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Abstract

Cuz2ZnSnS, (CZTS) quaternary semiconductor compound has potential properties for low cost
thin film solar cells. It is composed of abundant elements and non-toxic material, with
desirable properties for thin film photovoltaic (PV) applications such as high absorption
coefficient close to 104 cm! and a band gap close to 1.5 eV. CZTS has been successfully
fabricated by non-vacuum hot injection methods with a pure sulphur source. High
concentrations of CZTS nanoparticle inks were deposited onto clean glass by spin coating

techniques to study the CZTS nanoparticle ink quality.

This thesis reports the study of the influence of fabrication conditions for CZTS including
temperature and time on structure and optical properties. This reveals that these temperature
conditions 185, 205, 225, 245 and 265 °C with reaction times of 0.5, 1.0, 1.5 and 2.0 hours have
strong effects on CZTS properties. The nanoparticles were deposited onto glass by the spin
coating method. We report measurements made by UV-VIS spectrophotometer, Scanning
electron microscopy, TEM, X-ray diffraction, energy dispersive X-ray spectroscopy and Raman
spectroscopy. The results confirm energy band gaps decreases with increasing reaction
temperatures. For increasing reaction times from 0.5 to 2.0 h the energy band gap increases
with increasing reaction time. X-ray diffraction and Raman spectroscopy were used to study the
structure of CZTS nanoparticles and show the crystal structure improves with increasing
reaction temperature and times. It is also observed from SEM and TEM measurements that the
size of particles increases with increasing reaction conditions. CZTS nanoparticles of differing
composition (stoichiometric, Cu-poot/rich and Zn-poot/rich) ate prepared to investigate the
impact of composition on the properties of the thin films. Films are characterised using X-ray
diffraction, electron microscopy, Raman spectroscopy and photoluminescence spectroscopy.
Cu-rich sample has CusS secondary phases identified by a Raman peak at 475 cml. The result
confirmed that the band gaps depend on the copper and zinc content as well as the particle
size. The implications for PV devices are discussed. The results confirm that the optimum
conditions for synthesising high quality nanoparticles are 225 °C for 1.0 h. this results in

nanoparticles of dimension 35 nm with band gap of 1.5 eV, which are Cu-poor and Zn-rich.

The effect of thin film annealing parameters including temperature, time, ramping rate and
atmosphere on the structure and optical properties are studied. XRD, Raman Spectroscopy,
SEM and EDX are used to analyse films and demonstrate that the crystallinity of CZTS and

homogeneity of elements improves with annealing conditions. This is an important factor for



CZTS thin-film solar cells. The crystallinity, structure and chemical composition of CZTS thin
film increased and improved under HoS+Nz atmosphere. It is concluded that annealing at 500
°C for 1 h with 10 °C/min under HS (20%) +N2 (80%) atmosphere is a suitable condition for

CZTS thin films used in solar cell devices.

CZTS solar cell devices which consist of substrate, back contact layer, followed by the main
layer in this project; absorber layer, buffer layer, window layer, transparent oxide layer and grid
layer were deposited as Mo foil/CZTS/ CdS/ i-ZnO/ ITO/ Al Different thicknesses of
CZTS layers were to study optical and electrical properties using Photoluminescence (PL) and
I-V measurements. For PL. measurements, the main peaks may correspond to CZTS in the
range 1.35-1.55 eV. This study focused on the first four peaks, P1, P2, P3, and P4 at energies
1.38, 1.45, 1.55 and 1.63 eV for all samples. The most intense PL peak found at 1.55 eV is
thought to be due to recombination of CZTS. The results confirm that all peaks have k-values
less than 1. The values of K are in the range 0.75-0.92 +0.02 which are related with radiative
transition involving defect states. The PL peak energy has a blue shift to higher energy with
increasing excitation power. However, a small peak shifts in the range between 1.0 and 4.0
meV/decade is seen in all samples. PL results confirm radiative transitions from defect states
with electronic levels which are influenced by fluctuating potentials. This limits solar device
performance. SEM images of devices show some unexpected features at the interface between
CZTS and other layers: CdS and ZnO. This is shown to impact I-V characteristics. Damage in
the device layers leads to loss of current collection and more investigations identified the
source of the damage. Cross section images show uniform CZTS layers in the majority of
devices. EBSD cross sections are used to identify the quality of crystal and phase orientation in

the layer.
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Chapter 1: Introduction

