S1386-
9477(02)00355-7.

90. T. Markvart, Thermodynamics of Losses in Photovoltaic Conversion, Appl. Phys. Lett. 91
(2007) 064102. https://doi.org/10.1063/1.2766857.


https://doi.org/10.1063/1.328272
https://doi.org/10.1109/T-ED.1980.19950
https://doi.org/10.1088/0022-3727/13/5/018
https://doi.org/10.1063/1.328187
https://doi.org/10.1007/BF00901283
https://doi.org/10.1063/1.354503
https://doi.org/10.1016/0927-0248(94)90209-7
https://doi.org/10.1016/0927-0248(95)80004-2
https://doi.org/10.1016/0927-0248(96)00015-3
https://doi.org/10.1016/0927-0248(96)00015-3
https://doi.org/10.1103/PhysRevB.55.6994
https://doi.org/10.1016/S0038-1101(97)00253-0
https://doi.org/10.1002/pip.360
https://doi.org/10.1016/S1386-9477(02)00352-1
https://doi.org/10.1016/S1386-9477(02)00355-7
https://doi.org/10.1016/S1386-9477(02)00355-7
https://doi.org/10.1063/1.2766857

2. Fundamentals of solar cells 48

91. T. Markvart, Solar Cell as Heat Engine: Energy-Entropy Analysis of Photovoltaic Conversion,
Physica. Status. Solidi. A. 205 (2008) 2752-2756. https://doi.org/10.1002/pssa.200880460.

92. M. A. Alam, M. R. Khan, Fundamentals of PV Efficiency Interpreted by a Two-Level Model,
Am. J. Phys. 81 (2013) 655-662. https://doi.org/10.1119/1.4812594.

93. W. Shockley, W. T. Read, Statistics of the Recombinations of Holes and electrons, Phys. Rev.
87 (1952) 835. https://doi.org/10.1103/PhysRev.87.835.

94. A. Reinders, P. Verlinden, W. Sark, A. Freundlich, Photovoltaic Solar Energy: From
Fundamentals to Applications, John Wiley & Sons, Ltd. (2017).

95. G. Benz, R. Conradt, Auger Recombination in GaAs and GaSb, Phys. Rev. 16 (1977) 843.
https://doi.org/10.1103/PhysRevB.16.843.

96. A.Romeo, D. L. Batzner, H. Zogg, A. N. Tiwari, A Comparison of the Vacuum Evaporated
CdTe for Substrate and Superstrate Solar Cells, InProc. 16th European Photovolt. Solar Energy
Conf. and Exhibition (Glasgow). (2000) 843-846.


https://doi.org/10.1002/pssa.200880460
https://doi.org/10.1119/1.4812594
https://doi.org/10.1103/PhysRev.87.835
https://doi.org/10.1103/PhysRevB.16.843

3. CuZnSnS4 material 49

Chapter 3:

Cu,ZnSnS,; material

3.1. Why use CZTS?

To achieve the ideal solar cell device in a commercial sense, several requirements for the materials
being used in the device should be considered. These material’s requirements are:

e Availability or earth abundant materials

¢ Non-toxic materials

e Direct bandgap structure

e A bandgap between 1.1 to 1.7 eV

e High absorption coefficient

e Suitable for large scale production

e Long-term stability.
All the chemical elements in CZTS are abundant in the earth’s crust which may enhance solving
the serious issue of the availability at production scale for several elements used currently in
absorber materials for solar cell devices [1]. For example, In, Ga and Te in CIGS, GaAs and CdTe
solar cells are simply scarce metals in the earth’s crust which mean that the production of these
solar cells will be limited or not amenable for large-scale production. Element toxicity is also a
consideration. Table 3.1 below shows the global abundance of several elements used in current

solar cells as parts per million (ppm).
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Element Abundance in earth’s crust (ppm)
Cu 50.00
Zn 75.00
Sn 2.200

S 260.0
In 0.049
Ga 18.00
As 1.500
Cd 0.110
Te 0.005
Si 277.1

Table 3.1: The abundance of several elements in the earth’s crust that are used in CZTS, CIGS,
GaAs, CdTe and Si based solar cell devices technologies |2, 3].

Indeed, the availability of Zn and Sn is much higher than the rare metal In by 514 times [4].
Moreover, Zn and Sn have more global production by 20 and 340 times respectively in comparison
to the expensive metal In [4]. It should be noted that Si is the second most abundant element in
the earth’s crust. However, one of the significant drawbacks of Si based solar cells is the expensive
manufacturing cost which was explained in chapter 1 (section 1.4). Zn, Cu, Ga, In and Cd elements
are 24™, 26", 35", 63" and 65" most abundant elements in the earth’s crust, respectively.

CZTS elements are environmentally friendly or non-toxic in comparison to Cd in the solar cell of
CdTe device [5]. However, the fabrication process of the complete CZTS solar cell device might
include toxic stages such as the annealing of CZTS thin film inks by using H.S (sulphurisation
stage) especially in the solution fabrication method, and the use of the toxic Cd-containing layer
(CdS) as the buffer layer (n-type layer) for the CZTS device [6]. The CdS buffer layer is typically
less than 0.1 um thick, using a small amount of material.

CZTS is an excellent absorber material as it has a near optimum direct bandgap energy of ~1.5 eV
for PV applications and high absorption coefficient within the visible region more than 10* cm™
at the energy bandgap [7, 8]. In addition, CZTS thin film is a low-cost absorber material for solar
cell device production in comparison to CIGS solar cells since Cu and Zn elements are 100 times
cheaper than Ga and In metals. CZTS is also less costly in production than Si based device
technologies [9, 10].

The long-term stability of solar cells is an issue for many PV technologies such as perovskite and
organic based solar cell technologies. Even though these technologies exhibit high record of device

efficiencies, a significant drop in their output performance might occur within minutes or several
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hours or days due to long-term stability issue. For example, the power conversion efficiency of
perovskite solar cells can be more than 25%, but the cells decompose in a short-time upon
exposure to UV-A, moisture and thermal radiation which means that these cells still suffer from
long-term stability issues [11, 12]. Hence, this issue plays a major role of being an obstacle for the
devices to be used widely commercially from the industrial point of view [13, 14].

These beneficial CZTS properties give an indication that CZTS material can fulfil the above-
mentioned material requirements. Hence CZTS has a great potential to be an ideal alternative

candidate absorber layer suitable and promising for an advanced solar cell device [15, 10].

3.2. Whatis CZTS?

CZTS is abbreviated from and represented by the chemical formula Cu,ZnSnS.. It is considered
to be one of the chalcogenide materials, meaning that a chalcogen from Group 16 in the periodic
table (O, S, Se, Te,) is included as its anion. Other chalcogenide materials are the binary materials
II-VI such as ZnS and the ternary materials I-III-VI, such as CulnS,. CZTS as quaternary material
L-II-IV-VI; compound semiconductor is evolved from the ternary materials structure I-111-VI,
(CulnS;) by the replacement of In of Group III by Zn of Group II and Sn of Group IV [17, 18].
Figure 3.1 below demonstrates the evolution of CZTS. The CZTS structure is similar to CIGS

chalcopytite structure with replacing the In/Ga atoms with Zn and Sn [19-21].

I II I v VI

S
/ \ ‘ CulnS,
S LIV,
‘ / \ ‘ Cu,ZnSnS,
S

Cu Iz'[[‘w‘ VI4

ZnS
II-VI

Figure 3.1 The evolution of the quaternary CZTS in relation with binary and ternary materials.

CZTS is found naturally on earth as a mineral kesterite (CuzZniFeSnSy) [22, 23]. In 1967, Nitsche
et al., created pure CZTS by chemical vapour deposition [24]. However, the photovoltaic effect of

this CZTS material was first recognised in 1988 via Nakazawa and Ito at Shinshu University in
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Japan by using atom-beam sputtering [25]. In 1996, Katagiri et al., succeeded to record the CZTS
solar cell efficiency at 0.66% [26, 27]. Since then, the performance of CZTS solar cells has
continuously improved. It reached 2.63% in 2001 by Katagiri et al.,, followed by further
improvement to 6.77% in 2008 [8, 15]. In 2013, with the introducing of Se (doping) to CZTS to
produce CZTSSe, the efficiency reached 12.6% [28]. Currently, in 2023, CZTSSe has an efficiency
of 14.1% and CZTS has 11.4% [29, 30]. CZTS can be doped or compounded with other elements
such as Se, Ge, Cd, Fe, Ag and Li known as CZTSSe, CZTGS, CZCTS, CZITS, CSZTS and
CLZTS respectively. This variation of elements can be found in detail in Adachi’s book [31].

The major issues that limit CZTS PV device performance are having a low open circuit voltage
and the presence of secondary phases. Therefore, in order to improve the performance of CZTS,
a deep understanding of these areas should be attempted including interface optimisation, defect

characterisation and phase stability [32].

3.3. Crystal structure of CZTS

Crystals can be defined as ordered structures where the atoms (ions) are arranged in a periodic
lattice which is repeated throughout the entire material (solid) in three dimensions. Certain
symmetry properties can be shown by this periodic arrangement. They are rotational symmetry,
mirror symmetry, inversion symmetry, screw rotational symmetry and glide mirror symmetry [17].
A crystal structure is made up of a lattice and a basis where the lattice is a group of organised
spaced points that is occupied by a basis. A basis can be an atom or a molecule that is repeated at
every lattice point (along the principal axes). The smallest set of particles in the material which
constitutes this repeating pattern (along the principal axes) is called the unit cell of the structure
where the edges of this unit cell are the same as the principal axes and their length are called the

lattice constants (a, b, ¢) [33].

®

o ®
+. =.
®

Lattice + Basis

Crystal structure

Figure 3.2 A simple diagram illustrates how the crystal structure is made [34].
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CZTS crystallises in a tetrahedral coordinated structure where each sulphur anion is bonded to
four cations as well as each cation is bonded to four sulphur anions [35]. CZTS is considered to
be a tetragonal structure that can exist in four different fundamental crystal structures [36]. The
first one is the kesterite structure (KS) with the space group I4 (number 82) where T represents
the body centred Bravais lattice and 4 is a rotation-inversion axis which has an angle of rotation
of 360°/4 [37]. The second structure is the stannite structure (ST) with the space group I42m
(number 121) where 2 represents the rotation axis with an angle of rotation 360°/2 and 7 is a
mirror symmetry plane [38]. The third structure is the primitive mixed Cu-Au structure (PMCA)
with the space group P42 (number 111) where P represents the primitive Bravais lattice [39].
Figure 3.3 shows different possible CZTS structures. Another possible CZTS structure is called
wurtzite structure (a hexagonal structure) at high reaction temperature [40]. Moreover to the
possible CZTS structure existence, disordered kesterite structure can exist. The KS structure
should be more stable thermodynamically compared to the ST structure, thus CZTS will usually
appear in KS structure [41-43]. The two structures KS and ST are similar, but they have different
arrangement of Cu and Zn atoms, while Sn is located at same structural site in both KS and ST
structures [44, 45]. For practical photovoltaics, kesterite is most favourable because of the
optimum value of the bandgap energy [46, 47]. The tetragonal crystal structure of CZTS has a

lattice constant of 2 = 5.4 A and ¢ = 10.9 A, thus the ratio of ¢/ is almost equal to two [48].

a Ke_sterite e Stannite fMCA
14,82 42m,121 142m,121 P42m,111

Figure 3.3 Different CZTS possible structures (from [40]). The labelled sites in Kesterite

structure 2a, 2b, 2¢, 2d and 8¢ represent Wyckoff points where the atomic position can be (0, 0, 0)

for Cu as 24, (0,0 y)f S 217(01 l)f C 2(01 3)f Zn as 2d and (x, y, )
or Cu as 24, (0, 0, or Sn as 24, (0, —, —) for Cuas 2¢, (0, —, —) for Zn as 24 and (x, y,
2 2’ 4 27 4 )

for S as 8g.
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3.4. Optical properties

CZTS has a near optimum direct bandgap energy ranging between 1.40 to 1.6 eV. This CZTS
bandgap energy varies with different composition, thus the bandgap energy is considered to be
tuneable. For instance, reducing Sn/Cu ratio will lead to decreasing the bandgap energy [49]. This
bandgap is also dependent on temperature where it will decrease with increasing of temperature
as a result of the increasing of phonon population leading to more carrier-phonon interaction [50].
Figure 3.4 shows the energy band diagram of CZTS which is preferable for solar cell devices. In
addition, it has high absorption coefficient > 10* cm™ at the bandgap, thus using a very thin layer
(about 1 um) of film in a CZTS solar cell device can absorb more than 99% of the incident photons
[51, 52]. Such a direct bandgap and high absorption coefficient will enhance decreasing the
thickness of the absorber material required to absorb the incident light resulting in reducing
material costs and panel weight. The absorption coefficient, « can be extracted from the

experimental measurement of reflectance R and transmittance T as follows:

_ 1, (1R@)
() = 1 ( 0 j 3.1)

Where x is the thickness of the film. Then the energy gap can be determined by the Tauc plot
where a straight line can be drawn to extrapolate the plot of absorption squared (abr)” in the y

axis versus the energy gap (E,) in the x axis using the following equation:

(ohv) = A (v — E). (3.2)

Where A is a constant determined by the electronic band structure, 4 is the Planck constant, » is

1

the frequency of the light, and E, is the bandgap of the material [53, 54|, proportional to (oc/.w)E

N

for a direct bandgap semiconductor. This is a consequence of the E? energy dependence of the

3D energy density of states function.
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Figure 3.4 Band structure of the direct bandgap of the KS structure of CZTS semiconductor
(from [46]). The direct energy bandgap is shown by the arrow.

3.5. Secondary phases

The growth mechanism of a single-phase or pure CZTS seems to be difficult to achieve as it occurs
only in a very narrow region of the ternary phase diagram presented below in figure 3.5 [55-60].

Therefore, experimentally, secondary phases are expected to be present in the formation of CZTS.
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Figure 3.5 CZTS ternary phase diagram including several possible secondary phases. A) ZnS +
Cu2ZnSnsSs, B) ZnS, C) ZnS + CusS, D) CusS, E) CusS + CusSnS,, F) CusSnSy, G) CusSnS, +
CuzSnSs, H) CuxSnS;, I) CuaZnSnsSs + CuaSnS; and J) CuaZnSnsSs. The central circled area is the

pure CZTS. This diagram assumes that the amount of sulphur is always presented in the correct

amount in CZTS (adapted from [57]).

Secondary phases are considered to be a significant issue for CZTS for two main reasons. The

first one is that they might reduce the conductivity of the CZTS solar cells, meaning efficiency

reduction of the cells because secondary phases may act as recombination centres [61, 62]. The

second reason is that the secondary phases play a main role in decreasing the open circuit voltage

in the CZTS solar cells especially those with bandgaps lower than the bandgap of CZTS. The most

expected secondary phases to be present in CZTS are listed in the table 3.2 below with their

bandgap.



3. CuZnSnS4 material 57

Secondary phase Bandgap (eV) References
CuS 1.0 [63]
CuS 1.2 [64]
ZnS 3.8 [65]
SnS 1.3 [66]
SnS, 2.2 [67]
SneSs 2.1 [68]

CuxSnS; 1.4 [69]
CusSnS, 1.2 [70]
CusSnS,4 1.2 [71]
CuZnSn;Sg ? [57]

Table 3.2: The expected secondary phases in CZTS and their bandgaps.

CuS might create a shunting pathway within the CZTS solar cells since it acts as a metallic
conductor leading to a decrease of the cell’s efficiency.

CusS has a high electrical conductivity which might short-circuit the CZTS cells by the effect of
recombination [72].

SnS exhibits p-type conductivity, and it might be found on the surface of CZTS [66].

Zn8S, SnS; and SnS; have larger bandgaps than that of CZTS which means they can act as a resistive
barrier to carriers created preventing the charge collection from CZTS [73]. In addition, ZnS can
decrease the open circuit voltage due to the increment of the series resistance of the CZTS cells
[74].

CuzSnS;, CusSnSs and CusSnSy have a smaller bandgap than that of CZTS and may act as
recombination centres [75].

CuZnSn;sSs needs more research since there are not many details about it in the literature and it is
rarely observed [60].

Some secondary phases can be removed by post-fabrication etching. To remove unwanted Cu,S
impurities, KCN aqueous solution should be used [76]. For ZnS removing, an aqueous HCI

solution is efficient to be used [77]. To eliminate SnS, etching by Na,S can be used [78].
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3.6. Point defects

There are around thirteen possible intrinsic point defects in KS structure that might form during
the crystal growth of the CZTS thin film. These are four vacancy defects (Vcu, Vza, Vi, and V),
six antisite defects (Cuza, Zncu, Cusa, Snicy, Znisa, and Snz,) and three interstitial defects (Cui, Zn;,
and Snj) [79]. These point defects can be located as shallow or deep levels in the bandgap. Shallow
level defects can play role in influencing the majority and minority carrier concentrations, thus the
electrical conductivity. Deep level defects might act as recombination centres for photogenerated
electron-hole pairs. The Ve, defects can play a significant role in achieving high efficiency of solar
cells [40]. Figure 3.6 shows the energy levels of point defects within the bandgap of CZTS. It is
also possible for charge compensating defect complexes to form arising from the Coulomb

interaction between positively and negatively charged defect such as (Cuz, + Znc.").

1.0 A

Ve

Energy (eV)

0.0
Cu,, Vg, Zng, Cug Vg S Sng,Sn,, Sn, Vo Zn, Zng, Cu

1

Defect

u

Figure 3.6 The defect energy levels of point defects in CZTS bandgap (from [80]).

CZTS acts as a p-type absorber layer (self-doping and intrinsic p-type conductivity) due to the
existence of these point defects especially Cuz, antisite defects [81]. As CZTS is p-type, more free
holes than free electrons will be occurring in the semiconductor material under equilibrium
conditions [82]. The ratios of atomic percentages of the cations in CZTS are usually used to show
the composition whether they are stoichiometric or non-stoichiometric. These ratios are as

follows:
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Cu

, 3.3
7n+Sn G-
/n

— 3.4
Sn 34

If both ratios are equal to one, then the composition is stoichiometric. If the ratio (3.3) is less than
one and the ratio of (3.4) is more than one, then the composition is called Cu-poor and Zn-rich
[83]. This non-stoichiometric Cu-poor and Zn-rich CZTS composition is found to be preferable
for solar cell device performance, but it will increase the probability of defects and secondary phase

formation where these are not desired [84].

3.7. CZTS bandgap variation and band tailing

Because CZTS is a quaternary semiconductor, with a significant number of possible point defects,
and defect complexes, there are many different parameters which affect the fundamental energy
bandgap. The energy bandgap of CZTS determined from theoretical calculations is E, = 1.5 eV,
in agreement with experimental data in the range of 1.4-1.6 eV for kesterite CZTS [85]. The
proximity of the bandgap to the solar optimum is one of the reasons CZTS is being developed for
thin film solar cells.

The bandgap of CZTS varies with composition providing an opportunity for control and possible
tuning [47]. The bandgap energy decreases significantly, by up to 140 meV, with decreasing Sn/Cu
ratio from Sn/Cu = 1.15 to 1.1, possibly related to changes in defect density. It is also observed
that changing Zn concentration has minimal impact on the bandgap [49]. Malerba et al [49]
conclude that the most likely explanation is a defect induced reduction of the energy bandgap with
a reduced Sn content probably introducing a number of acceptor defects including: Vs,, and Cus,
and Zns, antisites. This suggests that control of Sn concentration would be a primary means of
controlling the CZTS bandgap. However, it should be noted that other possible explanations for
the link between bandgap and composition could offer alternative models. These are: 1) a possible
transition between the two polymorphs kesterite and stannite, or 2) the formation of solid
solutions between CZTS and secondary phases. Both are discounted by Malerba et al, as neither
of these explanations fits their data [49].

CZTS is prone to significant levels of cation disorder, principally through Cu-Zn exchange.

Increased cation ordering can increase the bandgap by up to 110 meV in CZTSSe [86]. First-
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principles electronic structure calculations show that the bandgap of kesterite CZTS is reduced by
Cu+Zn disorder by around 40 meV [36]. From this it is known that two processes, increased
Cu/Zn cation ordering, and increased Sn/Cu ratio can lead to an increase in the CZTS energy
bandgap. The latter can be obtained from EDS data. None of the techniques used in this work
can quantify Zn/Cu disorder. However, this can be measured from high resolution resonant X-ray
diffraction [87, 88].