1.1: Overview

Incident sunlight passes through the atmosphere and reaches the earth surface and releases
light and heat. Some of this heat is reflected back toward space but other is absorbed by
greenhouse gases; water vapour, CO,, methane and nitrous oxide, which act as a thermal
blanket absorbing heat and warming the surface to life supporting (15 °C) [1, 2]. On the
other hand, human activities act to change the natural greenhouse balance. For instance,
carbon dioxide is the primary cause for global warming which is produced from burning

fossil fuels [3].

Global CO, emissions from fossil fuels and industry have increased every decade from an
average of 3.170.2 GtC yr' in the 1960s to an average of 9.4%0.5 GtC yr'during 2007—
2016. The growth rate in these emissions decreased between the 1960s and the 1990s, from
4.5%yt" to 1.8%yr " for the last decade (2007-2016) and to +0.4%yr" during 2014—2016.
China’s emissions increased by +3.8%yr' on average (+1.7 GtC yr' during the 10-year
petiod) dominating the global trends, followed by India’s emissions increasing by +5.8%yt"
(+0.30 GtC yr'"), while emissions decreased in EU28 by 2.2%yr" (-0.23 GtC yr') and in the
USA by 1.0%yr" (-0.19 GtC yr') [4].

Fossil fuels including oil, natural gas and coal are still the most dominant source for energy
in the world with consumption above 85 %. According to BP statistical review of world
energy 2017, oil is still the first primary energy consumption which equal to 33 %, but it
declined slightly in market share compared to two years of growth. Coal’s market share fell
to 27.6% which is the lowest level since 2004. Natural gas accounted for a record 23.4% of
global primary energy consumption. However, the renewable energy (solar and wind)

reached a new high of 3.6% by the end of 2017. However, the consumption of energy
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sources in the world is shown in the Figure 1.1. This shows significant increased growth of

the global renewable market in 2017 [5].

m O m Hydroelectricity 50
o Coal Nuclear energy
W Natural gas B Renewables

40

/

65 67 69 71 73 75 77 79 81 83 8 8 89 91 93 95 97 93 01 03 05 07 09 11 13 15 17 0

Year

Figure 1.1 Shares of global primary energy consumption (Percentage), BP Statistical Review of World Energy

2017 [5].

Renewable energy resources have been given specific attention as alternative to fossil fuels
such as hydropower, geothermal, wind, and solar which play an important role for reducing
greenhouse emission, and using these resources leads to reduced fossil fuel. Moreover,
renewable energy resources provide an optimal solution for the shortage of energy

resources and for addressing the issue of climate change.

The total global solar power installation capacity in 2017 reached 99.1 GW which increased
the accumulated global power capacity by 32% from 306.5 GW in 2016 to 404.5 GW by
the end of 2017. Moreover, as shown in Figure 1.2, China is still dominant in the solar
market and connected close to 52.8 GW to the grid in 2017 which increased the total
capacity to 130.7 GW. United States has an annual installed capacity of 10.6 GW which fell
from the record level to 14.8 GW in 2016. The third largest solar market is Japan which has
an annual installation close to 8.6 GW in 2016 which continues to fall to 7.2 GW in 2017.

However, the top 10 global solar photovoltaic markets with cumulative PV capacity shared

2
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by the end of 2017, China still took over the first position of the world solar market. China
owning around 33 % of the world power capacity, followed by USA which had installed
capacity of 51.5 GW representing 13 %. Japan was the third of global capacity of 49.3 GW

which will shrink further because decline of government support for solar [6, 7].