The presence of secondary phases which have energy bandgaps different from CZTS can alter the
average bandgap value of the material and adversely impact solar device performance. The
presence of secondary phases also distorts the bandgap value obtained by the methods used in this
work. Bandgap values of common secondary phases are included in table 3.2 above.

Figure 3.4 above shows the energy band structure for CZTS calculated by density functional theory
[61]. The direct energy bandgap can be seen at the I' point of the Brillouin Zone. The dispersion
of the lowest conduction band and the highest valence band in CZTS is relatively flat so that direct
gaps at points away from I' in reciprocal space are similar to states at the I' point [85]. Further
details on the general electronic structure are found in Persson [85] and Paier et al. [61].

In CZTS, the presence of intrinsic point defects, and defect complexes, can lead to potential
fluctuations in the energy band structure [89, 90]. The associated band tailing, of energy states into
the CZTS bandgap, may lead to a decrease in the CZTS energy bandgap [91]. However, the origin
and impact of band tailing in CZTS is under active discussion in the literature. Some state that
electrostatic potential fluctuations rather than bandgap fluctuations are responsible for tail states
[92, 93], whereas others state that bandgap fluctuations originating from nanoscale variations in
chemical composition are responsible [94]. Despite this uncertainty, the relationship between band
tails and cation disorder, along with related defects, is seen as a key issue in CZTS devices [94, 95].
Disorder in CZTS is related at the nanoscale level with variations in composition [96].

When determining the energy bandgap of CZTS using optical absorption, it is important to also
consider band tailing which is observed as weak optical absorption into the energy bandgap. This

is illustrated in figure 3.7 [31].
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Figure 3.7 Semilogarithmic plot of optical absorption of CZTS at the bandgap. Data represented
by data points. Theoretical calculations represented by solid lines showing the impact of

changing the energy of the empirical Urbach parameter (from [31]).

The observation of the Urbach Tail in optical absorption is described by the phenomenological

relationship a:

v , (3.5)

where E,(T) is the bandgap energy and the Urbach parameter Eu(T) determines the width of the
absorption tail known as Urbach’s rule [97]. Higher values of the Urbach parameter give
absorption spread over a larger energy range into the energy bandgap. The absorption tail in CZTS
is generally attributed to disorder in CZTS, typically from Cu-Zn exchange, and other impurities,
point defects and complexes. As seen in figure 3.7 the steepness of the absorption edge depends
on the width of the absorption tail described by the Urbach parameter Ey. Tail states arising from
disorder and impurities can form energy bands when present at sufficiently high concentrations.
Tail states can also be formed by perturbation of the valence and conduction band edges via

Coulomb interactions and the deformation potential [98].
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3.8. Device structure

CZTS solar cell design is very similar to the standard CIGS design. The design consists of several
layers, starting from the substrate which is usually soda lime glass (SLG) as it is a low-cost material
and can be stable at high temperature. The second layer is the back contact which is usually made
of molybdenum (Mo) with a thickness of between 600 to 800 nm that is deposited on the substrate
via the sputtering technique. Then the absorber layer (CZTS) as the p-type with thickness of about
1000 nm will be deposited on (Mo) via any of several vacuum or non-vacuum deposition methods
(in this work, spin coating will be used). The fourth layer is the buffer layer, where the n-type CdS
with a thickness of between 50 to 70 nm is deposited via chemical bath deposition (CBD) to form
the p-n junction. The fifth layer is the undoped (intrinsic) ZnO layer as window layer with a
thickness of between 80 to 100 nm which will be deposited by sputtering technique. On top of the
previous layer comes the transparent conductive layer ITO with a thickness of 300 nm which is
deposited by sputtering technique as well. Finally, the front contact layer Au grid of 300 nm thick
is deposited to achieve electric contact. An anti-reflective coating might be used to increase the

overall photovoltaic efficiency of a device. This arrangement of layers is shown in figure 3.7 below.

Au front contact
laver 300 nm

ITO transparent conducting layer 300 nm

Zn0O window laver 100 nm

Glass Substrate 2mm

Figure 3.7 The design of a CZTS solar cell.



3. CuZnSnS4 material 63

3.9. Vacuum and non-vacuum deposition methods

The methods for the fabrication of CZTS thin films can be classified into two categories: vacuum
and non-vacuum based techniques [99]. Vacuum fabrication techniques normally can produce
higher-quality samples as they have the advantage of controlling the chemical composition easily
as well as the phase profile in the thin films. However, these techniques are considered to be more
expensive than the non-vacuum techniques as well as they suffer from slow throughput. These
techniques include: sputtering, evaporation, and pulsed laser deposition (PLD) [100, 101]. Non-
vacuum fabrication techniques can be used to reduce the production cost [90]. One of the possible
issues in these techniques is non-uniformity. These techniques include: spray pyrolysis, spin
coating, screen printing and electrodeposition [102-105]. The deposition method that is used in

this project is spin coating of hot injection method synthesised nanoparticle solutions.

3.10. Hot injection solution method

In this project, the hot injection solution synthesis method is used to prepare the CZTS nanocrystal
inks. This hot injection method involves injecting a cold solution of precursors into a hot
surfactant solution, resulting in the immediate nucleation and growth of nanocrystals [106, 107].
A cold solution of precursors consisting of sulphur dissolved in oleylamine (OLA) is injected into
a highly concentrated and hot surfactant solution containing copper, zinc and tin dissolved in OLA
in order to form CZTS nanocrystals. After the reaction, the nanocrystal solution is washed several
times using standard precipitation and suspension techniques [108, 109].

Guo et al. [110] were the first to report the hot-injection synthesis of CZTS nanocrystals in
demonstrating their use in nanocrystal inks for the deposition of solar cell absorber layers. When
fabricating CZTS nanoparticles using the hot injection method, it is generally expected that a
distribution of nanoparticle sizes will be produced rather than a single size. It is also expected that
particles will have a range of compositions and some variation in crystallinity. These different
properties are interrelated. It is known that there is a relationship between particle size and
composition [111], with smaller particles, around 5 nm in size, found to be Cu- and Sn-rich, and
larger particles, greater than 10 nm in size, found to be Zn-rich. This is probably due to variations

in formation, nucleation and growth of nanoparticles in solution. When considering CZTS devices,
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it is accepted that monodisperse particles are more desirable, however, previous studies have
shown that variations in size or composition may have some beneficial effects for devices [111].
In the hot injection method, long-chain organic ligands provide stabilization of the reaction where
Cu, Zn and Sn cations react with S anions in solution. For CZTS, the solvent used is OLA [112],
as described in section 4.1.1.

Annealing of deposited films leads to decomposition of organic ligands resulting in large
concentrations of carbon in the CZTS films [113]. However, annealing under controlled
conditions enhances nanocrystalline films resulting in densely packed, large-grained bulk material
generally improving overall PV device performance [113]. During the annealing process, grain
growth is observed with the formation of micron-sized grains and a continuous polycrystalline
CZTS film. It has been reported that annealed films exhibit a bimodal size distribution having a
fine-grained bottom layer and larger grains of CZTS sitting on top of the film [114-116].
Chernomordik et al. observed that the uniform nanoparticles at the bottom undergo normal grain
growth forming an underlying floor layer, and that faster growing larger grains on the film surface
are formed and are generally called abnormal grains [114, 116]. They also found that an increase
of sulphur pressure during annealing enhances grain growth rates. The sulphur vapour may enable
the removal of carbon by reaction into volatile compounds. Grain size is effected by the presence
of carbon as lower carbon concentrations are measured in films annealed at higher sulphur
pressure.

As-synthesised nanoparticles are coated with a layer of capping ligands left over from the hot
injection reaction. These capping ligands are recognized as detrimental to charge transport and
lower device efficiency [117]. Carbon impacts grain boundaries and limits grain growth [114].
However, complete removal of ligands is generally not attempted as this can produce surface
defects acting as traps for charge carriers [117]. It is known that carbon content decreases during
annealing [114] due to evaporation, thermal decomposition, or a reaction with the sulphur vapour
as discussed by Chernomordik et al. [114].

Using thermogravimetric analysis and mass spectrometry, Engberg et al. [115] confirmed the
thermal decomposition of residual solvents during annealing, showing that oleylamine capping
ligands disaggregated into smaller fragments above 270 ‘C. Williams et al. [116] concluded that
carbon plays a more complex role in the formation of the final absorber layer than generally
accepted and additionally that it may even have some benefits by enhancing rapid grain growth.
Less carbon appears to be better for uniform grain growth, whereas large grains are achieved in a

short time with modest carbon content, which may be useful in the fabrication process.
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Finally, it should be noted that, in the case of CZTS, quantum confinement effects only occur for
nanocrystals with diameters smaller than 3 nm [118]. Particles smaller than this will always exhibit
some distinct quantum size effect properties compared to bulk material. Quantum properties are

not considered in this work as particle sizes generally do not fall into this range.

3.11. Ink deposition method

Drops of CZTS nanocrystal ink solution are applied to the centre of a SLG substrate and deposited
by the spin coating deposition method in order to create the thin film. The spin coating machine
produces a centrifugal force to ensure that the ink is spread evenly and uniformly over the
substrate. The solvent is usually volatile and simultaneously evaporates, resulting in the thin film
of nanoparticles. This thin film can then undergo sulphurisation annealing in a suitable atmosphere
to improve the crystallinity.

Two general methods for the spin coating technique can be used. The first is when the ink is
deposited onto the substrate while spinning, and the process is called dynamic dispense spin
coating technique. The second is when the ink is deposited onto the substrate before spinning,
and the process is called static dispense spin coating technique. It should be noted that the
centrifugal motion of the spin coater will spread the solution across the substrate in both cases.
However, the dynamic dispense technique is preferred as it uses less ink in general for deposition
in comparison with the static dispense technique [119]. Moreover, it is a more controlled process
than the static dispense technique [119]. For these reasons, the dynamic dispense spin coating

technique is used in this work.
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Chapter 4:

Experimental methodology and

characterisation techniques

4.1. Experimental methodology

4.1.1. CZTS nanocrystal preparation

The CZTS nanocrystal inks are fabricated by the spin coating of hot injection synthesised CZTS
nanoparticle solutions. The composition condition of CZTS can be a stoichiometric composition
CuZnSnS,, (2:1:1:4) or non-stoichiometric such as Cu-poor, Zn-rich compositions. The CZTS
nanoparticle solutions preparation are done by following the procedures described by Guo et al.
in 2009 [1]. In this method, a three neck-flask (can be 100 or 250 ml volume) is used in order to
react the metal salts. Two necks are connected to a Schlenk line for the reason of either purging
the reaction with argon gas (Ar) or evacuating the vessel. The third neck is used to locate a
thermocouple to monitor the temperature of the reaction and for injecting the cold sulphur
solution. The stoichiometric composition nanoparticles are synthesised with the following
reagents: 1.5 mmol (0.3924 g) of copper (II) acetylacetonate, 0.75 mmol (0.1970 g) of zinc (II)
acetylacetonate, 0.75 mmol (0.3572 g) of tin (IV) bis(acetylacetonate) dibromide and 10 ml of
oleylamine (OLA). The reagents are weighed to a precision of 0.1 mg. The reagents are added into
the three-neck flask with stirring. Using a heating mantle, the mixture is heated to around 140 °C
under vacuum and degassed for 30 minutes, then purged with Ar three times. The temperature is
then increased to the required reaction temperature where a solution of 4 mmol (0.1280 g) of
sulphur in 4 ml of OLA is injected into the mixture holding the reaction temperature for 30
minutes. Then the mixture is left to cool down to 50 °C by removing the heating mantle for around

20 minutes. Finally, 5 ml of toluene and 40 ml of isopropanol are added into the solution to collect
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clean crystals of the synthesised nanoparticles which are collected using a centrifuge at 10,000 rpm
for 10 minutes. The supernatant is decanted. Then, 20 ml of toluene and 10 ml of isopropanol are
added to the mixture and centrifuged again at 8,000 rpm for 10 minutes and the supernatant is
decanted for the second time (this process is repeated twice). The collected CZTS powder is then
dried under vacuum and prepared to form the ink solution by adding hexanethiol as a solvent with

250 mg of CZTS in 1 ml of hexanethiol.

Purged Beagtion The
with Ar tsmperanire mixture
ihices increased to| soslad
times. the required down to
temperature. 50°°C.
Cu, Zn,Snand OLA  Heating to 140 °C under vacuum Immediately a solution of S
with a stirring. for 30 minutes (Ar gas is off). oleylamine injected for 30 minutes.
Adding in
hexanethi
olasa
solvent.
CZTS nanocrystals dispersed in toluene  Dried under vacuum CZTS powder was CZTS ink was prepared.

and isopropanol using a centrifuge. overnight. prepared.

Figure 4.1 CZTS nanocrystal fabrication process.
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4.1.2. Ink deposition

The CZTS nanoparticle inks are deposited on glass substrates via spin coating technique. The glass
was first cleaned and washed by using acetone, methanol and distilled water sequentially for ten
minutes, each in an ultrasonic bath. Then, a nitrogen gun is used to dry the glass substrate. After
that, the spin coater is set up for the suitable parameters: 2,500 rpm for the spinning speed for 15
seconds. The dried glass is put into the spin coater and 40 ul drops of the ink are dropped into the
centre of the glass with the rotated speed mentioned above making sure of achieving uniform thin
films. The glass is then heated to 300 °C by a heating mantle in air for 30 seconds for removing
any residual solvent after each drop is added for producing stable uniform thin films. These steps
can be repeated 10 times to obtain a suitable thickness of CZTS layer of around 1 pum. figure 4.2

shows a deposited CZTS ink on SLG substrate with dimensions of 2.5 x 2.5 cm.

Figure 4.2 CZTS ink deposited on SLG substrate, 2.5 X 2.5 €M, via spin coating technique.

4.1.3. Annealing treatment

The prepared CZTS thin films on glass substrates undergo sulphurisation annealing in a suitable
atmosphere, nitrogen N, and hydrogenated chalcogen HoS atmosphere 80:20, to improve the
crystallinity which will eventually enhance the potential of producing a high efficiency CZTS solar
cell device [2-6]. The sample is loaded in the middle of the furnace tube manually. The two ends
of the furnace’s tube caps are connected to different valves: a vacuum pump, exhaustion line,
nitrogen and H.S supplies. The annealing process is applied under the conditions of: a desired
annealing temperature, a desired annealing time and a ramping rate of 10 degrees per minute. After
that the furnace was left to cool naturally overnight and the annealing treatment was finished under
a 20% of H,S and 80% of N, atmosphere. The furnace tube finally was flushed three times with

nitrogen gas and vented before retrieving the sample.
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Figure 4.3 The furnace used for sulphurisation (annealing system) showing the arrangement of

the horizontal tube furnace and the gas flow control system.

4.2. Characterisation techniques

Several techniques will be used to study and analyse the characteristics of the absorber materials
(CZTS) in the form of solution inks. The optical, structural properties are investigated using several
instruments including: X-ray diffraction spectroscopy (XRD), Focused ion beam microscopy
(FIB), Energy dispersive spectroscopy (EDS), Raman spectroscopy and Ultraviolet-visible

spectroscopy (UV-vis) spectrophotometer.
4.2.1. X-ray diffraction spectroscopy (XRD)

This technique is used to identify the crystal structure properties of the materials including
associated parameters such as lattice constant and determining the approximate scattering domain
size [7,8]. It is based on the concept illustrated by Bragg’s law of diffraction who studied a relation
between the wavelength, the angle of the incident X-ray and the internal spacing in the crystal

where this relationship can be illustrated in figure 4.4 and presented as [9,10]:
1A = 2dm sin G . 4.1)

Where 7 is a positive integer (assumed to be 1), A is the wavelength of the incoming X-rays, dj is
the distance between two diffracting planes (d-spacing) of the (hkl) planes where (hkl) are the

Miller indices of the plane and 6 is the angle between incident rays and the crystal plane [11].
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Figure 4.4 Illustration of Bragg’s law (from [12]).

The d-spacing values can be determined using Brage’s law by rearranging equation (4.1) to be:

A

Ak = .
2sinf

“4.2)

The lattice parameters (4, b and ¢) for the tetragonal structure as CZTS are calculated as:

= +—, (4.3
where @ = b # ¢ and the angles between them @ = = y= 90°.
The size of scattering domain (L) is given by Scherret’s equation:

K
Dcosf

4.4

Where Kis a dimensionless factor, close to 1, which depends on the shape of the crystallites. For
CZTS nanoparticles, K = 0.9 based on the assumption of approximately spherical particles as used
by others investigating CZTS [13], A is the X-ray wavelength (for Cu Ka this is 0.15406 nm), D is
the full width at half maximum in radians (FWHM) and 6 is the Bragg angle of diffraction peak
position.

X-ray spectra can be analysed to determine the approximate size of the scattering domain. This
corresponds to the size of a region of single crystal, or crystallite. In general, this will be equal to,
or smaller than the CZTS particle size. The size of the scattering domain is inversely proportional
to the X-ray peak width. This is because the sharpest X-ray peaks are only found in fully ordered

single crystals. In regions of finite crystallites, such as CZTS nanoparticles, incident X-ray radiation
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with an angle other than at the Bragg angle will not produce total destructive interference due to
the smaller number of scattering centres. This absence of long-range order in regions of multiple
crystallites stops the interference from different lattice planes. As a result, the X-ray peaks are
broadened over a wider range of 20 angles. The smaller the crystallites, the larger the X-ray peak
broadening [14]. Nanoparticle size and scattering domain are connected. Generally the scattering
domain will always be smaller than the size of nanoparticles as there may be several crystallite
regions in each nanoparticle. If the nanoparticle size and scattering domain are very similar, this
may imply the nanoparticles are single crystals. Determination of scattering domain size by the
Scherrer method is limited as this does not take account of inhomogeneous strain which will also
broaden X-ray peaks. Nevertheless, the scattering domain provides a useful means of comparing
different nanoparticle films and identifying how different film fabrication conditions impact CZTS
film properties.

In this work, XRD measurements were performed using Cu-Ka X-rays in Bruker d7
diffractometers. The parameters used in XRD were: 60 minutes for the integration time, 20-70

degrees range, no knife edges and a step size of 0.02°.

4.2.2. Focused ion beam microscopy (FIB)

FIB has been widely used for topographical or morphological information including surface
imaging, cross-sections and estimating thicknesses of layers. The FIB instrument consists of six
main parts including: a vacuum system with chamber, a source of a liquid metal ion which gallium
(Ga) is commonly used as the ion beam source, an ion column consists of two lenses to define
and focus the beam on the sample, a stage for a sample to be measured, detectors and gas delivery
system [15]. These parts are connected to a computer to record the images and results.

If an ion beam strikes atoms in material’s surface, an interaction between the ion and solid materials
are created where the ion loses kinetic energy. As a result of the transformation of energy from
the ion to the solid materials, several different processes might occur, including ion reflection and
backscattering, electron emission, electromagnetic radiation, atomic sputtering and ion emission,
sample damage and sample heating.

The Ga beam soutce is ionized in a high electric field, creating Ga" ions. After the Ga™ ion beam
hits the sample surface and sputters a small amount of the material, secondary ions can be detected

to generate images at low beam currents with the ion beam being rastered over the sample surface.
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At high beam currents the sputtered materials from the sample can be used to mill a trench into
the sample in a process called ion milling for preparing the cross-section of a thin film material for
imaging which the images in this work in chapter 8 are recorded by Scanning Electron Microscope
(SEM).

SEM imaging uses the same manner that images are produced in a FIB system with the exception

of the electron beam that used in this case rather than the ion beam in FIB.

Figure 4.5 The FIB instrument was used in this work where imaging was collected in a FEI
Helios Nano Lab 600 Dual Beam microscope which can operate with ion beams or electron

beams.

4.2.3. Energy dispersive spectroscopy (EDS)

EDS which is usually equipped in a FIB or SEM system, is an analytical technique used for
qualitative chemical analysis of the elements in the observed materials. The interaction between
the energetic particles beam (e.g. electrons) and the atoms in the samples can excite electrons to
be displaced from a lower energy levels of atoms in the sample, leaving a vacancy. An electron
from a higher energy level can fill this vacancy state releasing the excess energy as a form of X-ray.
The spectrum of this excess energy is used by the X-ray detector coupled with the instrument to
determine the elemental composition of the sample as the characteristic decay of each element is
different.

EDS analysis for this work was performed with a FEI Helios Nano Lab 600 Dual Beam
microscope and the analysis software Aztec 6.0 from Oxford Instruments.

It is known that, when performing EDS measurements, local topography can have a potentially
significant impact on EDS results [16]. In particular, surface roughness can distort EDS

measurement where X-ray path lengths can vary leading to large changes in EDS signal because
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photoelectric X-ray absorption follows the usual exponential law. Low energy photons, below
4 keV, are particularly impacted by path length changes. Samples with rough surfaces are prone to
variations in electron scattering, and X-ray generation and propagation leading to systematic errors
in EDS data interpretation. Care must be taken to minimise variations due to local surface
roughness effects. In this work, EDS data is recorded from around seven selected sites on each
sample to minimise these effects. Using the error procedure described in section 5.4.4 gives further
confidence in EDS results. Surface roughness of CZTS is also known to be increased by annealing
[17]. In CZTS sputtered samples, which are known to be less rough than nanoparticle ink films,
the RMS surface roughness increases from 20 nm to 80 nm when annealing at 560 °C. The

samples investigated in chapter 7 are likely to experience a similar increase in roughness.

4.2.4. Raman spectroscopy

Raman spectroscopy measures vibrational modes of the materials which gives information about
structure and the potential presence of secondary phases [18, 19]. This technique is based on
inelastic scattering (Raman scattering) of monochromatic light such as a laser [20]. This inelastic
scattering is the reason behind the shifts in wavelength, which can then be used in order to deduce
information about the energy of characteristic vibrational modes to identify the material. In
Rayleigh scattering, which is an elastic scattering, when the incident light (photon) interacts with a
substance, the electron does not obtain or lose energy during the effect. Thus, the starting and
final energy state is the same which means the light stays at the same wavelength where the amount
of scattering is strongly dependent on the wavelength [21]. However, Raman scattering is different,
when the incident photon interacts with the substance, the electron obtains or loses energy during
the scattering process [22]. Therefore, the final energy state is a slightly different than the starting
one; either higher, meaning the scattered light has less energy than the incident photon (longer
wavelength), which is called Stokes Raman scattering, or lower, meaning the scattered light has
gained more energy than the incident photon (shorter wavelength), which is called Anti-Stokes

Raman scattering [23].
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Figure 4.6 Rayleigh scattering, Stokes Raman scattering and Anti-Stokes Raman scattering.

The expected secondary phases of CZTS and their principal Raman peaks are shown in table 4.1.

Secondary phase
CuS
CuS
/ZnS
SnS
SnS,
Sn,Ss
CuzSnS;
CusSnS,
CusSnS,
CusSn-Si6
MoS;

Principal Raman peaks (cm™)
137, 265, 472
475
273, 276, 290, 352, 386, 422
96, 160, 190, 219, 288
215, 314
52, 60, 71, 87, 183, 234, 251, 306
290, 352
318
317
78,94, 182, 192, 274, 305, 311, 350, 365, 466
288, 384, 410

References

[24, 25]

Table 4.1: The expected secondary phases in CZTS and their principal Raman peaks.

The Raman spectra carried out in this work were collected in a Horiba JY lab RAM-HR

microscope using 532 nm excitation at room temperature.
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4.2.5. Ultraviolet-visible (UV-vis) spectroscopy

This technique is very important to investigate the optical properties of the materials which uses
the interaction of light with matter based on the absorption of light by the sample [34, 35]. In UV-
vis spectroscopy, the absorption of a material will be normally investigated via illuminating the
sample with various photon energies under the ultraviolet (around 190-400 nm) and visible
(around 400-780 nm) regions [36-38]. The basic concept of the instrument can be explained as
follows: when light travels through or is reflected from a sample, the amount of light absorbed is
then determined as the difference between the incident radiation intensity I, and the transmitted
radiation I [39]. The absorbed amount of light is represented as either transmittance T or
absorbance A4 where transmittance normally is given in terms of a fraction of 1 or alternatively as
a percentage. The Beer-Lambert law is considered to give the basic principle of the absorbance

analysis [40, 41]. This law can be defined as follows:

I I
T=— or TV%=—x100, @4.1)

1 I
A=log—=log—=—ax, 4.2
g =log~ (*-2)
where a is the absorption coefficient. If o is known, then the thickness x of the film can be
determined using Beer-Lambert law [42]. This method is used to determine the energy bandgap
E, of the materials CZTS by the Tauc plot as explained in section (3.4) in chapter 3 [43].
The optical spectroscopy was performed in a Shimadzu UV-3600 UV-vis spectrometer for all

samples examined in this work.
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Chapter 5:

Investigations of CZTS nanocrystal ink
synthesis temperatures, times and tin

content

5.1. Introduction

CZTS has four constituents of chemical elements, hence it is a complex material in the matter of
formation, as discussed in section 3.7. To achieve the goal of increasing the CZTS solar cell device
efficiency, identification of the optimum conditions for the synthesis of absorber layer CZTS
nanoctrystal inks is a good start. One effective method in doing this is to start with a systematic
study of the structural and optical properties of the CZTS nanocrystals where several variables of
the reaction conditions during the fabrication of the nanocrystal inks are examined. This systematic
study will help understand mechanisms impacting the absorber formation. These variables,
explored in this chapter, are the reaction temperature, reaction times and tin content. In this
chapter, this study will be done without any post-synthesis annealing treatment to prevent any
further fabrication steps for the full CZTS solar cell device until optimum conditions of the CZTS

nanocrystal inks are studied and identified.
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5.2. Reaction temperatures

Four samples were created with different reaction temperatures during the synthesis of CZTS
nanoctrystal inks. The hot injection method was used for the fabrication of these samples which
was successfully used by other groups [1-5]. The spin coating technique was used for the deposition
of CZTS nanocrystal inks onto glass substrates [6-8]. Several published papers studied a range of
different CZTS reaction temperatures [9,10]. However, in this chapter, a new synthesis

temperature range was used 225 °C, 250 °C, 275 °C and 300 °C.

5.3. Experimental methodology
5.3.1. The fabrication of CZTS nanoparticles

CZTS nanoparticles were fabricated via the procedure explained in chapter 4 section 4.1.1 with
Cu-poor, Zn-rich compositions in the as synthesised particles. Several modifications to the
reaction conditions are reported in this chapter. These changes are as follows:

e The precursor molar ratios were Cu/(Zn + Sn) = 0.85, Zn/Sn = 1.25
and S/(Cu+Zn+Sn) = 1.28. These ratios are chosen to obtain a high PV device efficiency
as discussed in chapter 3.

e These ratios are achieved by using reagents: 1.44 mmol (0.3769 g) of copper (II)
acetylacetonate, 0.94 mmol (0.2478 g) of zinc (II) acetylacetonate, 0.75 mmol (0.2909 g)
of tin (IV) bis(acetylacetonate) dichloride and 10 ml of OLA.

e The setting of the reaction temperature is set at 225 °C, 250 °C, 275 °C and 300 °C for
four different batches of ink.

e The time of the reaction is fixed for all samples, 30 minutes.
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5.3.2. Ink deposition

The CZTS nanoparticle inks are spin coated on SL.G substrates using the same methodology as
described in chapter 4 section 4.1.2. Between 2-10 drops of a volume of 40 ul of ink are dropped
into the centre of the glass by micro pipette with the rotation speed set as 2500 rpm for 15 seconds
to achieve uniform thin films. Two different film thicknesses were used: 2 drops for thin 0.2 pm
films for SEM, EDS and UV-vis measurements, and 10 drops for thick 1.0 um films prepared for

XRD and Raman measurements.

5.4. Results and discussion

5.4.1. Crystal structure - XRD

For structural measurements, XRD was used to determine the crystal structure and lattice
constants of CZTS nanoparticle thin films as well as the size of the scattering domain. Individual
X-ray peaks were fitted with Lorentzian curves using the MagicPlot software. Lorentzian curves

provided the closest fit to the X-ray data as shown in figure 5.1 which includes a fitted baseline.

—— Dara
—— Lorentzian fit

—— Gaussian fit

Intensity (Arb. units)

20 (%)
Figure 5.1 An example of XRD peak fitting using Lorentzian fit and Gaussian fit for (112) X-ray

peak for CZTS sample of 250 °C reaction temperature for 30 minutes.
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Values for FWHM and peak position were taken from the individual Lorentzian curves. For the

example shown in figure 5.1, the Coefficient of Determination R* = 0.992, demonstrating an

effective fit using Lorentzian curves.

The XRD patterns of the fabricated CZTS

temperatures 225-300 °C are shown in figure 5.2.
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Figure 5.2 XRD for samples of CZTS with different reaction temperatures, including the CZTS
PDF reference.

The major XRD diffraction peaks for all samples appeared at locations matching well with the

kesterite phase shown in reference PDF card 026-0575 as in table 5.1. However, it should be noted

that X-rays cannot distinguish clearly between the kesterite and stannite phases of CZTS. X-ray

diffraction confirms the presence of crystalline CZTS. It is known that kesterite has a lower energy

configuration than stannite, thus is more likely to be the CZTS structure. Because of the similarity

of the major XRD diffraction peaks locations with the secondary phases of ZnS (PDF
card 65-1691) and CuxSnS; (PDF card 27-0198), it is difficult to distinguish between them and the

presence of CZTS [11]. Therefore, Raman spectroscopy is used to identify any secondary phases

present as shown in figure 5.5 [12].
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Temperature 26 (°) for 26 (°) for 26 (°) for 20 (°) for
() structure planes structure structure structure
(112) planes (200) planes (220) | planes (312)
225 28.41 32.14 46.65 55.56
250 28.55 32.60 47.10 55.88
275 28.68 32.40 46.78 55.72
300 28.82 32.67 47.02 55.77

Table 5.1: Values of 2 0 for principal CZTS Peaks with different reaction temperatures.

In figure 5.2, X-ray diffraction demonstrates improvement in crystallinity through the increase of
the scattering domain with increasing reaction temperatures, as shown in table 5.2. It is also noted
that there was an increase in intensity of the (112) peak at 300 °C. This trend has been reported in
other work [9], [13].

Table 5.2 below presents the values of d-spacing, size of scattering domain and lattice parameters
a and ¢. The value for the d-spacing is obtained from the X-ray data using equation (4.2). It should
be noted that the (112) CZTS peak overlaps with the (111) ZnS peak leading to the possibility of
errors if ZnS is present as a secondary phase. To obtain a more precise value for the z and ¢ lattice
constants of CZTS, the values of d-spacing obtained for the four most intense X-ray peaks were
used — (112), (200), (220) and (312). A least squares fitting algorithm was used to adjust the values
of 2 and ¢ to minimise the total §* value for the difference between calculated and observed values
of 20 for all four X-ray peaks, based on equation 4.3. This compensates in part for the possibility
of the main (112) CZTS peak being shifted by the presence of ZnS. The scattering domain size L
was calculated from equation (4.4) [14].

Error propagation can be used on equation (4.4) to determine the error in I which gives:

AL ADY 2
T {(F) +(Aftan0) ] (5.1)

For a more detailed discussion of errors in calculating particle sizes see [15]. Equation 5.1 is used

to determine the uncertainty in the scattering domain size.
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Temperature d-spacing (nm) a (nm) c (nm) Scattering
() domain (nm)
225 0.3192 0.5506 1.115 13+2
250 0.3169 0.5455 1.112 15+6
275 0.3183 0.5481 1.116 16£5
300 0.3172 0.5461 1.112 39+£7

Table 5.2: Values of d-spacing, size of scattering domain and lattice parameters « and ¢ with
different reaction temperatures.

Tables 5.1 and 5.2 show similar d-spacing, « and ¢ lattice numbers and diffraction peak location
values of (112) crystal plane to the literature paper for 250 °C and 300 °C reaction temperatures

[16].
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Figure 5.3 The trend of scattering domain size of CZTS with different reaction temperatures.
In figure 5.3, the trend of the scattering domain size is in good agreement with the SEM
measurements shown in figure 5.6. This behaviour is reported in other published literature papers
[17-21].

5.4.2. Raman spectroscopy

Individual Raman peaks were fitted with Lorentzian curves using the MagicPlot software with an

example fit shown in figure 5.4.
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Figure 5.4 An example of Raman peak fitting using Lorentzian curves for CZTS sample of

275 °C reaction temperature for 30 minutes.

Figure 5.5 shows Raman spectroscopy measurements which confirms the crystal structure of the
nanopatticles. Raman main and strong peaks of CZTS ate located at 334 cm™ for 225 °C, 337 cm
for 250 °C, 336 cm™" for 275 °C and 335 cm™' for 300 °C as shown in figure 5.5 below. These peak
locations are in good agreement with the literature [22] for the expected characteristic CZTS peak
332-339 cm™ [23-28]. Another peak appears at 472 cm™ for 225 °C which seems to be a secondary
phase of CuS [29,30]. For 250 °C, two peaks appear at 288 and 317 cm™ which may be secondary
phases of SnS and CusSnS; [30]. Two peaks appear at 265 and 466 cm™ for 275 °C which might
be a secondary phase of CuS and CusSnsSi [31]. However, these secondary phases did not appear
at 300 °C. The formation of a specific secondary phase will depend on a series of factors including

vapour pressure, element diffusivity, formation energy and kinetics, and temperature.
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Figure 5.5 Raman spectra of CZTS samples with different reaction temperatures. CZTS and

secondary phases are identified from their principal Raman peaks.

5.4.3. Morphology

Figure. 5.6 SEM images at scale of 500 nm for CZTS nanoparticles with different reaction
temperatures as a) 225 °C b) 250 °C ¢) 275 °C and d) 300 °C.
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From figure 5.6, the nanoparticles are approximately spherical and uniformly shaped for all
samples. The size of the particles was determined by measuring the diameter of 5-6 individual
particles directly from SEM images and found to be similar, around 13 nm, for the three reaction
temperatures 225 °C, 250 °C and 275 °C with little increase in size with each increase of the
reaction temperature. However, at the highest reaction temperature, 300 °C, the size of the
particles increased noticeably from around 13 nm for image 5.4 a) to 43 nm for image 5.4 d). This
agrees with data from scattering domain size, in table 5.2, which suggests that some nanoparticles
may be composed of a single scattering domain. In the matter of uniformity, there was not a
significant difference in the particle distribution in these images, but 250 °C and 300 °C appear to

be more coherent films with fewer gaps in comparison with the other reaction temperatures.

5.4.4. Chemical composition

The elemental analysis of the CZTS synthesised samples at different reaction temperatures were
performed by EDS where the results are summarised in table 5.3 below. An example EDS spectra

is shown in figure 5.7.
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Figure. 5.7 An example of an EDS spectra for CZTS nanoparticles for the sample of 250 °C as

reaction temperature for 30 minutes.
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The EDS was taken from the film’s surface by analysing 7 spectra which were acquired from
different regions of the samples and the results averaged. Each of the 7 regions were selected to
be representative of the sample, and therefore more likely to be CZTS rather than another phase.
As noted in section 4.2.3, care must be taken to minimise the impact of surface roughness on EDS
measurements. Taking the average values from seven different spots will minimise errors. It is
however possible that regions of secondary phases underneath the surface may be probed by the
electron beam. The lateral spread of the beam as it propagates through the sample also means that
secondary phases at grain boundaries may also be included. This means that EDS measurements
may include an average over all phases present and not just CZTS. This procedure is done also for
EDS measurements in chapters 6 and 7. The electron beam energy used for EDS was 5 keV in
chapters 5 and 6. Figure 5.8 shows a Monte-Carlo simulation of the primary electron beam

interaction volume for a 1 um CZTS layer on a SLG substrate at energies of 12 keV and 15 keV.

Onm|
220nm
. 440nm|

660nm

280nm
560nm

840nm

-920nm ; a60nmi Onm . 460nm 920nm
Figure 5.8 The interaction volume of the primary electron beam (in blue) for a one micron
thick CZTS layer on a SLG substrate is simulated for a beam energy of 12 keV (top) and
15 keV (bottom). The dashed line indicates the border between absorber layer and substrate.
The software used, CASINO (version 2.51), has been developed as a tool for ‘Monte Carlo
simulations of electron trajectories in solids’ by D. Drouin et al. (Université de Sherbrooke,

Sherbrooke, Quebec, Canada). Figure from [32].
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On the basis of figure 5.8, it is reasonable to infer that, for lower electron beam energies of 5 keV,
the electron interactions will be confined to the CZTS layers which have a nominal thickness of
1 pm, with limited electron interactions in the substrate. No EDS peaks associated with the SLG
substrate were observed in EDS measurements. For analysis of chemical compositions from EDS,
the software Aztec 6.0 from Oxford Instruments was used as mentioned in section 4.2.3. The
standard deviation (§D) of Cu, Zn, Sn and S concentrations are given by the software. Therefore,
equation (5.2) can be used to calculate the standard error (SE), where 7 here refers to the number

of spectra measured of a single sample.

sg =P (5.2)

Jn

Also, the average value for each element can be determined from the software. Then, the equation

(5.3) can be used to obtain the error.

Error = SE (5.3)

Theaverage value for each element

Temperature (°C) Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
225 0.66 £ 0.03 0.46 £ 0.03 1.07 £ 0.01 1.32 £ 0.01
250 0.82 = 0.01 0.77 £ 0.04 1.19 £ 0.02 1.25 £ 0.04
275 0.88 £ 0.04 0.76 £ 0.04 1.28 £0.02 1.37 £ 0.01
300 0.94 £ 0.06 0.60 £ 0.03 1.32 £ 0.02 1.35+0.04

Table 5.3: Composition ratios of CZTS nanoparticles with different reaction temperatures.

From table 5.3, all samples showed a Cu-poor, Zn-rich composition, consistent with the ratio of
precursors. The rate of ion incorporation during growth depends on the reaction temperature,
hence the changing ratios. However, the 250 °C sample has the closest Cu-poor, Zn-rich ratio
value to the desired ratio for the highly efficient solar cell device (12.6%) compared to the rest of

the reaction temperatures [33].
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5.4.5. Optical properties

A series of fabricated CZTS films from inks at different reaction temperatures 225 °C, 250 °C,
275 °C and 300 °C was created to investigate optical properties without annealing. The energy
bandgap of the thin films is determined by UV-vis spectroscopy from the absorption spectrum

using the Tauc plot method.
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Figure 5.9 Absorbance spectrum of CZTS samples with different reaction temperatures.
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Figure 5.10 Tauc plot to show the bandgap of CZTS versus different reaction temperatures.
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The absorbance spectra were recorded in the range of 700-1200 nm as shown in figure 5.9. The
energy bandgap was determined by the Tauc plot as shown in figure 5.10 where a straight line can
be drawn to extrapolate the plot of (« 4 2)* in the y axis versus the energy (E,) on the x axis using

the following equation:

(ahr) = AJ(hv—E,). 5.4

Where A is a constant determined by the electronic band structure, 4 is the Planck constant, » is
the frequency of the light, and E, is the bandgap of the material [34]. Error bars for the band gap

were calculated from the least squares linear fitting of equation 5.4 to the data.

Temperature (°C) E; (eV)
225 1.55 £ 0.02
250 1.48 £ 0.03
275 1.38 £ 0.06
300 1.34 £ 0.02

Table 5.4: The different reaction temperatures of CZTS versus the energy bandgap.

Table 5.4 shows that when the reaction temperatures were increased, the energy bandgap of the
as deposited CZTS film decreases. The decreasing bandgap arises from changes in the CZTS
composition as shown in table 5.3. There may also be some change due to the increasing size of
nanoparticles as shown in figure 5.6, although, as discussed in section 3.10, quantum confinement
effects are not likely to be observed in these samples. The observed bandgap of temperatures
225 °C and 250 °C (1.55 + 0.02 eV and 1.48 £ 0.03 ¢V) respectively correspond well with that
reported in the literature of (1.40-1.60 eV) [35-37].