® China M Japan W India W Australlia
m USA ® Germany = Italy = United Kingdom
France = Spain Rest of World

Figure 1.2 The top 10 global solar photovoltaic markets with cumulative PV capacity shared by the end of

2017 [6].

Fourth rank was Germany by 42.9 GW, equal to 11 %. Other countries shared the global
capacity which exceeds 10 GW; Italy at 19.3 GW (5 %) and UK at 12.7 GW (3%), while
India increase total capacity to 19.1 GW (5 %). Moreover, other countries sharing global
capacity at less than 10 GW were France at 8 GW (2 %), Australia at 7.3 GW (2 %) and
Spain at 5.6 GW (1 %)][0].
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1.2: Element abundance and cost

Despite the fact that CIGS and CdTe have high efficiency in thin film solar cells, they still
have some negative issues regarding abundance and cost. However, In, Se, Cd, and Te are
less abundant elements as shown in Figure 1.3. It can be seen that the cost of In is the
highest cost of materials used in thin film solar cell followed by Ga and Se. However, the
most popular low-cost and abundant materials compared with other thin materials are
Cu,ZnSnS, (CZTS) thin film. CZTS is similar to CulnGaSe (CIGS), though it replaces Ga
and In with nontoxic, abundant elements zinc and tin, more details on this are given in
chapter 2. CZTS is a nontoxic material and composed of elements of high abundance in

the Earth's crust.

10 = 1000
[ Crustal abundance (ppm by weight) ;

10° - Il Price (USD/Kg)
g_ 10° : - 100
= F =

10' >
(] 0

10 - 10 O
= E 2
=1
Ko} 1 [0

10 o
> 3
-— 2 -
s 10 1
&)

10°

10™ =~ 0.1

Cu Zn Sn S Cd Te In Ga Se
Elements

Figure 1.3 The abundance and price of different elements that used for synthesising thin film solar cells [8].

Each component of CZTS is abundant in the earth’s crust (Cu: 68 ppm, Zn: 79 ppm, Sn:
2.2 ppm, S: 420 ppm) [9-11]. Moreover, copper, zinc, tin and sulphur are lower in cost

compared to indium and other common PV materials as shown in Figure 1.3 [8].
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1.3: Evaluation of efficiency of different solar cells materials

The Shockley-Queisser efficiency (SQ) limit [12] or detailed balance limit is a theoretical
calculation of the efficiency of single absorber layer as a function of the semiconductor
band gap. The Figure 1.4 shows the dependency of single layer efficiency of different

semiconductor as a function of band gaps.

35 -
30 —
7 O
25 - 1 L€ad Perovskite
o cigs B O Gai;P
20 - | O

CdTe

Efficiency (%)

v T v v
1 2 3 4

Band gap (eV)

Figure 1.4 The Shockley-Queisser efficiency limit as a function of band gaps of some materials [13]. Line is

theoretical limit, points indicate current record efficiencies of different solar devices

It can be seen that a band gap of absorber materials in the range 1.1 to 1.5 eV is required to
achieve good photon conversion which results in a theoretical maximum efficiency of 32 %
(V.. and FF increase, and J,. decreases with increasing band gap) under standard AM1.5G
conditions [14]. However, according to the principle of detailed balance an electron and a
hole which is created as a result of absorption of photon can recombine and emit a photon,
this process can reduce and limit the efficiency of the cell. To overcome Shockley-
Queisser limitations, multijunction tandem solar cell can be designed which achieve higher
efficiency above SQ limit at 46 % [15] or by solar radiation concentrators [16] as shown in

Figure 1.5.




Chapter 1 Y. ALTOWAIRQI

The National Renewable Energy Laboratory (NREL) records and updates the record
conversion efficiencies of various photovoltaic (PV) technologies such as multi-junction
cells (concentrator and non-concentrator PV), single junction GaAs, crystalline Si cells, thin
films technologies and emerging PV (dye sensitized, perovskite and organic solar cells) as
shown in Figure 1.5. However, multi-junction concentrator solar cells are the most efficient
solar cells technology with 46% efficiency, whereas non-concentrator solar cells with three

and four junctions achieved efficiency close to 39%.