Malerba et al [38] identified a clear relationship between the composition ratio Sn/Cu and the
energy bandgap as discussed in section 3.7. An increase in Sn/Cu is related to an increase in the
energy bandgap. Such a clear relationship is not observed here. The samples used by Malerba et al
consisted of sulphurised metal precursors, likely to have less disorder than these nanoparticle

samples.
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Figure. 5.11 The trend of the bandgap of as synthesised CZTS thin films with different reaction
temperatures.
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Figure. 5.12 An example Tauc plot fit showing the different bandgaps obtained when fitting

linear regression curves to different sections of the Tauc plot not related to the CZTS
energy bandgap. The bandgaps obtained can be used to correlate the presence of possible

secondary phases. This is for the sample of 250 °C for 30 minutes.

The Tauc plot in figure 5.10 shows different inflection points in the region 1.2-1.5 eV. This is
possibly due to the presence of secondary phases with bandgaps different from those of CZTS.
By performing a Tauc plot to different regions of the curve in figure 5.12 it is possible to identify
other energy bandgaps. There is also a long tail of weak absorption into the energy bandgap in the
1.1-1.3 eV, this is the Urbach tail as described by equation 3.5 in section 3.7. The different energy
bandgaps extracted using the method shown in figure 5.12 are given in table 5.5. The possible

secondary phases related to these energy bandgaps are also listed.
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Temperature (°C) | Energy bandgaps from Tauc plot (eV) | Possible secondary phases related
to bandgaps
225 1.30, 1.42, 1.43 SnS, CuzSnSs;
250 1.28,1.32,1.36, 1.43 SnS§, ?, CuzSnS;
275 1.20, 1.32 CuzS/CusSnSs/CusSnSs, SnS
300 1.20, 1.32 Cu,S/CusSnS4/CusSnS,, SnS

Table 5.5: Possible secondary phases and their bandgaps with different reaction temperatures.

As table 5.5 shows, there is evidence of possible secondary phases in each of these samples from
the Tauc plot analysis.
Table 5.6 gives a comparison of possible secondary phases identified from both Raman

spectroscopy and UV-vis spectroscopy measurements.

Temperature (°C) | Secondary phases from Raman | Secondary phases from Tauc plot analysis
spectroscopy (eV)
225 CuS SnS, CuzSnS;
250 SnS, CusSnS, SnS, ?, CuSnS;
275 CuS, CusSnsSie CusS, CusSnS,, CusSnS,, SnS
300 - CusS, CusSnSs, CusSnS,, SnS

Table 5.6: Comparison of possible secondary phases identified from Raman and UV-vis
spectroscopy measurements.

Possible secondary phases identified in table 5.6 include: CuS, SnS, Cu,SnSs, CusSnSs, CusSnSs,
and CusSn:Si. Only one sample, synthesised at 250 °C, shows the same secondary phases

identified by both techniques making indicating their presence is more likely in this sample.

From all the five different sets of characterisation results above, 225 °C, 250 °C and 275 °C
reaction temperatures, the findings show that they are suitable reaction temperatures for the
synthesis of CZTS nanocrystal inks. Hence, this reaction temperature range is appropriate for
continuing the systematic study which will be on the reaction times. The exclusion of the higher
300 °C reaction temperature was decided based on the Tauc plot analysis that did not show a value
of bandgap, 1.34 £ 0.02 eV, sufficiently close to the theoretical CZTS bandgap (1.40-1.60 eV)
when compared with other samples. The investigation of the impact of different reaction times

uses the three reactions temperatures investigated in section 5.4: 225 °C, 250 °C and 275 °C.
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5.5. Reaction times

Twelve different samples were prepared with different reaction temperatures and times during the
synthesis of CZTS nanocrystal inks. The hot injection method was used for the fabrication of
these samples and the spin coating technique was used for the deposition of CZTS nanocrystal
inks onto glass substrate. In this section, reaction times from 15-60 minutes were applied during
the synthesis of the CZTS thin films with reaction temperature range of 225 °C, 250 °C and
275 °C.

5.6. Experimental methodology

5.6.1. The fabrication of CZTS nanoparticles

CZTS nanoparticle preparation was successfully done with the same method as in the previous
section using Cu-poor, Zn-rich compositions in the as synthesised particles, using the same
precursor molar ratios. The procedures are as follows:

e The setting of the reaction temperatures is varied as 225 °C, 250 °C, and 275 °C for 4

different reaction times each.

e The time of the reaction is varied as 15, 30, 45 and 60 minutes.
5.6.2. Ink deposition

The CZTS thin films were spin coated on cleaned SLG substrates using the same method as
described in previous section for the ink deposition. Spin coating speed was 2500 rpm for 15

seconds.



5. Investigations of CZTS nanocrystal ink synthesis temperatures, times and tin content

107

5.7. Results and discussion

5.7.1. Reaction temperature of 225 °C

5.7.2. Crystal structure — XRD

The XRD patterns of the fabricated CZTS nanoparticles at 225 °C for the reaction temperature

with different reaction times 15-60 minutes are shown in figure 5.13.
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Figure 5.13 XRD for CZTS (225 °C) with different reaction times, including the CZTS PDF
reference (# 26-0575).

The major XRD diffraction peaks for 30 to 60 minute samples appeared at locations matching

well with the kesterite phase shown in reference PDF card 026-0575 in comparison to the sample

of 15 minutes as shown in figure 5.13.

Time (min)
15
30
45
60

2 0 (°) for structure planes (112)
28.41
28.55
28.68
28.82

Table 5.7: Values for 2 0 of (112) crystal plane for CZTS (225 °C) samples with different reaction

times.
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Table 5.8 below presents the values of d-spacing, size of scattering domain and lattice parameters

aand ¢

Time (min) d-spacing (nm) a (nm) c (nm) Scattering

domain (nm)

15 0.3129 0.5425 1.171 3+1
30 0.3185 0.5499 1.111 4+3
45 0.3123 0.5414 1.080 714
60 0.3218 0.5521 1.136 206

Table 5.8: Values d-spacing, size of scattering domain and lattice parameters « and ¢ with different
reaction times at (225 °C).

Tables 5.7 and 5.8 show similar d-spacing, « and ¢ lattice numbers and X-ray peak location values
of (112) crystal plane to the literature paper for 30 minutes of the reaction time [9]. As this table
shows, the scattering domain size increases with the increasing reaction time from small 3 £ 1 nm

to a larger domain size of 20 £ 6 nm matching other published results with these increases [18].

5.7.3. Raman spectroscopy

The crystal structure of the nanoparticles was confirmed by Raman spectroscopy measurements
shown in figure 5.14 as the peak locations were in good agreement with the characteristic CZTS
peak 332-339 cm™ [23-28]. The strong Raman peaks of CZTS (225 °C) are located at 334 cm™" for
15 min, 337 cm™ for 30 min, 339 cm™ for 45 min and 337 cm™ for 60 min. Another peak appears
at 472 cm™ for 15 and 45 min which seems to be a secondary phase of CuS [29]. One more peak
appears at 475 cm™ for 30 min which seem to be a secondary phase of Cu.S [30]. A very broad
band in the range 270-280 cm™ appears for the samples annealed at 30-60 minutes. It was not

possible to identify the origin of this feature.
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Figure 5.14 Raman spectra of CZTS (225 °C) samples with different reaction times.

5.7.4. Morphology

Figure. 5.15 SEM images at scale of 500 nm for CZTS 225 °C nanoparticles with different

reaction times as a) 15 min b) 30 min c) 45 min and d) 60 min.



5. Investigations of CZTS nanocrystal ink synthesis temperatures, times and tin content 110

In figure 5.15, the shape of nanoparticles appears uniform and roughly spherical for all samples.
The size of the particles was found to increase with the increase of reaction time where this trend
is in good agreement with the XRD measurements shown in figure 5.13. In the matter of
uniformity, the 30 minute sample appeared to be more uniform with less gaps, and more uniform
size distribution than the other reaction times. At longer times, particles appeared to group
together to form larger scale structures at 45 and 60 minutes reaction time. However, in all images
individual nanoparticles remain visible, even at higher synthesis temperatures where agglomeration
into larger structures is visible. Within these larger structures, it is expected that individual grains
will remain separated by grain boundaries. These samples have not been annealed in a high
temperature sulphur environment, typically in the range 400-600 °C, which is normally required to
promote nanoparticle aggregation and grain growth. The behaviour of charge carriers is therefore
unlikely to change significantly with agglomeration until group of particles merge to form single,
larger grains which is not seen in these images. It is also expected that measurement of the
scattering domain will not be influenced by the larger agglomerations, as these are not larger grains
but will consist of crystallite regions representative of fabricated nanoparticles. The scattering
domain will reflect the size of crystallites within individual grains as seen in the SEM images in

figure 5.15.

5.7.5. Chemical composition

Table 5.9 below summarises the EDS result of the 225 °C CZTS synthesised samples at different

reaction times (15, 30, 45 and 60 minutes) using the EDS procedure described in section 5.4.4.

Time (min) Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
15 0.49 £ 0.20 0.41 £ 0.04 2.38 £ 0.10 0.56 £ 0.08
30 0.71 £ 0.06 0.46 £ 0.03 1.13 £ 0.03 0.96 £ 0.04
45 0.25 £ 0.07 0.53 £ 0.02 2.68 £ 0.10 0.98 = 0.06
60 0.92 £ 0.04 0.58 £ 0.01 0.82 £ 0.03 1.08 + 0.01

Table 5.9: Composition ratios of 225 °C CZTS nanoparticles with different reaction times.
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In table 5.9, it is clear that the 30 minutes sample has the improved Cu-poor, Zn-rich ratio in
compatison with the rest of the reaction times. The ratio of S/(Cu+Zn+Sn) showed a trend of
increasing value with increasing reaction time, demonstrating greater sulphur ion incorporation
into the CZTS with longer reaction times. The general trend in table 5.9 suggests that the sample
produced at 45 minutes may be impacted by other factors, although this does not appear in the

energy bandgap data presented below.

5.7.6. Optical properties
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Figure 5.16 Absorbance spectrum of CZTS (225 °C) samples with different reaction times.
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Figure 5.17 Tauc plot to show the bandgap of CZTS (225 °C) versus different reaction times.
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The absorbance spectra in the range 700-1200 nm are shown in figure 5.16. The corresponding

Tauc plots to determine the CZTS bandgaps are shown in figure 5.17.

Time (min) E; (eV)
15 1.40 £ 0.02
30 1.41 £ 0.03
45 1.50 £ 0.04
60 1.54 £ 0.02

Table 5.10: The different reaction times of CZTS at 225 °C versus the CZTS energy bandgap.

Table 5.10 shows a clear relationship between the reaction time and the energy bandgap with a
clear systematic trend. This trend also was confirmed in other published work [9]. The observed

bandgap of all reaction times in table 5.10 corresponded well with that reported in the literature

1.40-1.60 eV [35-37].
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Figure. 5.18 The trend of the bandgap of as synthesised CZTS (225 °C) thin films with different
reaction times.

Figure 5.17 shows different linear regions indicating the possible existence of secondary phases
with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 5.11. The

possible secondary phases related to these energy bandgaps ate also listed.
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Time (min) | Energy bandgaps from Tauc plot (eV)

15 1.20,1.22,1.32
30 1.21,1.30, 1.35, 1.38
45 1.30, 1.37, 1.40
60 1.37, 1.40, 1.42

Possible secondary phases
related to bandgaps
Cu,S/CusSnS,/CusSnSs, SnS
Cu,S/CusSnS4/CusSnSy, SnS, ?
SnS, ?, CuzSnS;

?, CuySnSs;,

Table 5.11: Possible secondary phases and their bandgaps with different reaction times of 225

°C.

As discussed in section 5.4.5, a correlation between the energy bandgap and CZTS composition

was not observed when increasing reaction temperatures. This was based on the trend identified

by Malerba et al [38] where an increase in the Sn/Cu ratio was correlated to an increase in the

energy bandgap. By comparing table 5.9 with table 5.10, a trend relating increasing Sn/Cu ratio to

increasing energy bandgap is observed.

5.7.7. Reaction temperature of 250 °C

5.7.8. Crystal structure — XRD

The XRD patterns of the fabricated CZTS nanoparticles at 250 °C with different reaction times

15-60 minutes are shown in figure 5.19.
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Figure 5.19 XRD for CZTS (250 °C) with different reaction times, including the CZTS PDF

reference (# 26-0575
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The major XRD diffraction peaks for 30 minute samples appeared at locations in good agreement

with the kesterite phase shown in reference PDF card 026-0575 in figure 5.19.

Time (min) 2 0 (°) for structure planes (112)
15 28.20
30 28.45
45 28.70
60 28.55

Table 5.12: Values for 2 0 of (112) crystal plane for CZTS (250 °C) samples with different reaction
times.

Table 5.13 below presents the values of d-spacing, size of scattering domain and lattice parameters

aand ¢

Time (min) d-spacing (nm) a (nm) c (nm) Scattering

domain (nm)

15 0.3175 0.5484 1.106 72
30 0.3134 0.5413 1.092 55
45 0.3167 0.5680 1.104 206
60 0.3251 0.5438 1.103 377

Table 5.13: Values d-spacing, size of scattering domain and lattice parameters # and ¢ with different
reaction times at 250 °C.

Tables 5.12 and 5.13 show similar /-spacing, « and ¢ lattice numbers and x-ray peak location values
of (112) crystal plane to the literature paper for 30 minute reaction time [9]. The scattering domain

size increases with the increasing reaction time again from 7 £ 2 nm to a larger domain size

of 37 £ 7 nm.
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5.7.9. Raman spectroscopy

The crystal structure of the nanoparticles was confirmed by Raman spectroscopy measurements
shown in figure 5.20 as the peak locations were in good agreement with the expected characteristic
CZTS peak 332-339 cm™ [23-28]. The strong Raman peaks of CZTS 250 °C are located at 339 cm™
for 15 min, 337 cm™ for 30 min, 336 cm™ for 45 min and 337 cm™' for 60 min. A weak peak appears
at 475 cm™' for 15 min which seemed to be a secondary phase of CusS [30]. Two peaks appear at
288 and 317 cm™' for 30 min which might be secondary phases of SnS and CusSnSs [29]. In the
sample of 45 min, a weak peak appeats at 317 cm™ which might be a secondary phase of CusSnS,
[30]. No other common secondary phases like CuS and CusSnsSis were observed in the Raman

spectra.
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Figure 5.20 Raman spectra of CZTS 250 °C samples with different reaction times.
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5.7.10. Morphology

Figure. 5.21 SEM images at scale of between 400 to 500 nm for CZTS (250 °C) nanoparticles

with different reaction times as a) 15 min b) 30 min ¢) 45 min and d) 60 min.

The SEM microscope images, presented in figure 5.21, showed that the shape of the nanoparticles
was approximately spherical for all samples. The size of the particles also increased here with the
increase of reaction time. This increase is consistent with the XRD measurements shown in table
5.13. The sample of 30 minutes demonstrated uniform particles with less gaps and a more
continuous film. Particles are seen to agglomerate to form larger scale structures at longer reaction

times of 60 minutes, as previously discussed in section 5.7.4.

5.7.11. Chemical composition

The EDS results in table 5.14 for CZTS synthesised samples 250 °C at different reaction times

were taken from the film’s surface using the procedure described in section 5.4.4.
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Time (min) Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
15 0.64 £ 0.20 1.12 £ 0.02 0.78 £ 0.50 0.85 £ 0.20
30 0.82 £ 0.06 0.77 £ 0.04 1.21 £0.80 1.17 £ 0.20
45 0.88 £ 0.08 0.76 £ 0.01 1.03 £ 0.10 1.33 £ 0.04
60 0.93 £0.20 0.58 £ 0.01 1.11 £0.10 1.96 £ 0.07

Table 5.14: Composition ratios of CZTS 250 °C nanoparticles with different reaction times.

In table 5.14, the results are similar to those in table 5.9 since again the 30 minutes sample also has
the improved Cu-poor, Zn-rich ratio in comparison with the rest of the reaction times for CZTS
250 °C nanopatticles. The ratio of S/(Cu+Zn+Sn) showed a similar trend to that seen in table 5.9
as when the reaction time increases, the ratio value increased indicating increased incorporation of

S into the films at longer reaction times.

5.7.12. Optical properties
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Figure 5.22 Absorbance spectrum (between 700-1200 nm) of CZTS (250 °C) samples with

different reaction times.

The absorbance spectra in the range 700-1200 nm are shown in figure 5.22. The corresponding

Tauc plots to determine the CZTS bandgap are shown in figure 5.23.
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Figure 5.23 Tauc plot to show the bandgap of CZTS (250 °C) versus different reaction times.

Time (min) E, (¢V)
15 1.41 +0.01
30 1.52 +0.04
45 1.55 + 0.02
60 1.56 + 0.03

Table 5.15: The different reaction times of CZTS 250 °C versus the energy bandgap.

An observation of an increasing energy bandgap with the increase of reaction times is shown in
table 5.15 above. This observed bandgap of all reaction times here also matches well with published
papers reporting values in the range 1.40—1.60 eV [39]. The trend is shown in figure 5.24 below

and is similar to the trend as discussed in section 5.7.6 for the 225 °C reaction temperature.
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Figure. 5.24 The trend of the bandgap of as synthesised CZTS 250 °C thin films with different
reaction times.
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Figure 5.23 shows different linear regions indicating the possible existence of secondary phases
with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 5.16. The

possible secondary phases related to these energy bandgaps are also listed.

Time (min) | Energy bandgaps from Tauc plot (eV) | Possible secondary phases related
to bandgaps

15 1.20, 1.30, 1.40 Cu,S/CusSnS,/CusSnS,, SnS, CuSnSs

30 1.20, 1.30, 1.40 CuzS/CusSnSs/CusSnSs, SnS, CurSnSs

45 1.20, 1.30, 1.40 Cu,S/CusSnS,/CusSnS,, SnS, Cu,SnSs

60 1.20, 1.30, 1.40 Cu,S/CusSnS,/CusSnS,, SnS, Cu,SnSs

Table 5.16: Possible secondary phases and their bandgaps with different reaction times of
250 °C.

In section 5.7.6 a trend relating an increase in the ratio Sn/Cu to an increase in energy bandgap
was identified, in agreement with the observations of Malerba et al [38]. However, with the set of
samples synthesised at 250 °C, no such trend appears. In fact, the Sn/Cu ratio decreases with
increasing reaction time implying a more complex relationship in these samples between bandgap

and composition.

5.7.13. Reaction temperature of 275 °C

5.7.14. Crystal structure — XRD

The XRD patterns of the fabricated CZTS nanoparticles at 275 °C with different reaction times

15-60 minutes are shown in figure 5.25.
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Figure 5.25 XRD for CZTS 275 °C with different reaction times, including the CZTS PDF
reference (# 26-0575).

The major XRD diffraction peaks for 30, 45 and 60 minute samples appeared at locations in good
agreement with the kesterite phase shown in reference PDF card 026-0575, while this is not the

case for the 15 minutes sample as in figure 5.25 above.

Time (min) 2 0 (°) for structure planes (112)
15 28.34
30 28.54
45 28.74
60 28.50

Table 5.17: Values for 2 6 of (112) crystal plane for CZTS (275 °C) samples with different reaction
times.

Table 5.18 below presents the values of d-spacing, size of scattering domain and lattice parameters

aand ¢

Time (min) d-spacing (nm) a (nm) c (nm) Scattering

domain (nm)

15 0.3143 0.5422 1.097 205
30 0.3123 0.5413 1.081 8+4
45 0.3148 0.5448 1.093 22+5
60 0.3128 0.5429 1.079 11+£1

Table 5.18: Values d-spacing, size of scattering domain and lattice parameters @ and ¢ with different
reaction times at (275 °C).
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Tables 5.17 and 5.18 show similar d-spacing, « and ¢lattice numbers and X-ray peak location values
of (112) crystal plane to the literature paper for the sample of 30 minutes at the reaction
temperature of 275 °C [9]. However, the scattering domain size here did not show a systematic
increase with the increasing reaction time as 30 and 60 minutes as compared with the trend seen

in tables 5.8 and 5.13.

5.7.15. Raman spectroscopy

The crystal structure of the nanoparticles was confirmed by Raman spectroscopy measurements
as shown in figure 5.26 as the peak locations were in good agreement with the expected
characteristic CZTS peak 332-339 cm™ [23-28]. The strong Raman peaks of CZTS 275 °C are
located at 339 cm™ for 15 min, 336 cm™ for 30 min, 332 cm™ for 45 min and 338 cm™ for 60 min.
A weak peak appears at 472 cm™ for 30 min attributed to the secondary phase of CuS [29]. No
other common secondary phases like CusS and CusSnsSis were observed in the Raman spectra. As
discussed in section 5.7.3 for the 225 °C samples, a very broad band in the range 270-280 cm™
appears for the samples annealed at 30-45 minutes. It was not possible to identify the origin of this

feature.
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Figure 5.26 Raman spectra of CZTS (275 °C) samples with different reaction times.
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5.7.16. Morphology

Figure. 5.27 SEM images at scale of between 400 to 500 nm for CZTS 275 °C nanoparticles with

different reaction times as a) 15 min b) 30 min ¢) 45 min and d) 60 min.

The SEM microscope images, in figure 5.27, showed again the spherical shape of the nanoparticles
for the three samples excluding the sample of 60 minutes where the shape was not very clear. The
overall behaviour at 275 °C is different from the other temperatures as there is more evidence of
agglomeration of particles over a wider range of reaction times. The possible impact of

agglomeration is discussed in section 5.7.4.

5.7.17. Chemical composition

The EDS results in table 5.19 for CZTS 275 °C synthesised samples at different reaction times

were taken from the film’s surface using the procedure described in section 5.4.4.
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Time (min) Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
15 0.85 £ 0.30 0.64 £ 0.02 0.81 £ 0.60 1.07 £0.20
30 0.83 £ 0.70 0.76 £ 0.04 0.71 £0.10 1.02 £ 0.20
45 0.98 £ 0.20 0.71 £ 0.05 0.80 £ 0.10 0.80 £ 0.40
60 0.53 £ 0.30 0.83 £ 0.04 1.38 £0.20 0.51 £0.30

Table 5.19: Composition ratios of CZTS (275 °C) nanoparticles with different reaction times.

In table 5.19, the 30 minutes sample has the better Cu-poor, Zn-rich ratio in comparison with the
rest of the reaction times for CZTS 275 °C nanoparticles. The sample of 45 and 60 minutes showed
alack of S in the ratio of S/(Cu+Zn+Sn) as 0.80 £ 0.40 and 0.51 *+ 0.30 respectively which might

be a tendency of CZTS to have with longer reaction times and higher reaction temperatures.

5.7.18. Optical properties

The absorbance spectra in the range 700-1200 nm are shown in figure 5.28. The corresponding

Tauc plots to determine the CZTS bandgap are shown in figure 5.29.
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Figure 5.28 Absorbance spectrum between 700-1200 nm of CZTS 275 °C samples with different

reaction times.
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Figure 5.29 Tauc plot to show the bandgap of CZTS 275 °C versus different reaction times.

Time (min) E, (¢V)
15 1.35 + 0.03
30 1.36 + 0.04
45 1.42 +0.01
60 1.46 + 0.01

Table 5.20: The different reaction times of CZTS 275 °C versus the energy bandgap.

An observation of the same trend here also occurs for the increasing energy bandgap with the
increase of reaction times at 275 °C. The obsetved bandgap of 45 and 60 minutes of reaction times
in table 5.20 above corresponded well with other papers reporting values in the range 1.40-1.60 eV
[40, 41]. However, samples of 15 and 30 minutes (1.35 = 0.03 and 1.36 £ 0.04 V) did not show
matching bandgap values close to the expected CZTS bandgap value of between 1.40-1.60 eV.
The figure of 5.30 below shows the trend demonstrating an increase in the CZTS bandgap with

increasing reaction time.
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Figure. 5.30 The trend of the bandgap of as synthesised CZTS (275 °C) thin films with different

reaction times.

Figure 5.29 shows different linear regions indicating the possible existence of secondary phases

with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and

illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be

extracted. The different energy bandgaps extracted using this method are given in table 5.21. The

possible secondary phases related to these energy bandgaps are also listed.

Time (min)

15
30
45
60

Energy bandgaps from Tauc plot (eV)

1.15,1.30
1.15,1.30

1.20,1.38, 1.42

1.20, 1.38, 1.42

Possible secondary phases related to
bandgaps
CuS, SnS
CuS, SnS
CuzS/CusSnSs/CusSnSs, ?, CuoSnS;
CuzS/CusSnSs/CusSnSs, ?, CusSnS;

Table 5.21: Possible secondary phases and their bandgaps with different reaction times of 275

°C.
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Comparing table 5.19 and 5.20 shows that there might be a relationship between the Sn/Cu ratio
and energy bandgap, as previously discussed in sections 5.7.6 and 5.7.12. However, in comparison
with the work of Malerba et al [38], there is no clear trend in these samples. The samples
synthesised at 225 °C and 275 °C show a similar trend, namely that the increase in CZTS energy
bandgap does relate to an increase in the Sn/Cu ratio. However, this correlation is not observed
in the time series of samples synthesised at 250 °C. However, in all cases, there is a correlation
between increasing reaction time and increasing energy bandgap as shown in figures 5.18, 5.24 and

5.30.

5.7.19. Impact of reaction temperature and time on CZTS properties

To conclude the results of the reaction time of the synthesised CZTS nanoparticles, the bandgap
energy in all samples confirmed a systematic trend with the reaction times investigated, i.e. 15, 30,
45 and 60 minutes. The sample fabricated at 250 °C with 30 minutes reaction time demonstrated
the closest values of X-ray peaks locations, d-spacing and a, ¢ lattice constants to the reference
PDF card 026-0575 of CZTS. The CZTS Raman peak positions showed good agreement to other
literature papers especially with reaction temperature of 250 °C for 30 minutes with two secondary
phases of SnS and CusSnSs at 288 and 317 cm™. In addition, the SEM microscopy image for 250 °C
for 30 minutes sample is the most uniform nanoparticle film with less cracks and gaps compared
to the other samples and displaying a uniform size distribution. The EDS values shows an excellent
ratio for Cu-poor, Zn-rich in 250 °C closest to the composition known to give higher efficiency
PV devices. From the characterisation results, 250 °C for 30 minutes might be the most suitable
reaction temperature and time compared with the investigated temperature and time ranges for
CZTS as an initial step for PV devices. Therefore, these reaction conditions: 250 °C as the reaction
temperature and 30 minutes as the reaction time will be used for the next investigation to continue
the systematic study which will be on the tin content.

Optical spectroscopy measurements, Raman and UV-vis, show the presence of possible secondary
phases in the CZTS layers. As discussed in section 3.5, most secondary phases have a negative
impact on CZTS device performance and should thus be reduced or eliminated. As shown above,
there is not complete agreement between the two techniques on the presence of secondary phases.
In one sample, as shown in table 5.6, both Raman and UV-vis show the presence of SnS. Further
work is required to confirm with certainty the exact range of secondary phases present. There is
no such correlation between secondary phases identified from Raman and UV-vis in other samples

The presence of secondary phases will impact on the overall chemical composition of the CZTS
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layer. In this work EDS is used to identify the chemical composition and establish the important
ratios of CZTS elements. As described in section 5.4.4, the EDS values are an average from a
number of carefully selected points on the sample surface. These are identified, as much as
possible, to be representative of the CZTS layer as a whole. This process will likely minimize the
incorporation of secondary phases in the EDS measurements, although it will not eliminate them.
If the overall composition shown by EDS is Cu-poor, Zn-rich, then the presence of Cu-rich phases
would not be expected. However, the proportion of secondary phases is low in this material. As
discussed in section 3.7, many CZTS structural and compositional factors can change the bandgap
and other optoelectronic properties, impacting on PV device performance. Previous work by
Malerba et al [38] has identified a relationship between increasing Sn/Cu ratio and increasing
bandgap. This is thought to be due to a defect induced reduction in the bandgap arising from an
increase in the Sn related defects: Vs,, Cus, and Zns, antisites. In this work we have observed a
similar relationship in some, but not all, samples. It is not possible to confirm a distinct relationship
between CZTS composition and bandgap based on these samples. The study by Malerba et al [38]
used films synthesised by sulphurisation of multilayer metal precursors, likely to have less disorder
than these nanoparticle films. The energy bandgap will be related to composition and the extent
of disorder. It is therefore necessary in such a complex system to have a compositional metric
which allows direct comparison with other work, as well as being one where a known range of
values results in higher device efficiency.

The principal compositional indicator used here to compare and identify the optimum CZTS
composition for maximum PV device performance is the cation ratios. These were chosen because
there is a significant amount of information in the literature on CZTS devices based on these ratios
[33]. Many factors impact the bandgap of CZTS including stoichiometric composition, point
defects, and Cu-Zn disorder as discussed in section 3.7. It is not possible to directly measure all
these properties of CZTS within the scope of this work. EDS and optical spectroscopy provide
important insights into many of these.

Another important indicator of disorder in CZTS is the presence of tail states into the bandgap as
discussed in section 3.7. This can be quantified by estimating the Urbach energy, as described in
section 3.7 using figure 3.7 and equation 3.5. However, the presence of secondary phases adds
further complexity to the interpretation of UV-vis data as shown in figure 5.12. A comparison of
figure 5.12 and figure 3.7 suggests that the Urbach energy Ey is in the range 30-60 meV. Work by
Chantana et al [42] has identified that Ev values greater than 20 meV lead to a larger open circuit

voltage deficit and lower device performance. Future strategies to enhance CZTS device
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performance should include a consideration of how to reduce disorder by monitoring the Urbach

energy to reduce it to less than 20 meV.
5.8. Tin content

In this part of the work, seven different samples were synthesised with different tin content during
the fabrication of CZTS nanocrystal inks. The CZTS thin films were successfully formed via spin
coating after the CZTS nanoparticles were prepared by the hot injection technique. Different tin
contents were studied in the range 0.60-0.90 mmol during synthesis by means of characterisation
methods XRD, Raman, SEM, EDS and UV-vis. This work is part of the road map to improve
CZTS solar photovoltaic device performance by means of continuing the systematic study of the
hot injection synthesis conditions, tin contents in this case. In this study the CZTS nanoparticles
were prepared without any annealing treatment which is different from the study published by Ali
et al [43].

5.9. Experimental methodology

5.9.1. The fabrication of CZTS nanoparticles

CZTS nanoparticles were prepared following the same procedure discussed in chapter 4 section
4.1.1 with Cu-poor, Zn-rich compositions in the as synthesised particles. However, several changes

were applied as follows:
e The precursor molar ratios are shown in table 5.22.

e These ratios are variable for Sn and constant for Cu, Zn and S achieved by using reagents:
1.44 mmol (0.3769 g) of copper (II) acetylacetonate, 0.94 mmol (0.2478 g) of zinc (II)
acetylacetonate, variable ratio of tin (IV) bis(acetylacetonate) dichloride and 4 mmol

(0.1283 g) of S with 10 ml of OLA.
e The setting of the reaction temperatures is fixed as 250 °C.

e The time of the reaction is fixed at 30 minutes.
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Sample Sn Content Cu/(Zn+Sn) | Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
(mmol)
Sn0 0.60 0.94 0.42 1.57 1.34
Snl 0.65 0.91 0.45 1.45 1.32
Sn2 0.70 0.88 0.49 1.34 1.30
Sn3 0.75 0.85 0.52 1.25 1.28
Sn4 0.80 0.83 0.56 1.18 1.26
Sn5 0.85 0.80 0.59 1.11 1.24
Sn6 0.90 0.78 0.63 1.04 1.22

Table 5.22: The initial compositions used for the synthesis of CZTS nanoparticles.

5.9.2. Ink deposition

The CZTS nanoparticle inks were synthesised in the same method as explained in section 4.1.2
where 2-10 drops (of a volume of 40 pl of ink) are dropped into the centre of the glass by micro
pipette. The spin coating setting are: the rotation speed set as 2500 rpm for 15 seconds to achieve
uniform thin films. Two different film thicknesses were used: 2 drops for thin 0.2 pm films for
SEM, EDS and UV-vis measurements, and 10 drops for thick 1.0 um films prepared for XRD and

Raman measurements.

5.10. Results and discussion

5.10.1. Crystal structure — XRD

The XRD patterns of the prepared CZTS nanoparticles at different tin contents (0.60-0.90 mmol)

are shown in figure 5.31.
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Figure 5.31 XRD for samples of CZTS with different tin contents (0.60-0.90 mmol), including
the CZTS PDF reference (# 26-0575).

The major XRD diffraction peaks for samples Sn0-Sn3 (0.60-0.75 mmol Sn) appeared at locations

in a good agreement with the kesterite phase shown in reference PDF card 026-0575 as in table

5.23. However, the structural crystal plane of (200) was absent in the other three samples (Sn4-Sn6)

where the tin content was higher than 0.75 mmol.

Sample
Sn0
Snl
Sn2
Sn3
Sn4
Sn5
Sn6

2 0 (°) for structure planes (112)
28.44
28.30
28.51
28.53
28.31
28.40
28.17

Table 5.23: Values for 2 0 of (112) crystal plane for CZTS samples with different tin content.

Table 5.24 below presents the values of d-spacing, size of scattering domain and lattice parameters

a and ¢, using the methodology described in section 5.7.
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Sample d-spacing (nm) a (nm) c (nm) Scattering
domain (nm)
Sn0 0.3133 0.5428 1.0853 68+ 2
Snl 0.3146 0.5430 1.0988 51+ 2
Sn2 0.3126 0.5416 1.0821 43+5
Sn3 0.3128 0.5417 1.0844 34+5
Sn4 0.3145 0.5443 1.0917 33+5
Sn5 0.3140 0.5418 1.0967 25+3
Sn6 0.3163 0.5442 1.1108 9+7

Table 5.24: Values of d-spacing, size of scattering domain and lattice parameters « and ¢ with
different tin contents.

Tables 5.23 and 5.24 show similar d-spacing, « and ¢ lattice constants and peak location values of
(112) crystal plane to the literature paper for samples Sn2-Sn5 [44]. The scattering domain size
shows a general trend of decreasing with the increase of the tin contents, except for sample Sn4,
indicating a possible direct relationship between the tin content and the size of the scattering

domain. Increasing Sn content reduces the size of crystallites in CZTS.

5.10.2. Raman spectroscopy

Raman main and strong peaks of CZTS are located at 334 cm™, 341 cm’, 338 cm™, 337 ecm™,
342 cm’, 343 cm™ and 340 cm™ for Sn0, Snl, Sn2, Sn3, Sn4, Sn5 and Sn6 respectively as figure
5.32 demonstrates. These peak locations for Sn0, Sn2, and Sn3 are in good agreement with the
literature [22] for the expected characteristic CZTS peak 332-339 cm™ [23-28]. A small peak
appears at 472 cm™ for Sn2 which seem to be a secondary phase of CuS [29]. Also, a weak peak
appears at 317 cm™ for Sn2 and Sn3 which may be secondary phase of CusSnS; [30]. It seems that
there are no other expected major secondary phases appearing here like ZnS, SnS, Cu.S and

Cu28n53 [45] .
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Figure 5.32 Raman spectra of CZTS samples with different tin contents 0.60-0.90 mmol.
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5.10.3. Morphology

400nm

Figure. 5.33 SEM images at scale of 400 nm for CZTS nanoparticles with different tin contents
as a) Sn0, b) Sn1, ¢) Sn2, d) Sn3, €) Sn4, ) Sn5 and g) Sno.
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From the SEM images in figure 5.33, the nanoparticles shape varied non uniformly for all samples
except Sn3 where the uniformity is much better. The size of the particles determined using the
process described in section 5.4.3 was found to agree with the data from XRD scattering domain
size as the decrease is observed in the SEM images from around 62 nm for image a) to 7 nm for
image g) in figure 5.33. The images in b, ¢ and g have small gaps in some areas whereas the gaps
almost disappear in the rest of the samples, important for ensuring continuous dense CZTS films

required for efficient PV devices.

5.10.4. Chemical composition

The elemental analysis of the CZTS synthesised samples at different tin contents was taken from

the film’s surface by EDS using the procedure described in section 5.4.4.

Sample Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
Sn0 0.92 + 0.40 0.58 + 0.04 1.84 £ 0.10 0.62 + 0.70
Snl 0.88 = 0.30 0.56 + 0.05 1.20 £ 0.10 1.08 £ 0.30
Sn2 0.86 = 0.10 0.55 % 0.05 1.06 £ 0.30 0.96 £ 0.50
Sn3 0.83 £0.40 0.54 £ 0.03 1.09 + 0.30 1.12 £ 0.20
Sn4 0.67 £0.30 0.73 £ 0.02 1.01 £ 0.20 0.81 £ 0.40
Sn5 0.56 £ 0.20 1.02 + 0.03 2.20 £ 0.10 1.19 £ 0.30
Sn6 0.53 £ 0.20 1.09 + 0.05 2.40 £ 0.30 0.74 = 0.40

Table 5.25: Composition ratios of CZTS nanoparticles with different tin content determined by
EDS.

From table 5.25, Sn3 has the closest Cu-poor, Zn-rich ratio value to the desired ratio for highly
efficient solar cell devices which was reported in another published paper [46]. It is also observed
that the ratio Cu/(Zn+Sn) decreases with an increase of the ratio of Zn/Sn with increasing Sn

content.
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5.10.5. Optical properties
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Figure 5.34 Absorbance spectrum of CZTS samples with different tin contents 0.60-0.90 mmol.
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Figure 5.35 Tauc plot to show the bandgap of CZTS versus different tin contents 0.60-0.90

mmol.

The absorbance spectra were recorded in the range of 700-1200 nm as shown in figure 5.34. The

corresponding Tauc plots to determine the CZTS bandgap are shown in figure 5.35.
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Sample E; (eV)
Sn0 1.34 £ 0.04
Snl 1.37 £ 0.03
Sn2 1.42 £ 0.02
Sn3 1.44 £ 0.02
Sn4 1.52 £ 0.04
Sn5 1.53 £ 0.02
Sn6 1.71 £ 0.01

Table 5.26: The different tin contents of CZTS versus the energy bandgap.

Table 5.26 shows that when the tin contents were increased, the energy bandgap of the as
deposited CZTS film increases as well. The observed bandgap of samples from Sn2 to Sn5
(1.42 £ 0.02, 1.44 £ 0.02, 1.52 £ 0.04, and 1.53 * 0.02 eV) respectively correspond well with the
theoretical expected bandgap values of CZTS nanoparticles of between 1.40—1.60 eV [34-36].

1.8 1

=

~

1 .
HH

[y
o
1

Energy bandgap (eV)
n
1
I—I‘—|
-

=
I
1

1.3 4 }

0.250 I 0.;55 I 0.I70 I 0.I75 I 0.I80 I 0.I85 I 0.I90
Tin contents (mmol)
Figure. 5.36 The trend of the bandgap of as synthesised CZTS thin films with different tin

contents.

Figure 5.35 shows different linear regions indicating the possible existence of secondary phases
with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 5.27. The

possible secondary phases related to these energy bandgaps ate also listed.
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Sample Energy bandgaps from Possible secondary phases related
Tauc plot (eV) to bandgaps
Sn0 1.25,1.30 Cu,S/CusSnS4/CusSnSs, SnS
Snl 1.25, 1.30 Cu,S/CusSnS4/CusSnSs, SnS
Sn2 1.35 SnS
Sn3 1.38 ?
Sn4 1.45 CuzSnS;
Sn5 1.42 CuzSnS;
Sn6 1.40, 1.52 CuSnS;, ?

Table 5.27: Possible secondary phases and their bandgaps with different tin contents.

As previously discussed, work by Malerba et al [38] has identified a relationship between increase
Sn/Cu ratio and increasing energy bandgap. A compatrison of tables 5.25 and 5.26 indicates that
such a clear correlation is not established in these samples.

To conclude the results of varying the tin content of the synthesised CZTS nanoparticles, the
Raman peak positions and table 5.24 show corresponding values to other literature papers
especially with samples Sn2-Sn5. In addition, the SEM image for sample Sn3 has less gaps in the
uniformity of nanoparticles compared to the other samples. The EDS values shows a good ratio
tor Cu-poor, Zn-rich composition where this value is close to the desired ratio for highly efficient
solar cell devices. The bandgaps in table 5.26 show that the samples of Sn2-Sn5 are close values
to the theoretical expected bandgap values of CZTS. From the characterisation results above,
sample of Sn3 (Sn = 0.75 mmol) should be the most suitable tin content from these range studied
0.60-0.90 mmol for CZTS as the initial step for PV devices. Therefore, the reaction conditions:
Sn = 0.75 mmol as the tin content will be used for the next investigation to continue the systematic

study on deposition conditions discussed in the next chapter.
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Chapter 6:

Investigations of spin coating

deposition conditions

6.1. Introduction

In this chapter, another effective factor, the deposition conditions, in the systematic study of the
structural and optical properties of the CZTS nanocrystals is reported in which several variables
of the deposition conditions during the deposition of the nanocrystal inks are examined. The
deposition method is done by the spin coating technique. This study will show the impact of
different spin coating speeds and different spin coating acceleration indices on the properties of
CZTS nanocrystal thin films. This study will be done without any post-synthesis annealing
treatment to limit any further fabrication steps for the full CZTS solar cell device until optimum

conditions of the deposited CZTS nanocrystal inks are studied and identified.