In addition, other technologies with concentrator single crystal technologies achieved a
high efficiency compared with non-concentrator solar technologies but all single junction
devices are still under the maximum theoretical conversion at 33% according to Shockley-
Queisser limit [12].

Best Research-Cell Efficiencies LINREL

52

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies

LM = [attice maiched © CIGS (concentralor)
481 M= metamonnic ® Cics

MM = inverted, metamorphic O Cdle

¥ Three-junction (concentrator) © Amorphous SiH (stablized)
44 W Three-junction {non-concentrator)

A Two-junction (concentrator)

A Two-junction (non-concentralor)

B Four-unction of more (concentrator)

O Fourjunction or more (non-cancentralor)

Sharp
(MM, 30) Sotec

.
=
T

Single-Junction GaAs

A Single crystal

A Concentrator

W Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrator)

W Single crystal (non-concentrator)
O Multicrystaline

@ Siicon heterostructures (HIT)
W Thinfilm crystal

o
=2

o
[~
T

[
=5
T

Efficiency (%)
T

01

oLt o7 "1 o T . T - Ll T T T I O O
1975 1980 1985 1930 1895 2000 2010 2015 2020

Figure 1.5 The solar cell efficiencies according to National Renewable Energy Laboratory (NREL) for

different technologies: multijunction cells, single junction cells, thin film technologies and emerging PV [17].

However, other techniques are used to fabricate solar cells and give different efficiencies
such as single silicon crystal ~ 20-27%][18]; despite the fact that crystalline silicon is widely
available , relatively inexpensive and currently dominates the market, it has some limitations
such as it requires thick layers, because it has a lower absorption cross section which will

increase costs compared to amorphous silicon (a-Si) which has a higher absorption cross

6
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section and low processing cost which has an efficiency close to 12.69 %][19]. Other thin
film technologies have higher efficiency ie. CdTe ~ 22.1% [20], CIGS ~21.0% [21]. In
these materials rare elements such as indium, gallium and tellurium are used, also, some are
toxic materials such as cadmium which leads to increase manufacturing cost. However, it is
clear that the highest level of efficiency of CZTS was 11 %, which occurred when using co-

sputtering methods [22, 23].

1.4: Aims

The aims of this work is to optimise the experimental process to synthesise CZTS
nanoparticle inks by using the hot injection method and spin coating deposition techniques
to produce thin films and to study the effect of different parameters such as temperature,
time and composition on the CZTS properties, structure and optical properties. Also, to
study the effect of annealing parameters on the CZTS properties. Lastly, to optimise the

design of the cell architecture and study the device performance.

1.5: Structure of the thesis

Following this chapter the principle of solar cells physics and the literature reviews of the
fundamentals of CZTS nanoparticles properties are presented. Chapter 3 describes the
fabrication process of CZTS nanoparticles and films and the experimental techniques of
materials synthesis and CZTS device fabrication and characterisation. Chapter 4 reports the
synthesis and characterisation of CZTS under different fabrication conditions. Chapter 5
present the effect of different chemical composition on CZTS structure and optical
properties. Chapter 6 describes the influence of annealing parameters on CZTS properties.
Chapter 7 reports optimised design of the cell architecture and study of the device
performance. Chapter 8 concludes the scientific findings of the thesis and proposes further

work to be carried out.
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Chapter 2: Overview of principle physics of solar cells and literature
review of Cu,ZnSnS,

2.1: The physics of solar cells

Solar cell devices are semiconductor devices that consist of a p-n junction that acts to
convert sunlight (photons) into electrical energy. The process of the conversion of energy
has many steps, such as light absorption, the excitation of the electrons from the ground
state to the excited state to generate of hole-electron pairs (photogeneration). The presence
of the electric field in depletion region between p-n junctions acts to separate free
electrons and holes by moving them in opposite directions, which leads to these travelling
through an external circuit creating a flow of electric current [1]. However, a single solar
cell provides a small amount of voltage and current, it is required to connect many cells

together as modules that further assemble into arrays.