6.2. Spin coating speeds

Eight different samples were created with different spin coating speeds during the deposition of
the CZTS nanocrystal inks. The hot injection method was used for the fabrication of these samples
followed by the spin coating technique for the deposition of CZTS nanocrystal inks onto glass

substrate. Different spin coating speeds were examined, ranging between (1300-9700 rpm).
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6.3. Experimental methodology
6.3.1. The fabrication of CZTS nanoparticles

CZTS nanoparticles were fabricated by the same procedure explained in chapter 5 section 5.9.1
with Cu-poor, Zn-rich compositions in the as synthesised particles. However, several
modifications to the reaction conditions were made in this chapter. These use the conditions
identified as optimal for the synthesis of CZTS inks and are:

e .75 mmol (0.2909 g) of tin (IV) bis(acetylacetonate) used.

e Reaction temperatures fixed as 250 °C for all samples.

e The time of the reaction fixed for all samples (30 minutes).

6.3.2. Ink deposition

The CZTS nanoparticle inks are spin coated on SLG substrates using the same methodology as
described in chapter 4, section 4.1.2. However, different spin coating speeds were used: 1300,
2500, 3700, 4900, 6100, 7300, 8500 and 9700 rpm.

The spin coating in this chapter was performed for a fixed time (15 seconds) with CZTS ink
dropped at 6 seconds using the dynamic dispense spin coating technique, as discussed in section

3.1.1.

6.4. Results and discussion

6.4.1. Crystal structure - XRD

XRD was used for structural measurements to determine the crystal structure of CZTS
nanoparticle thin films, lattice constants and the size of the scattering domain. The XRD patterns
of the fabricated CZTS nanoparticles at different spin coating speeds 1300-9700 rpm are shown
in figure 6.1.
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Figure 6.1 XRD for samples of CZTS with different spin coating speeds (1300-9700 rpm),
including the CZTS PDF reference (# 26-0575).
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The XRD data confirmed the formation of CZTS nanocrystal thin films for all samples as the

three main diffraction peaks (112), (220) and (312) appeared at locations matching well with the

kesterite phase shown in reference PDF card 026-0575. However, the structure plane of (200)

disappeared in samples with high spin coating speeds ranging between 6100-9700 rpm. It is noted

in the figure 6.1 above, that the diffraction peak of (110) appeared in the lower spin coating speeds
of 1300 rpm which also correspond to JCPDS card number 26-0575. The XRD peak intensities

reduced as the spin coating speed increased as shown in figure 6.1, which might be due films being

thinner for higher spin speeds and so less diffraction of incident X-rays. This provides evidence

of the higher spin speeds leading to reduced film thickness.

Spin coating speed
(rpm)
1300
2500
3700
4900
6100
7300
8500
9700

2 0 (°) for structure
planes (112)
28.35
28.48
28.80
28.21
29.03
28.08
28.75
28.62

0.3138
0.3128
0.3099
0.3150
0.3078
0.3166
0.3107
0.3124

d-spacing (nm)

a (nm)

0.5429
0.5410
0.5388
0.5443
0.5364
0.5428
0.5394
0.5410

c (nm)

1.090
1.087
1.065
1.097
1.054
1.120
1.072
1.082

Table 6.1: Values of d-spacing and lattice parameters @ and ¢ with different spin coating speeds.
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The values of d-spacing, 2 and ¢ lattice numbers in table 6.1 above show similar values of (112)
crystal plane to the literature paper for the slower spin coating speeds of between 1300-4900 rpm
[1].

Table 6.2 below presents the values of the size of scattering domain. It is noted in the table 6.2
that there was a clear trend of the decreasing scattering domain with the increase of the spin coating
speeds from thicker films to thinner. This is due to increasing centrifugal forces at high spin speeds
forcing larger particles off the substrate during spinning leading to a general thickness reduction
as also seen above in figure 6.1. This should be noted when considering the need for larger particles

for device layers to reduce grain boundary recombination losses.

Spin coating speeds (rpm) | Scattering domain (nm)
1300 17+ 2
2500 163
3700 14+ 2
4900 12£3
6100 104
7300 9+3
8500 8§£2
9700 713

Table 6.2: Values of the size of scattering domain with regards to different spin coating speeds.

6.4.2. Raman spectroscopy

Raman spectroscopy was used to identify the presence of secondary phases [2]. Figure 6.2 of
Raman spectroscopy measurements also confirms the crystal structure of the nanoparticles. Raman
main and strong peaks of CZTS are located at 340 cm™, 338 cm™, 339 cm™, 337 cm™, 334 cm’,
338 cm’, 343 cm’, and 341 cm™ for 1300, 2500, 3700, 4900, 6100, 7300, 8500 and 9700 rpm
respectively as shown in figure 6.2. below. The Raman peak’s location of samples 2500-4900 rpm
is in good agreement with the literature [3] for the expected characteristic CZTS peak

(332-339 cm™).
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6.4.3. Morphology

Figure. 6.3 SEM images at scale of between 400 to 500 nm for CZTS nanoparticles with
different spin coating speeds as a) 1300 rpm b) 2500 rpm ¢) 3700 rpm d) 4900 rpm ¢) 6100 rpm
£) 7300 rpm g) 8500 rpm and h) 9700 rpm.
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In figure 6.3, it is noted that as the spin coating speed increases, the nanoparticles become more
sporadic and combined on top of each other in comparison with the low speed. The uniformity
of the nanoparticles looks better in the images of the low speed (1300-4900 rpm). The shape of

the nanoparticles was approximately spherical for all samples.

6.4.4. Chemical composition

The results of the EDS are summarised in the table 6.3 below. The EDS was taken from the film’s

surface using the procedure described in section 5.4.4.

Spin coating speeds Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)

(rpm)

1300 0.74 = 0.20 0.85 £ 0.04 | 0.96 = 0.30 1.17 £ 0.20
2500 0.82 + 0.40 0.80 + 0.05 1.07 £ 0.01 1.12 £ 0.01
3700 0.71 £ 0.10 0.76 = 0.01 0.87 £ 0.40 1.08 £+ 0.40
4900 0.69 = 0.20 0.72 £ 0.03 0.93 £ 0.30 1.04 £ 0.01
6100 0.62 + 0.30 0.64 + 0.05 | 2.08 £ 0.40 0.67 + 0.20
7300 0.82 = 0.30 0.53+0.02 | 1.15%0.20 0.96 + 0.20
8500 0.80 = 0.20 0.50 + 0.03 1.50 £ 0.10 0.85 + 0.30
9700 0.72 + 0.40 0.46 £ 0.05 | 2.41+0.20 0.23 + 0.20

Table 6.3: Composition ratios of CZTS nanoparticles with different spin coating speeds.

From table 6.3, the 2500 rpm sample has the closest Cu-poor, Zn-rich ratio value to the desired
ratio for the highly efficient solar cell device (12.6%) compared to the rest of the spin coating
speeds. The ratio of S/(Cu+Zn+Sn) showed the trend of decreasing value with the increase of
spin coating speeds except with 7300 rpm sample which increased and then again followed the
trend with 8500 rpm. As the higher spin coating speed increases the centrifugal force, the larger
nanoparticles leave the sample with smaller nanoparticle being remained in the films. Evidence of
a correlation between particle size and composition is seen. This is considered further in section

6.7.4.
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6.4.5. Optical properties

A series of fabricated CZTS films from inks at different spin coating speeds (1300-9700 rpm) was
created to investigate electronic properties without annealing. The energy bandgap of the thin film

is determined by UV-vis spectroscopy from the absorption spectrum using the Tauc plot method.

—— 1300 rpm
—— 2500 rpm
—— 3700 rpm
—— 4900 rpm
—— 6100 rpm
——— 7300 rpm
—— 8500 rpm
—— 9700 rpm

Absorbance (Arb. Units)
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Figure 6.4 Absorbance spectrum of CZTS samples with different spin coating speeds.
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Figure 6.5 Tauc plot to show the bandgap of CZTS versus different spin coating speeds.
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The absorbance spectra were recorded in the range of 700-1200 nm as shown in figure 6.4. The

energy bandgap was determined by the Tauc plot method.

Spin coating speeds (rpm) E; (eV)
1300 1.40 £ 0.03
2500 1.52 £ 0.02
3700 1.46 £ 0.02
4900 1.47 £ 0.01
6100 1.49 £ 0.03
7300 1.48 £ 0.02
8500 1.47 + 0.01
9700 1.41 £ 0.03

Table 6.4: The different spin coating speeds of CZTS versus the energy bandgap.

Table 6.4 shows that the observed bandgap of all samples corresponds well with that reported in
the literature of (1.40-1.60 eV) [4-6]. It is noted that there is no obvious trend here as the bandgap
slightly fluctuated with the increase of the spin coating speed which might indicate that the spin
coating speed play’s minor role in affecting the optical properties of CZTS. The bandgap varied
from 1.40 * 0.03 to 1.52 + 0.02 eV depending on the spin coating speed as stated in table 6.4

above.

1300 2500 3700 4900 6100 7300 8500 9700

Spin coating speeds (rpm)
Figure. 6.6 The trend of the bandgap of as synthesised CZTS thin films with different spin
coating speeds.
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Figure 6.5 shows different linear regions indicating the possible existence of secondary phases with
energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 6.5. The

possible secondary phases related to these energy bandgaps are also listed.

Spin coating speeds (rpm) Energy bandgaps from Possible secondary phases
Tauc plot (eV) related to bandgaps
1300 1.25,1.50 CuzS/CusSnSs/CusSnS,, ?
2500 1.25,1.50 Cu,S/CusSnS,/CusSnS,, ?
3700 1.25,1.50 Cu,S/CusSnS,/CusSnS,, ?
4900 1.25,1.50 CusS/CusSnSs/CusSnS,, ?
6100 1.25,1.50 Cu,S/CusSnS,/CusSnS,, ?
7300 1.25,1.50 CusS/CusSnSs/CusSnS,, ?
8500 1.25,1.50 CusS/CusSnSs/CusSnS,, ?
9700 1.25,1.50 Cu,S/CusSnS,/CusSnS,, ?

Table 6.5: Possible secondary phases and their bandgaps with different spin coating speeds.

The XRD and Raman data showed corresponding values to other literature papers especially with
samples of 1300-4900 rpm. The EDS values showed a desired ratio for Cu-poor, Zn-rich in sample
2500 rpm for highly efficient solar cell device. The bandgap, in table 6.4 shows that all samples are
in the range of accepted values of the expected theoretical bandgap values of CZTS. However, the
small change in the bandgap is a sign of the less significant role playing of spin coating speed on
the optical properties of CZTS. The sample of 2500 rpm was considered to be continued used for
the next section as it is the most suitable spin coating speeds among other samples due to the

composition, crystal structure and size of the scattering domain.

6.5. Spin coating acceleration index

The aim of this section work is to study the impact of the spin coating acceleration index on CZTS
nanocrystals thin film properties. The acceleration index value is the rate of increase of the spin
coating speed per second, and its calculated value constant for each index. For example, the lowest

acceleration index 001 is equivalent to a value of 80 rpm s?, meaning it needs 31.25 seconds to
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reach to the set spin coating speed of 2500 rpm in this study. The other acceleration indices are
equivalent to 400, 800, 1200, 1600, 2000 and 2400 rpm s* for 005, 010, 015, 020, 025 and 030
respectively. The initial acceleration is likely to have an impact on the spin coated thin film as
during the initial stage of spinning the film will be spreading out whilst the solvent is evaporating.
In this work 15 seconds for the spin coating was determined as enough time to coat the substrate
by Laurell technology spin coating instrument. Seven different samples in this section were created
with different spin coating acceleration indices during the deposition of the CZTS nanocrystal
inks. The hot injection method was used for the fabrication of these samples followed by the spin
coating technique for the deposition of CZTS nanocrystal inks onto glass substrates. The range of

different spin coating acceleration indices was examined, ranging between 001-030 index.

6.6. Experimental methodology

6.6.1. 'The fabrication of CZTS nanoparticles

CZTS nanoparticles were fabricated by the same procedure explained in the previous section with
Cu-poor, Zn-rich compositions in the as synthesised particles. There were no changes to the

reaction conditions in this section.
6.6.2. Ink deposition

The CZTS nanoparticle inks are spin coated on SLG substrates using the same methodology as
described in chapter 4 section 4.1.2. However, 2500 rpm as the spin coating speed was used for
15 seconds. The different spin coating acceleration indices were examined: 001, 005, 010, 015, 020,

025 and 030 indices.
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6.7. Results and discussion

6.7.1. Crystal structure - XRD

XRD was used for structural measurements to determine the crystal structure of CZTS
nanoparticle thin films, lattice constants and the size of the scattering domain. The XRD patterns
of the fabricated CZTS nanoparticles at different spin coating acceleration indices 001-030 are

shown in figure 6.7.
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Figure 6.7 XRD for samples of CZTS with different spin coating acceleration indices 001-030,

including the CZTS PDF reference (# 26-0575).

The XRD data confirmed the formation of CZTS nanocrystal thin films for all samples as the
three main diffraction peaks (112), (220) and (312) appeared at locations matching well with the
kesterite phase shown in reference PDF card 026-0575. However, the structure plane of (200)
appeared in samples with low spin coating acceleration indices ranging between 001-015.
Moreover, (110) diffraction peak appeared in the sample of 001-020 which also correspond to
JCPDS card number 26-0575. (110) and (200) diffraction peaks disappeared in the high
acceleration indices 0.25-030 and 0.20-0.30 respectively. It is noted that (105) diffraction peak
appeared for index 010 only. The XRD peak intensities reduced similarly to figure 6.1 as shown in
figure 6.7 with the increase of spin coating acceleration indices impacting the film thickness as it
did in the spin coating speeds. The faster the spin coating and acceleration indices, the thinner

films can be created.
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Spin coating acceleration | 2 0 (°) for structure | d-spacing (nm) | a(nm) | c(nm)
index planes (112)

001 28.32 0.3139 0.5430 1.091
005 28.18 0.3148 0.5440 1.096
010 28.22 0.3151 0.5447 1.092
015 28.05 0.3166 0.5441 1.114
020 2791 0.3189 0.5451 1.135
025 28.12 0.3160 0.5457 1.101
030 27.85 0.3190 0.5461 1.131

Table 6.6: Values of d-spacing and lattice parameters « and ¢ with different spin coating

acceleration indices.

The values of d-spacing, 2 and ¢ lattice numbers in table 6.6 above show similar values of (112)

crystal plane to the literature paper for the lower spin coating acceleration indices of between

001-015 [7].

Table 6.7 below presents the values of the size of scattering domain. It is noted in the table 6.7

that there was a clear trend of the decreasing scattering domain size with the increase of the spin

coating acceleration indices. This is similar to the trend observed with increasing spin coating speed

and reflects the impact of increased centrifugal forces on the ink particles during the initial

deposition stages.

Spin coating acceleration index

001
005
010
015
020
025
030

22+ 2
20+ 4
16 £2
14+3
13+1
12+1
11+1

Scattering domain (nm)

Table 6.7: Values of the size of scattering domain with regards to different spin coating

acceleration indices.
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6.7.2. Raman spectroscopy

Raman spectroscopy measurements confirms the crystal structure of the nanoparticles. Raman
main and strong peaks of CZTS are located at 338 cm™ for 001, 339 cm™ for 005, 337 cm™ for
010, 340 cm™ for 015, 342 cm™ for 020, 341 cm™ for 025 and 334 cm™ for 030. Other than the
possible secondary phase of SnS at 288 cm™ for the sample of 030, figure 6.8 shows no other
Raman peaks due to secondary phases detected. As discussed in section 5.7.3 for the 225 °C
samples, a very broad band in the range 270-280 cm™ appears here also for all samples. It was not

possible to identify the origin of this feature.
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Figure 6.8 Raman spectra of CZTS samples with different spin coating acceleration index.



6. Investigations of spin coating deposition conditions 157

6.7.3. Morphology

500nm

Figure. 6.9 SEM images at scale of 400 nm for CZTS nanoparticles with different spin coating
acceleration indices as a) 001 b) 005 ¢) 010 d) 015 ¢) 020 £) 025 and g) 030.
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In figure 6.9, the nanoparticles combined on top of each other creating layers of nonuniformed
nanoparticles except in 015 acceleration index where the grouping of nanoparticles were less. It
can also be seen that, at low acceleration indices the films contain larger agglomerations of
nanoparticles. The shape of the nanoparticles was approximately spherical for all samples. The size
of the particles decreased here from 26 to 14 nm with the increase of spin coating acceleration

index which is in good agreement with XRD data shown in table 6.6.

6.7.4. Chemical composition

The results of the EDS are summarised in the table 6.8 below. The EDS was taken from the film’s

surface using the procedure described in section 5.4.4.

Spin coating acceleration index Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
001 0.76 = 0.20 0.86 = 0.02 0.67 + 0.40 1.27 £0.10
005 0.61 £ 0.10 0.85 £ 0.01 0.93 = 0.30 1.21 £ 0.20
010 0.78 = 0.30 0.84 + 0.03 1.02 £ 0.10 1.12 £ 0.10
015 0.81 = 0.40 0.83 =+ 0.01 1.07 £ 0.40 1.27 £ 0.30
020 0.80 £ 0.10 0.74 £ 0.04 1.13 £ 0.40 1.22 £ 0.10
025 0.75 £ 0.30 0.67 £ 0.01 1.75 £ 0.30 1.04 + 0.30
030 0.24 £ 0.30 0.61 = 0.05 2.15%0.10 0.50 + 0.40

Table 6.8: Composition ratios of CZTS nanoparticles with different spin coating acceleration
indices.

EDS data suggests that to get the closest Cu-poot, Zn-rich ratio value for the desired ratio for
efficient solar cell device around 12%, a balanced of acceleration indices of between 010-020
should be applied. The data above shows a general trend of increasing Zn and decreasing S

concentration with increasing acceleration index.

6.7.5. Optical properties

A series of fabricated CZTS films from inks at different spin coating acceleration indices 001-030
was created to investigate electronic properties without annealing. The energy bandgap of the thin
film is determined by UV-vis spectroscopy from the absorption spectrum using the Tauc plot

method.
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Figure 6.10 Absorbance spectrum of CZTS samples with different spin coating acceleration

indices.
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Figure 6.11 Tauc plot to show the bandgap of CZTS versus different spin coating acceleration

indices.

The absorbance spectra were recorded in the range of 700-1200 nm in figure 6.10. The energy

bandgap was determined by the Tauc plot.
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Spin coating acceleration index
001
005
010
015
020
025
030

E; (eV)
1.34 £ 0.02
1.38 £ 0.03
1.57 £ 0.04
1.41 +0.03
1.43 £0.02
1.47 £ 0.03
1.60 + 0.04

Table 6.9: The different spin coating speeds of CZTS versus the energy bandgap.

The observed bandgap in table 6.9 of samples 010-030 corresponds well with the theoretical
expected bandgap values of CZTS of between 1.40-1.60 eV [8]. The general trend, when
increasing the acceleration index is for the bandgap to increase from 1.34 + 0.02-1.60 £ 0.04 eV.
However, the bandgap for the 010 sample appears to be anomalous and is out of line with overall

trend. This could be due to some unexpected properties of this film. Unfortunately, it was not

possible to repeat this measurement.
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Figure. 6.12 The trend of the bandgap of as synthesised CZTS thin films with different

acceleration indices.

Figure 6.11 shows different linear regions indicating the possible existence of secondary phases
with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and

illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
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extracted. The different energy bandgaps extracted using this method are given in table 6.10. The

possible secondary phases related to these energy bandgaps are also listed.

Spin coating acceleration Energy bandgaps from Tauc Possible secondary phases

index plot (eV) related to bandgaps
001 1.30, 1.50 SnS, ?
005 1.30, 1.50 SnS, ?
010 1.30, 1.50 SnS, ?
015 1.30, 1.50 SnS, ?
020 1.35,1.50 SnS, ?
025 1.35,1.53 SnS, ?
030 1.50, 1.62 2,7

Table 6.10: Possible secondary phases and their bandgaps with different acceleration indices.

XRD and Raman data confirmed the formation of the CZTS. In addition, the SEM image for 015
seems to produce the most uniform nanoparticles in comparison with the other samples. The EDS
values shows an excellent ratio for Cu-poor, Zn-rich in sample 010, 015 and 020. Table 6.9 data
for 010-030 indicates that the bandgap was in good agreement with the expected theoretical value.
From the characterisation results, 015 index of acceleration spin coating might be the most suitable
upon other indices.

The acceleration index has been shown to have a more significant impact on the properties of spin
coated CZTS thin films compared to the spin coating speed. This is because the acceleration index
has most impact at the start of the deposition process when the ink droplet is spreading out due
to centrifugal acceleration and the solvent is evaporating to produce a stable film. It also controls
the rotation speed of the substrate when the ink droplet hits the rotating substrate, as described in
section 6.3.2. We find that increasing acceleration index results in decreasing scattering domain
size, increasing Zn concentration, and decreasing S concentration. Assuming these are correlated,
it demonstrates that the energy bandgap can be modified by the smaller particle size, and the
change in composition of Zn and S. It implies a correlation between particle size and composition
due to the different atomic diffusion coefficients during hot injection synthesis. This correlation
provides another mechanism to control the chemical composition of CZTS films during the

deposition process.
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Chapter 7:

Investigation of annealing

temperatures and times

7.1. Introduction

In this chapter, the annealing treatment conditions of the CZTS nanocrystal thin films were
studied. These conditions were the post deposition annealing temperatures and times. The purpose
of this chapter was to follow up the fabrication steps reported in chapters 5 and 6 with the
annealing treatment step to find out the optimum annealing conditions of the CZTS nanocrystal

inks by studying the structural and optical properties of the annealed CZTS nanocrystals.

7.2. Annealing temperatures

Six different samples were created, one before annealing and the other five with different annealing
temperatures after the CZTS nanocrystal thin films were created. The hot injection method was
used for the fabrication of these samples followed by the spin coating technique for the deposition
of CZTS nanocrystal inks onto glass substrate. Different annealing temperatures were examined
ranging between 560-635 °C in a H,S:N, 20:80 atmosphere, with one sample annealed with N,

only atmosphere.
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7.3. Experimental methodology
7.3.1. The fabrication of CZTS nanoparticles

CZTS nanoparticles were fabricated by the same procedure explained in chapter 6 section 6.3.1
with Cu-poor, Zn-rich compositions for the as synthesised particles. There were no modifications

to the reaction conditions made in this chapter.

7.3.2. Ink deposition

The CZTS nanoparticle inks are spin coated on SLG substrates using the same methodology as
described in chapter 6 section 6.6.2. 2500 rpm was used for the spin coating speed, 15 seconds for

the time and 015 acceleration index.

7.3.3. Annealing treatment

The prepared CZTS thin films on substrates undergo sulphurisation annealing at a suitable
atmosphere N2:H.,S 80:20 to improve the crystallinity. The two ends of the furnace tube caps were
connected to different valves: a vacuum pump, exhaust line, nitrogen and H.S supplies. The
annealing process was applied under the conditions of set temperatures at 560 °C, 585 °C, 610 °C,
635 °C in N2:H,S, and 585 °C with N only atmosphere for one hour at ramping rate of 10 °C per
minute. After that the furnace was left to cool naturally overnight. When cooled to room

temperature, the furnace tube finally was flushed for several times with nitrogen gas and vented.
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7.4. Results and discussion

7.4.1. Crystal structure - XRD

XRD was used for structural measurements to determine the crystal structure of CZTS
nanoparticle thin films, lattice constants and the size of the scattering domain. The XRD patterns
of the fabricated CZTS nanoparticles at before annealing and different annealing temperatures

560 °C, 585 °C, 610 °C, 635 °C and 585 °C with N, only atmosphere is shown in figure 7.1.
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Figure 7.1 XRD for samples of CZTS with different annealing temperatures, including the CZTS
PDF reference (# 26-0575).

The XRD data confirmed the formation of CZTS thin films for all annealed and before annealing
samples as the four main diffraction peaks (112), (200), (220) and (312) appeared in the locations
corresponding to JCPDS card number 026-0575. In addition, the (008) peak is observed in the

samples before annealing and annealing at 560°C which also correspond to JCPDS card number

26-0575.
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Annealing 2 0 (°) for structure d-spacing (nm) | a(nm) | c(nm)
temperature (°C) planes (112)

Before annealing 28.47 0.3133 0.5417 1.0895

560 28.34 0.3143 0.5435 1.0929

585 28.66 0.3115 0.5409 1.0738

610 28.74 0.3106 0.5399 1.0690

635 28.35 0.3139 0.5440 1.0868

585 with Nz only 28.34 0.3147 0.5441 1.0944

Table 7.1: Values of d-spacing and lattice parameters @ and ¢ with different annealing temperatures.

The d-spacing, a and ¢ values of the 585 °C show similar values with the literature [1]. The possible
secondary phases peaks such as SnS; at 33.02° (JCPDS card 83-1707), SnS at 45.80° (JCPDS card
83-1758) and CusSnS, at 37.27°, 39.81°, 51.80° (JCPDS card 36-0217) wete not obsetrved in figure
7.1 12, 3].

Table 7.2 below presents the values of the size of scattering domain. The size of scattering domain
showed a clear trend which increases with the rise of annealing temperatures except when the H»S

was absent at 585 °C with a low value of 14 *+ 2 nm.

Annealing temperature (°C) | Scattering domain (nm)
Before annealing 16£2
560 29+3
585 32£3
610 43 £5
635 13+7
585 with N;only 14£2

Table 7.2: Values of the size of scattering domain with regards to different annealing temperatures.

7.4.2. Raman spectroscopy

Raman spectroscopy measurements confirm the crystal structure of the nanoparticles. Raman
main and strong peaks of CZTS are located at 334 cm™ for before annealing and 560 °C, 337 cm™
for 585 °C and 635 °C, 335 cm™ for 610 °C and 339 cm™ for 585 °C with no H,S. These locations
are in good agreement with the literature papers [4, 5]. Another weak peak appears at 290 cm™ for

585 °C with N only which seems to be a secondary phase of ZnS [6, 7].
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Figure 7.2 Raman spectra of CZTS samples with different annealing temperatures.
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7.4.3. Morphology

Figure. 7.3 SEM images at scale of 2 um for CZTS nanoparticles with different annealing
temperatures as a) Before annealing b) 560 °C ¢) 585 °C d) 610 °C ¢) 635 °C f) 585 with N, only.

As figure 7.3 shows, it is clear that the annealing temperature plays an important role on the
uniformity of the CZTS nanoparticles as this improved compared to before annealing. In addition,
the gaps and cracks in the film before annealing almost disappeared in all other images which
might indicate the development of the crystallinity of the CZTS nanoparticles and the formation

of a continuous thin film.
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7.4.4. Chemical composition

The results of the EDS are summarised in the table 7.3 below. The EDS was taken from the film’s

surface.

Annealing temperature Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)

°C)

Before annealing 0.65 + 0.03 0.92 £0.01 | 0.67 £ 0.04 1.17 £ 0.02
560 0.80 + 0.03 0.80 £ 0.03 | 1.15 % 0.05 1.07 £ 0.05
585 0.83 = 0.02 0.72+0.03 | 1.17 £0.02 1.32 £ 0.01
610 1.05 + 0.01 0.66 £ 0.01 | 1.75 % 0.01 0.85 = 0.02
635 1.15 £ 0.04 112+ 0.05 | 225+ 0.05 0.67 = 0.03

585 with only N, 0.41 £ 0.02 0.72 £ 0.04 | 2.41 +£0.05 0.80 + 0.04

Table 7.3: Composition ratios of CZTS nanoparticles with different annealing temperatures.

From table 7.3, the ratios of 560 °C and 585 °C were similar to the starting composition of Cu-
poor, Zn-rich in the experimental details. However, the temperature of 585 °C with only N
showed different ratios than the original films due to the absence of the H,S atmosphere. The
585 °C (N2:H»S) sample has the closest Cu-poor, Zn-rich ratio value to the desired ratio for the
highly efficient solar cell device (12.6%) compared to the rest of the annealing temperatures

samples.

7.4.5. Optical properties

A series of fabricated CZTS films from inks at different annealing temperatures 560 °C, 585 °C,
610 °C, 635 °C and 585 °C with N, only atmosphere was created to investigate electronic
properties. The energy bandgap of the thin film is determined by UV-vis spectroscopy from the

absorption spectrum using the Tauc plot method.
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Figure 7.4 Absorbance spectrum of CZTS samples with different annealing temperatures.
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Figure 7.5 Tauc plot to show the bandgap of CZTS versus different annealing temperatures.

The absorbance spectra were recorded in the range of 700-1200 nm in figure 7.4. The energy

bandgap was determined by the Tauc plot.
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Annealing temperature (°C) E; (eV)
Before annealing 1.60 + 0.02
560 1.52 £ 0.01
585 1.50 £ 0.01
610 1.41 £ 0.02
635 1.40 £ 0.02
585 with Nz only 1.58 £ 0.03

Table 7.4: The different annealing temperatures of CZTS versus the energy bandgap.

All these energy bandgaps in the above table 7.4, correspond well with that reported in literature
of between 1.40-1.60 eV [8]. It is observed that there is a direct relationship between the energy
bandgap and the annealing temperatures except for the sample annealed at 585°C with N, only

atmosphere. The sample with the highest relative concentration of Zn+Sn has the largest bandgap.
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Figure. 7.6 The trend of the bandgap of CZTS samples vs different annealing temperatures.

Figure 7.5 shows different linear regions indicating the possible existence of secondary phases with
energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 7.5. The

possible secondary phases related to these energy bandgaps are also listed.
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Annealing temperature Energy bandgaps from Possible secondary phases related to

(9 Tauc plot (eV) bandgaps

Before annealing 1.40, 1.60, 1.70 CuSnS;, 2, ?
560 1.40, 1.50 CusSnSs, ?
585 1.25,1.30, 1.40 CuzS/CusSnSs/CusSnSs, SnS, CunSnS;
610 1.30 SnS
635 1.25 CuzS/CusSnSs/CusSnS,

585 with N2 only 1.40, 1.50 CuzSnSs;, ?

Table 7.5: Possible secondary phases and their bandgaps with different annealing temperatures.

The Raman data showed corresponding values to other literature papers with all samples. The
EDS values showed a desired ratio for Cu-poor, Zn-rich in 585 °C sample for highly efficient solar
cell device. The bandgap, in table 7.4 shows that all samples are in the range of accepted values of
the expected theoretical bandgap values of CZTS. The temperature of 585°C was used to continue
the systematic study for the next section as it is the most suitable annealing temperatures among

other samples.
7.5. Annealing times

Four different samples were prepared, one before annealing and the other three are with different
annealing times after the CZTS nanocrystal thin films were created. The same hot injection method
was used for the fabrication of these samples followed by the spin coating technique for the
deposition of CZTS nanocrystal inks onto glass substrate. Different annealing times were

examined ranging between 30-120 min.

7.6. Experimental methodology

7.6.1. 'The fabrication of CZTS nanoparticles

CZTS nanoparticles were fabricated by the same procedure explained in chapter 7 section 7.3.1
with Cu-poor, Zn-rich compositions in the as synthesised particles. There were no modifications

to the reaction conditions made in this section.
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7.6.2. Ink deposition

The CZTS nanoparticle inks are spin coated on SL.G substrates using the same methodology as
described in chapter 7 section 7.3.2. 2500 rpm, 15 seconds and 015 acceleration index were used

for the spin coating conditions.

7.6.3. Annealing treatment

The prepared CZTS thin films on substrates undergo sulphurisation annealing at the same method
and atmosphere Na:HoS 80:20 used in section 7.3.3. However, the annealing process was applied
under the conditions of fixed temperatutre at 585 °C, for several different annealing times 30, 60

and 120 minutes at ramping rate of 10 °C per minute.

7.7. Results and discussion

7.7.1. Crystal structure - XRD

The XRD patterns of the fabricated CZTS nanoparticles before annealing and different annealing

times 30, 60 and 120 minutes are shown in figure 7.7.
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Figure 7.7 XRD for samples of CZTS with different annealing times, including the CZTS PDF
reference (# 26-0575).
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The XRD data confirmed the formation of CZTS thin films for all annealed and before annealing
samples used as the four main diffraction peaks (112), (200), (220) and (312) appeared in the
location corresponding to JCPDS card number 026-0575. In addition (008) peak observed in the

samples of before annealing.

Annealing time (min) 2 0 (°) for structure d-spacing (nm) | a(nm) | c(nm)
planes (112)

Before annealing 28.47 0.3133 0.5417 1.0895

30 28.44 0.3136 0.5426 1.0892

60 28.66 0.3115 0.5409 1.0738

120 28.45 0.3134 0.5321 1.0884

Table 7.6: Values of d-spacing and lattice parameters z and ¢ with different annealing times.

The d-spacing, 2 and ¢ values of the 60 min sample show similar values with the literature [1].
Table 7.7 below presents the values of the size of scattering domain. The size of scattering domain

showed no trend which the value was fluctuated from 16 + 2 to 52 = 5 nm.

Annealing time (min) Scattering domain (nm)
Before annealing 16 £2
30 67 %7
60 32+3
120 525

Table 7.7: Values of the size of scattering domain with regards to different annealing times.

7.7.2. Raman spectroscopy

Raman spectroscopy measurements also confirm the crystal structure of the nanoparticles. Raman
main and strong peaks of CZTS are located at 334 cm™ for before annealing, 339 cm™ for 30 min,
337 cm’ for 60 min and 338 cm™ for 120 min. These locations are in good agreement with the
literature papers [4, 5]. Another weak peak appears at 288 cm™ for 120 min which seems to be a

secondary phase of SnS [9-11].
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Figure 7.8 Raman spectra of CZTS samples with different annealing times.

7.7.3. Morphology

Figure. 7.9 SEM images at scale of 2 um for CZTS nanoparticles with different annealing times

as a) Before annealing b) 30 min ¢) 60 min and d) 120 min.
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The annealing times also played an important role as the annealing temperatures did on the
uniformity of the CZTS nanoparticles. In image ¢, the development of the crystallinity and
uniformity of the CZTS nanoparticles was much better than on other samples, displaying a
consistently uniform range of particle sizes. In addition, the gaps and cracks in the film before
annealing almost disappeared in images c, and d, which might indicate the development of the

crystallinity of the CZTS nanoparticles and the formation of a continuous thin film.

7.7.4. Chemical composition

The results of the EDS are summarised in the table 7.7 below. The EDS was taken from the film’s

surface.

Annealing time (min) | Cu/(Zn+Sn) Sn/Cu Zn/Sn S/(Cu+Zn+Sn)
Before annealing 0.65 £ 0.03 092+ 0.01 | 0.67 £ 0.04 1.17 £ 0.02
30 0.76 £ 0.01 0.55+0.07 | 1.40 £0.02 0.93 £ 0.02
60 0.83 £ 0.02 0.72+0.03 | 1.17 £0.02 1.32 £ 0.01
120 0.91 +0.03 0.65+0.05 | 1.57 +0.04 1.47 £ 0.01

Table 7.8: Composition ratios of CZTS nanoparticles with different annealing times.

From table 7.8, The 60 min sample has the closest Cu-poor, Zn-rich ratio value to the desired ratio
for the highly efficient solar cell device (12.6%) compared to the rest of the annealing temperatures

samples.
7.7.5. Optical properties
A series of fabricated CZTS films from inks at different annealing times 30 min, 60 min and 120

min was created to investigate electronic properties. The energy bandgap of the thin film is

determined by UV-vis spectroscopy from the absorption spectrum using the Tauc plot method.
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Figure 7.10 Absorbance spectrum of CZTS samples with different annealing times.
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Figure 7.11 Tauc plot to show the bandgap of CZTS versus different annealing times.

The absorbance spectra were recorded in the range of 700-1200 nm in figure 7.10. The energy
bandgap was determined by the Tauc plot.

Annealing time (min) E; (eV)
Before annealing 1.60 * 0.02
30 1.28 £ 0.03
60 1.50 + 0.01
120 1.56 + 0.03

Table 7.9: The different annealing times of CZTS versus the energy bandgap.
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The observed energy bandgap of the 60 and 120 min time period 1.50 * 0.01 and 1.56 £ 0.03 eV,
correspond well with that of the expected theoretical value of CZTS nanocrystal thin film of

between 1.40-1.60 eV [12, 13]. It seems that too short annealing time was not enough to form
crystalline CZTS.
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Figure. 7.12 The trend of the bandgap of CZTS samples vs different annealing times.

Figure 7.11 shows different linear regions indicating the possible existence of secondary phases
with energy bandgaps different from CZTS. Using the procedure described in section 5.4.5 and
illustrated in figure 5.12, values of additional bandgaps linked to possible secondary phases can be
extracted. The different energy bandgaps extracted using this method are given in table 7.10. The

possible secondary phases related to these energy bandgaps are also listed.

Annealing time | Energy bandgaps from | Possible secondary phases related to
(min) Tauc plot (eV) bandgaps
Before annealing 1.40, 1.60, 1.70 Cu2SnSs, 2, ?
30 1.20 CuzS/CusSnSs/CusSnS,
60 1.25,1.30, 1.40 Cu,S/CusSnS,/CusSnS,, SnS, CuSnSs
120 1.30, 1.40 SnS, CuSnS;

Table 7.10: Possible secondary phases and their bandgaps with different annealing times.

The XRD and Raman data confirmed the formation of the crystal structure of the nanoparticles
showing corresponding values to other literature papers with all samples. The EDS values showed

a desired ratio for Cu-poor, Zn-rich in sample 60 min for highly efficient solar cell device. The
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bandgap, in table 7.9 shows that the 60 and 120 min time period are in the range of accepted values
of the expected theoretical bandgap values of CZTS.

The temperature of 585°C for 60 min annealing time was the most suitable annealing temperatures
and times among other samples to improve the performance of a CZTS solar cell device, hence
these annealing conditions will be used for the next section (testing the performance of the CZTS

solar cell device).
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Chapter 8:

Impact of the reaction conditions of
CZTS nanocrystal ink on solar cell

device performance

8.1. Introduction

In this chapter, CZTS solar cells were fabricated using the CZTS inks developed as reported in
previous chapters. The performance of CZTS solar cell devices using different CZTS ink
fabrication conditions were investigated. The optimum CZTS nanocrystal thin film conditions
which were found in chapters 5, 6 and 7 were selected here for building up these CZTS devices in
order to identify the optimum conditions for CZTS devices to have a high-performance solar cell.
This was done by studying the impact of the properties of different CZTS nanocrystal inks on the
completed solar cell devices’ performance. Morphological and electrical properties were measured
by SEM for the cross-section and I-1” curve measurements of the devices under illumination used

to determine overall PV device efficiency.

8.2. Device structure

Six batches of different CZTS devices were prepared using the same procedure explained in

chapter 3 section 3.7. A single PV device consists of several layers as follows:

e SLG as the substrate.
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Mo as the back contact deposited on the substrate via the sputtering technique. Mantis Q-
prep 500 system was used. It is an ultra-high vacuum system with a typical base pressure
better than 10 Torr. During growth there is a flow of argon gas at 20 sccm flow rate into
the chamber, giving a pressure of 1 mTorr. The sputtering power is 50W using a 2 inch
diameter target. It took 60 minutes to obtain a 600 nm thick Mo layer.

CZTS nanocrystal thin films as the absorber layer synthesised by hot injection method and
deposited on Mo via spin coating.

CdS as buffer layer deposited via CBD. The solution consisted of CdSO, (2.5 mmol),
NH4OH (15 ml), CSN;H,4 (10 mmol) and distilled water to make a total volume of 150 ml.
The solution was heated to 70°C. The substrate was left in the bath for 20 minutes and

resulted in a 60 nm film of CdS.