2.1.1: Solar spectrum

Solar radiation consists of electromagnetic radiation that is emitted by the space. The
spectrum of the solar radiation can be assumed as a black body emitted at 5800 K [2]. The
amount of power incident on the earth per unit area and the spectral characteristics of sun
light are important parameters for the study of solar cells. The effect of the atmosphere on
the solar spectrum and the power incident density can be modelled by the air mass factor
AM, which is defined as the path length which sun light takes through the Earth’s

atmosphere [3]. When the sun is at the angle with the zenith 6, the air mass is given as [4],

Air Mass (AM ) :ig 2.1)
oS
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The amount of power density incident outside of the Earth’s atmosphere is 1353 Wm?,
which is called the solar constant. The standard solar spectra for space labelled as AMO0,

corresponds to the solar spectrum incident on the atmosphere, as shown in Figure 2.1.
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Figure 2.1 Solar cell spectra under AMO and AM1.5 [5].

On the other hand, when the sun’s spectrum reaches the Earth’s atmosphere, it will
experience some reflection, scattering and absorption by some elements and components
of the atmosphere including main absorptions by H,O, O,, CO,, and O;. For the purpose
of solar cell measurements, the average standard of the solar spectrum at AM1.5 is used 60
= 48.19°. The standard spectrum at the Earth's surface is called AM7.5G, where, G stands
for global and includes both direct and diffuse radiation or .AM7.5D, which includes direct
radiation only. Due to absorption and scattering of radiation, the intensity of AM7.5D
radiation is lower than the AMO spectrum by 28%. Therefore, the global spectrum is 10%
higher than the direct spectrum. These calculations give approximately 970 Wm™ for
AM1.5G. However, the standard AM7.5G spectrum has been normalized to give 1 kWm™

due to the natural variations in incident solar radiation [6, 7].
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2.1.2: Absorption of light

There are two kinds of semiconductor materials, which are defined according to their
energy band gap: direct band gap semiconductors and indirect band gap semiconductors.
However, in a direct band gap semiconductor, the maximum of the valence band and the
minimum of the conduction band occur at the same value of the crystal momentum [8].
For any electronic transition to take place, the absorption conditions are purely based on
the band gap of the material and the photon energy. The E-£ diagram presents the direct
and indirect band gap as shown in Figure 2.2 (a,b).

a) GaAs b) CZTS
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Figure 2.2 (a,b)Direct band gap of GaAs and CZTS and (c) indirect semiconductor band gap of Si [9].

In the direct band gap, the photon with enetrgy /v gives tise to the excitation of an electron
from the valence band (E) to the conduction band (Ef). The energy conservation is given
by Ey— E; = hv. Also, the momentum conservation is given by /ik; + hik,pos0, = Tiky, wherte
Erand E; are the electron energy at the final and initial states, respectively. Due to photons
having a very small amount of momentum generally assumed to be zero; they can produce
electron-hole pairs easily in a direct energy band gap. On the other hand, in an indirect
band gap semiconductor, the minimum of conduction band energy and the maximum
energy of the valence band occur at a different value of momentum. For any transition to

take place, one needs a phonon, which can supply the crystal momentum equal to the
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difference between the conduction band minimum and the valence band maximum, for

example, silicon Si as shown in Figure 2.2 (c).

In an indirect band gap, the energy conservation is given by Er— E;+ Epjguo, = hv for
emission and Ey— E; — Epponon = hv for absorption. Also, the momentum conservation is
given by fik; = hik; + hikyjonon, Where Eyand E ; are the electron energy at the final and initial
states, respectively as shown in Figure 2.2 c. However, the probability of absorption in the
direct semiconductor band gap is higher than in the indirect semiconductor band gap. As a
result the thickness of the direct semiconductor is lower than in the indirect band gap to

give the same absorption [7].