ZnO as window layer was deposited by RF sputtering at a base pressure of 9 x 107 Torr

for 40 minutes to grow a 100 nm thick layer.

ITO as the transparent conductive layer was also deposited by RF sputtering using the

same settings for the ZnO layer for 60 minutes to grow a 300 nm thick layer.

Au as the front contact layer was deposited by evaporation to give a 300 nm.

This arrangement of layers is shown in figure 3.7 in chapter 3. The focus of this study is only on

the impact of one layer on overall device performance which is CZTS. The other layers in the

devices were fabricated under identical conditions, the assumption being that differences in device

performance would be due to changes in the CZTS layer.

8.2.1.

The fabrication of CZTS nanoparticles

CZTS nanoparticles were synthesised by the same procedure discussed in chapter 4 section 4.1.1

with Cu-poot, Zn-rich compositions for the as synthesised particles. The main variables for the

created CZTS nanocrystals were as follows:

The precursor molar ratios were Cu/(Zn + Sn) = 0.85, Zn/Sn = 1.25 and
S/(Cu+Zn+Sn) = 1.28. These ratios are chosen to obtain a high PV device efficiency as
discussed in chapter 3 [1].

These ratios are achieved by using reagents: 1.44 mmol (0.3769 g) of copper (II)
acetylacetonate, 0.94 mmol (0.2478 g) of zinc (II) acetylacetonate, 0.75 mmol (0.2909 g)
of tin (IV) bis(acetylacetonate) dichloride and 10 ml of OLA.
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e The reaction temperature was set at 225 °C, 250 °C and 275 °C for six different batches
of ink.
e The time of the reaction was 30 and 60 minutes at the three different reaction

temperatures .

8.2.2. Ink deposition

The CZTS nanoparticle inks were deposited by spin coating on the SLG substrates using the same
methodology as described in chapter 4 section 4.1.2. 2500 rpm was used for the spin coating speed,

15 seconds for the time and 015 acceleration index.

8.2.3. Annealing treatment

The fabricated CZTS thin films on substrates undergo sulphurisation annealing in the same
procedure explained in chapter 7 section 7.3.3. The annealing temperature was 585°C for 60 min

annealing time in an atmosphere of N2:H,S 80:20.

8.3. Results and discussion

8.3.1. Morphology

SEM was used for the cross-section imaging of the devices to determine the morphology and
confirm the device structure. This was done by ZEISS Sigma 300 VP SEM instrument. The cross-
section preparation of the devices for imaging was done by the ion milling system.

In figure 8.1 below, the cross-sectional SEM images reveal a six-layer structure. The first layer on
bottom was Mo with a thickness of approximately 300 nm. It was uniformly sputtered for all
devices. On top of Mo a layer of MoS; is often formed by the reaction of Mo with CZTS during
annealing, it can be seen in the figure. The formation of p-type MoS; is beneficial for the device
performance, playing a role in reducing the carrier recombination at the back contact [2]. The
CZTS layer is deposited on top of Mo with a thickness of around 1630 to 4680 nm. This layer is
meant to be uniform with an intended thickness of 1000 nm for all devices. However, as seen in

figure 8.1, it was not uniform for all devices. This might be related to variations occurring during
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the spin coating while dropping the ink. This is an important finding which identifies the need to
have a consistent approach to spin coating delivering consistent films of the same thickness.
Across all devices the thickness of CZTS layers are 2320, 4680, 1910, 1630, 3130 and 1840 nm
respectively. The different thickness of CZTS layers will be due to a number of factors including
the different concentration of nanoparticles in the different inks, and differences in the spin
coating deposition as described above. Images in Figure 8.1 ¢) and d) show an irregular surface.
This appears to be due to an irregular accumulation of particles during the spin coating process
where agglomerations of particles lead to irregularities in film thickness. Agglomeration of
nanoparticles at different scales has been observed in other work [3]. This may be resolved by

ultra-sonic agitation of inks before spin coating.

Mag= 10.00 ignal A = HDBED Seint. = On EHT=1500kv WD=84mm Mag= DEX al A=HDBED Seint. = On

EHT=1500kY WD= 82mm Mag= 1000KX  Signal A= HDBSD Scint. = On EHT=1500kY WD= 84mm Mag= 11.22KX Signal A= HDBSD Seint. = On
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EHT=1500kv WD=84mm Mag= 1026KX Signal A=HDBSD Seint. = On }—{ EHT=1500k¥ WD=81mm Mag= 1159KX Signal A=HDBSD Scint. = On

Figure. 8.1 SEM cross-section images at scale of 1 um for CZTS devices as a) 225 °C for 30 min
b) 275 °C for 60 min c) 250 °C for 60 min d) 225 °C for 60 min e) 275 °C for 30 min and f) 250
°C for 30 min.

8.3.2. I-V curve measurements

A Keithley 2400 source-measure instrument was used to determine the electrical properties of the
prepared CZTS devices by measuring the J-I7 curve under illumination in a Lot Oriel solar
simulator with AM1.5G irradiation. As explained in chapter 2 section 2.13, the current passing
through the solar cell devices by applying an external voltage across the devices will be measured
and read by a LabView software package. Figure 8.2 below shows the J-1” curve of the measured
devices under dark as black and illuminated as blue. Multiple measurements were taken on the
same active area and the best values reported. The active area of devices differs because of different
substrate sizes. The active area is determined from the substrate size but excludes the Au contact
area. Wire probes were used to connect with the Mo and Au back and front contacts. 6 devices
were measured (each device 4 times, choosing the best efficiency). So, calculating the SD for each
device, then equations (5.2) and (5.3) can be used.

From figure 8.2, several important parameters can be determined including Jsc, 7oc, FF and 7 as
explained in Chapter 2.

Power density for all devices under illumination is constant = 100 mW.cm™ Table 8.1 presents

the important parameters taken from the figure 8.2.
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Device Var Jur Iyp P Voc Jsc FF Area P; n (%)

V) | (mA.cm™) | (mA) | (mW) (V) | (mA.cm?) (cm® | (mW)

1 0.300 3.10 4.960 1.48 0.556 4.70 0.35 1.6 160 | 0.94 £ 0.04

2 0.411 6.30 15.10 6.20 0.693 8.67 0.43 2.4 240 | 2.60 = 0.05

3 0.300 0.70 2.100 0.10 0.425 0.96 0.08 3.0 300 | 0.03£0.20

4 0.132 0.32 0.400 0.10 0.272 0.53 0.63 1.1 110 | 0.09 * 0.03

5 0.124 0.31 0.434 0.10 0.262 0.56 0.48 1.4 140 | 0.07 £ 0.06

6 0.200 0.51 1.100 0.22 0.410 0.90 0.28 2.1 210 | 0.11£0.10

Table 8.1: Important devices parameters for the CZTS solar cells discussed in this work.

In the table 8.1, device 2 has performed 2.60 *+ 0.05% efficiency with Jsc = 8.67 mA.cm™ and
Voc= 0.693 V. These values are very low in comparison with a CZTS device with recorded
efficiency of around 10% with Jsc = 21 mA.cm™ and oc= 0.736 V [4].

These low efficiency values indicate that the fabrication of devices has not been fully successful
and means that the original purpose of correlating nanoparticle ink fabrication with device
efficiency is not possible. The low efficiency values could be due to a number of reasons. The
largest value for Jcis 8.67 mA.cm™ which is 41% of the Jsc obtained for the 10% efficiency device.
The highest 17oc obtained is 0.693 V which is 94% of the [”oc obtained for the 10% efficiency
device. This confirms that the low efficiency is due mainly to recombination losses reducing Jsc.
CZTS devices are known to have a low [“oc with this deficit due to point defects and defect
complexes altering the energy bandgap where defect states in the bandgap lead to band tailing and
bandgap reduction [5]. This is often associated with Cu/Zn antisite defects, although recent work
has indicated no cotrelation between Cu/Zn defects and bandgap [6, 7]. The low values of [7o¢
may also be related to the excess Sn that remained in the film [8]. The fact that the devices
fabricated here have a [oc which is 94% of the [”oc obtained for the 10% efficiency CZTS devices
indicates that the properties of the CZTS film here are likely to be comparable to those of other
CZTS devices.

The low efficiency measured here is due mainly to the relatively low value of Jsc which is 41% of
the Jsc obtained for the 10% efficiency device. This indicates that attention must be focussed on
reducing recombination losses. One of the main reasons for recombination losses in CZTS devices
is losses at interfaces and contacts [9]. This confirms the need to optimise the fabrication

procedures used here to improve device efficiency.
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Figure. 8.2 J-V curves for CZTS solar cells devices with different nanoparticle inks.

8.3.3. EDS mapping

EDS was used for the cross-sectional images mapping to investigate the elemental distribution of
CZTS solar cell devices. As it shows in table 8.1, device 2 has achieved the highest efficiency
among the 6 tested devices with 2.6%, thus mapping imaging for this device is shown in figure 8.3

below.
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The layers of the fabricated CZTS devices were configured as Mo/CZTS/CdS/ZnO/ITO/Au
grid. Figure 8.3 shows the distribution of all measured elements throughout the device. The MoS;
layer is clearly seen on top of Mo formed during the annealing process. This appears to have a
higher concentration of S than the CZTS absorber layer. This MoS; layer might considered to be
beneficial to the device performance if it enhanced the bandgap alignment between the CZTS and
Mo contact layer [10], although as noted above it may also increase recombination losses. The Mo
element map shows diffusion of Mo throughout the full device structure. However, this is not due
to diffusion of Mo, but appears because of strong overlap of the S K and Mo L EDS peaks. The
Mo map shows a higher concentration in the Mo contact layer. It is not possible to say anything
about diffusion of Mo into the device because of the overlap with the S EDS signal. The S element
map shows a higher concentration of S in MoS, compared with CZTS. This requires further
investigation to determine the impact on device efficiency. Figure 8.3 confirmed that Cu, Zn, and
Sn were distributed approximately evenly and uniformly among the CZTS nanocrystals. This
supports the conclusion above that these CZTS layers are comparable to those in higher efficiency
devices. The CdS layer is extremely thin at around 50 nm. CdS deposited by chemical bath
deposition is conformal following the underlying surface. This conformal behaviour is seen in the

maps below. The layer of ITO is observed to have been deposited as expected.
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Figure. 8.3 EDS mapping of device 2 of CZTS solar cells at scale of 2.5 um.



8. Impact of the reaction conditions of CZTS nanocrystal ink on solar cell device performance 191

In conclusion, the overall low efficiency indicates the need to optimise the device fabrication
process and that because of this, it is not possible to determine the impact of different absorber

layers on device efficiency as originally intended at this stage.
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Chapter 9:

Conclusions

9.1. Conclusions

In this thesis, CZTS thin film nanoparticle inks as absorber layers for thin film solar cells were
studied systematically to find out the optimum synthesis conditions for high-performance thin film
PV devices. The detailed study was divided into four experimental chapters. One was an
investigation of the CZTS nanocrystal ink fabrication conditions: reaction temperature, time and
tin content and their effect on the structural and optoelectronic properties of CZTS thin films.
The second investigation was on the CZTS ink deposition conditions: spin coating speed and
acceleration index. The third was on the post-deposition thin films annealing treatment conditions:
temperature and time. These three chapters were followed by a chapter on applying these findings
to build up complete CZTS solar cell devices and test their performance to determine the impacts

of the tested variables on the CZTS solar cell device efficiency.

In chapter 5, using the hot injection method, CZTS nanoparticle thin film inks were successfully
synthesised. The deposition of the inks was successfully achieved by the spin coating technique. A
range of different reaction temperatures (225 °C, 250 °C, 275 °C and 300 °C) were investigated to
find out the effect on the properties of CZTS thin films using XRD, SEM microscopy, EDS,
Raman and UV-vis spectroscopy. The crystal d-spacing, « and ¢ lattice constants and scattering
domain, and the Raman peak positions of samples fabricated at reaction temperatures 250 °C and
300 °C showed values corresponding most closely to other literature reports. Moreover, the SEM
image for 250 °C demonstrates the most uniform nanoparticles with small gaps compared to the
other reaction temperatures. The EDS wvalues for this sample showed a ratio of
Cu/(Zn+Sn) = 0.82 £ 0.01 and Zn/Sn = 1.19 + 0.02 demonstrating the formation of Cu-poot,

Zn-rich CZTS at 250 °C, the composition at which higher efficiency devices are known to be
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achieved. The bandgap, determined from a Tauc plot analysis, shows that the two temperatures
(225 °C and 250 °C) result in bandgaps closest to the theoretical bandgap of CZTS at 1.55 £ 0.02
and 1.48 = 0.03 eV. Both Raman and UV-vis spectroscopy identified the presence of possible
secondary phases, although there was no consistent correlation between Raman and UV-vis data.
From these characterisation results, the reaction temperatures of 225°C, 250 °C and 275 °C wete

used to carry out the later systematic study in the following chapters.

The reaction time of the synthesised CZTS nanoparticles was studied and reported in the same
chapter using the same procedure for producing the CZTS thin film inks. The reaction times
investigated were 15, 30, 45 and 60 minutes, at the temperatures reported above. The sample of
250 °C with 30 minutes reaction time demonstrated the closest values of X-ray peak locations, d-
spacing and «, ¢ lattice constants to the reference PDF card 026-0575 of CZTS. The Raman peak
positions corresponded well with other literature papers especially with reaction temperature of
250 °C for 30 minutes. Two secondary phases of SnS and CusSnS, with a Raman peaks at 288 and
317 cm™ were present in the 250 °C for 30 minutes sample. The bandgap energy confirmed a
systematic increasing trend with the increase of the reaction times in all samples. In addition, the
SEM microscopy image for the 250 °C for 30 minutes sample shows the most uniform
nanoparticle film with less cracks and gaps compared to the other samples and displaying a uniform
size distribution. The EDS values show an excellent ratio for Cu-poor, Zn-rich in 250 °C for 30
minutes with Cu/(Zn + Sn) = 0.82 £ 0.06, Zn/Sn = 1.21 + 0.80 and S/(Cu+Zn+Sn) = 1.17

0.20. Analysis of data was not able to identify any clear, consistent correlation between CZTS
composition, primarily the Sn/Cu ration, and the energy bandgap as has been identified in
previously published work. From the characterisation results, 250 °C for 30 minutes was used for

the following study.

The tin content of the synthesised CZTS nanoparticles was studied using the range of
(0.60-0.90 mmol) of Sn using the synthesis conditions reported above. Characterisation of the thin
films showed that Raman peak positions (338, 337 and 342 cm™), d-spacing (0.3126, 0.3128 and
0.3145 nm), « lattice value (0.5416, 0.5417 and 0.5443 nm) and ¢ lattice value (1.0821, 1.0844 and
1.0917 nm) had values corresponding to other literature papers for samples having 0.70, 0.75 and
0.85 mmol of Sn. In addition, the SEM image of the 0.75 mmol sample showed uniform
nanoparticles compared to the other samples. The EDS values shows an excellent ratio for Cu-
poot, Zn-rich in 0.75 mmol of Sn where this ratio is Cu/(Zn + Sn) = 0.83 * 0.40,
Zn/Sn = 1.09 £ 0.30 and S/(Cu + Zn + Sn) = 1.12 + 0.20. This is close to the composition found
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in the most highly efficient CZTS solar cell devices. The Tauc plot showed that the samples of
0.70-0.85 mmol of Sn had energy bandgap values (1.42 £ 0.02, 1.44 + 0.02, 1.52 £ 0.04 and
1.53 £0.02¢eV) close to the theoretically expected bandgap values of CZTS. From the
characterisation results, sample Sn3 with 0.75 mmol of Sn was identified as the optimum tin
content for the initial step for PV device fabrication. A clear correlation was found with increasing

Sn content leading to increased energy bandgap.

In chapter 6, the hot injection reaction temperature of 250 °C for 30 minutes with 0.75 mmol for
Sn are used to fabricate CZTS nanocrystal thin films for assessing the impact of spin coating
parameters. The deposition of the inks was successfully done by dynamic spin coating. Different
spin coating speeds 1300-9700 rpm were used to study their effect on the properties of the
deposited ink films. The sample of 2500 rpm exhibited the desired compositional ratio for
Cu-poor, Zn-rich for highly efficient solar cell devices confirmed by EDS with
Cu/(Zn + Sn) = 0.82 + 0.40, Zn/Sn = 1.07 £ 0.01 and S/(CutZn+Sn) = 1.12 £ 0.01. The
bandgap shows values close to the expected theoretical bandgap values of CZTS for all samples
ranging between 1.40 * 0.03 to 1.52 * 0.02 eV. The sample of 2500 rpm was used for later work
as it was the most suitable spin coating speed. Increased spin coating speed produced films with

smaller scattering domain sizes, but no clear trend in the energy bandgap.

The acceleration indices of 001-030, corresponding to acceleration values of 80-2400 rpm s?, were
used to investigate their impact on the properties of CZTS nanoparticle films. Based on the Raman
data, there was a possible secondary phase of SnS present at peak location of 288 cm™ in the
sample of acceleration 2400 rpm s?. In addition, the SEM image for acceleration 2400 rpm s~
presents the most uniform nanoparticles in comparison with the other samples with particle size
of around 14 * 3 nm. Importantly, it was found that acceleration index has a more pronounced
impact on CZTS films than spin coating speed. Increased acceleration index produced films with

smaller scattering domain sizes, more Zn, less S, and a systematically larger energy bandgap.

In chapter 7, the post deposition annealing temperatures and times were studied. A set of annealing
temperatures was used at 560 °C, 585 °C, 610 °C, 635 °C in an atmosphere of N2:H,S 80:20, and
585 °C with N only atmosphere for one hour. Table 7.4 shows that the bandgaps of all samples
(1.52£0.01,1.50 £ 0.01, 1.41 £ 0.02, 1.40 + 0.02 and 1.58 & 0.03 eV respectively) are in the range
of accepted values of the expected theoretical bandgap values of CZTS. The temperature of 585°C

was identified as the best temperature and used to continue the systematic study.
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The impact of different annealing times of 30, 60 and 120 minutes were studied. The energy
bandgap of the 60- and 120-min annealing time periods, 1.50 £ 0.01 and 1.56 * 0.03 eV,
correspond well with that of the expected theoretical value of CZTS nanocrystal thin film. It seems
that using too short annealing times was not sufficient to form crystalline CZTS. The EDS values
showed a desired ratio for Cu-poot, Zn-rich in sample 60 min with Cu/(Zn + Sn) = 0.83 + 0.02,
Zn/Sn =1.17 £ 0.02 and S/(Cu + Zn + Sn) = 1.32 + 0.01. The temperature of 585°C for 60 min

annealing time in HyS:N, was the most suitable annealing temperature and time.

In chapter 8, the CZTS nanocrystal thin film fabrication conditions which were identified in
chapters 5, 6 and 7 were used to build up CZTS devices to test PV device performance. These
conditions are reaction temperatures (225 °C, 250 °C and 275°C) for 30 and 60 minutes. Six CZTS
solar cell devices were built, testing their I-]” characteristics and PV conversion efficiency
performance and cross section imaging the interfaces between the layers by SEM and EDS. The
cross-section images of the devices by SEM showed a thick layer of around between 1630 to 4680
nm of CZTS in all devices. Among the devices tested, 2.6 = 0.05% was the highest efficiency
performance reported with ¢ = 8.67 mA.cm™ and Voc = 0.693 V. The EDS mapping image was
presented for the highest PV efficiency device performance. PV device performance results
identified the need to reduce recombination losses, potentially due to interface and defect
recombination. EDS element maps identified significant interdiffusion of elements throughout the
device structure. As a result of high recombination losses, it was not possible to correlate overall

device efficiency with CZTS fabrication conditions.

9.2. Recommendations for future studies

At the end of this study, several challenges are still not fulfilled to deepen the understanding of the
CZTS absorber layer. These challenges include the following:

e The CZTS nanoparticle thin films inks were prepared by the hot injection method which
is a chemical one. Stability of the pure phase of CZTS nanoparticle thin films inks for long
term usage can be difficult and should be studied in more depth.

e Controlling the Mo/CZTS interface is a crucial challenge.

e Controlling the uniformity of CZTS by more reproducible approaches to spin coating

deposition is required.
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e Strategies to reduce recombination losses are essential to improve device efficiency and to
enable the correlation of CZTS absorber layer properties with overall PV device

performance.