2.1.3: Junctions in semiconductors

There are three kinds of junctions in semiconductor devices: metal (schottky and ohmic)
junction, homojunction and heterojunction semiconductors, all of which are used in solar
cell devices. The metal-semiconductor junction is created at the interface, and it depends
on the work function (the energy between Fermi level and vacuum level) for both the metal

and the semiconductor [10].

Vacumun ] Vacumumn VACIIHY
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N b, ® b
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E: |::>
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Kl I\, B —| —
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Ohmic Junction Schottky Junction

Figure 2.3 Ohmic and Schottky junctions for a p-type semiconductor before and after contact. Labels in the
figure, M is metal, Ef is Fermi level, Eg is the energy bandgap, ®@n, is work function for metal and @ is work

function for semiconductor.

For the Schottky junction, when the metal comes into contact with the p-type
semiconductor, the work function for metal is smaller than the work function of the
semiconductor. Therefore, the holes diffuse to metal until the Fermi level is aligned, leaving

behind the negatively charged acceptor atoms, and the depletion region is created in the
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semiconductor region. In this case, the hole will face a barrier height which is called the
Schottky barrier, which prevents them from crossing the junction. For the Ohmic junction,
it is created when the work function of the metal is greater than the p-type semiconductor.
Thus, the holes in the semiconductor will transport freely because they do not face any

barrier as shown in Figure 2.3 [11, 12].

The homojunction semiconductor is created when the p-type and n-type semiconductors
are made from the same material, whereas the heterojunctions are created when they are
made from different materials with different energy band gaps. However, in the
heterojunction, a barrier to transport (energy spike) between p-n junction is created,

whereas it does not appear in the homojunction.

2.1.3.1: p-n under equilibrium

Generally, under equilibrium, when the p-type and n-type semiconductors are combined,
different concentrations of charge carriers will occur. The electrons and holes diffuse
across the junction; the electrons move to the p-type semiconductor and leave behind a
positive charge in the n-type semiconductor and the holes will move to the n-type and
leave behind a negative charge in the p-type semiconductor until the Fermi level is aligned.
Thus, the electrical field is produced as a result of the junction formation, which acts to

attract the charge carrier in an opposite direction to diffusion gradient.

Space charge region

Drift : : >
1
p-type I
___________________________ |
o0 00 :
Diffusion :
| 5
- '@ Drift ’
quasi neutral region -\, N, quasi neutral region

Figure 2.4 p n junction semiconductors.
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The regions close to the junction become depleted of charge carriers, as shown in Figure
2.4. This region is also called the space charge region. The width of the depletion region
depends on the built-in potential (which is a result of the differences between the Fermi
energy levels of the p and n-types), the ionised acceptor N, and the donor N

concentration [8, 13].

The built in voltage can be given by the difference between the Fermi levels of both p-type

and n-type sides as a result of diffusion process:

v, k_T.[ﬂj 02
q n,
2 _Eg
n" = NN, exp T (2.3)

For depletion region (space charge region) the width is given by:

W :Xn+xp — 2‘c"ogr(\/bi)[NA—i_NDJ (2.4)
q N,Np

Where W is the depletion width, ¢ is the dielectric constant, Vpjis the built-in potential and

Na and Np ate the doping concentration of acceptor and donor respectively, Ni” is the intrinsic

concentration.

2.1.3.2: p-n junction under biases
2.1.3.2.1: Forward bias

When the p-n junction connects to an external voltage under forward bias, it connects the
positive terminal to the p-side of the p-n junction and then connects the negative terminal
to the n-side of the p-n junction, which now tends to decrease any potential barrier in the
depletion region, causing its width to decrease. The positive terminal forces holes towards
the junction, and the negative terminal forces electrons towards the junction. A current
flows, the direction of the holes and the electrons’ diffusion currents are from the p side to

the n side, and the electrons’ and holes’ drift currents are from n side to the p-side (it is
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unaffected). Therefore, the holes’ and the electrons’ diffusion current increases rapidly and
exponentially when the applied voltage is increased [8], and the depletion width region is

given by rewritten equation (2.4) as

W 2868 (Ve —V)(NA+NDJ 05
q NAND

2.1.3.2.2: Reverse bias

When the external voltage contacts are reversed, the polarity of the terminal of the voltage
source is such that as it reinforces the electric field across the junction, the potential barrier
across the junction increases, and the thickness of the depletion region also increases. The
positive terminal pulls electrons in the n-type side away from the junction. The negative
terminal pulls holes in the p-type side away from the junction. Therefore, the net junction
current is only a drifting current from the p-side to n-side. Thus, the current flowing
through the junction is called a reverse saturation current. The p-n junction is said to be

reverse biased [8§].

The theoretical equation that is used to describe the current—voltage relationship for the p-

n junction is called the Shockley equation [14]|. For real diode, the following equation is

J=Jq {exp( A?(VT j—l} (2.6)
B

where Js is the saturation current, A is the ideality factor, T is the absolute temperature, Kg

used:

is the Boltzmann constant, ( is the electron charge and V is the voltage at the terminals of
the cell. The ideality factor accounts for the recombination of the electrons and the holes in
the depletion region, which tends to decrease the current. The value of ideality factor N is
between 1 and 2; when n equal to 1 the current is mostly diffusion current, and when n

equal to 2 the current is limited by minority carrier recombination.
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2.1.3.3: p-n junction under illumination

When solar radiation is absorbed in the p-n junction, electron-hole pairs are generated,
which leads to carrier generation in the space charge region and the quasi-neutral region.
These charges in the depletion region will sweep electrons towards the n-side and holes
towards the p-side due to the electric field, while the carrier generation in the bulk of the p-
n junction will move randomly because there is no electric field to guide them in any
direction. As a result, some of the minority carrier generations will come near the space
charge region edge, where they will experience a force due to the electric field and will be
pulled out at the other side. Thus, the minority carrier only crosses the junction. In other
wortds, the minority electron from the p-side drifts to the n-side, which leaves behind its
positive charge in the p-side (holes), and the minority holes from the n-side drift to the p-
side, which leaves a negative charge in the n-side (electrons). Therefore, there is a net
increase in the positive charge at the p-side and a net increase in the negative charge at the
n-side. The build-up of the positive and negative charges causes potential differences to
appear across the p-n junction due to light falling on it. This generation is called the
photovoltaic effect. When photon light hits the solar cells, it results in a large drift current
due to the flow of minority electrons and holes; this is called the light generation current,
and it adds to the current generated by biasing. However, the generation of photovoltaic
effect reduces the potential energy barrier of the junction, and there is a diffusion of the

current flowing in the opposite direction of the light-generated current [8].

There are three simultaneous processes happening in the p-n junction: recombination,
charge drift and charge diffusion [15]. The generation of an electron and hole pair occurs
when exciting the electron from valence band to conduction band (photogeneration),
whereas, the recombination process involves the direct annihilation of the electron from

conduction band with holes in valence band.

During drift, the electrons and holes motion is in response of the electric field. When the
electric field is applied in semiconductor, it accelerates the positively charged holes in the
direction of electric field and the negatively charged electrons in opposite direction of the
electric field and the current flow. The drift current is described by the average drift
velocities of holes and electrons which is proportional to hole and electron mobilities,

density and electric field [16].
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Joai = —ANVy =qnu, & @7

The minus sign in the above equation is due to the direction of electron drift current

density which is opposite to drift velocity.

For holes
J o =APVy =P, S (2.8)

where, ( is electron charge, N and p are electron and hole concentration, respectively, and
Vn.drift and Vp gritt are the drift velocity of electron and hole respectively and ¢ is the electric

field. So, the total drift current density is

Jaritt = Jnarie +J p.drift 2.9

Jain =Nty + pat, ) € 2.10)

However, additional to drift current density, there is another important current component
which is called the diffusion current which depends on the concentration gradient of
particles, when the charges from high concentration region diffuse to the region with low
charge concentration, thereby the constituting current flow. So, the diffusion current is a
result of motion of electrons and holes along a concentration gradient. So, the diffusion

current density for electron and holes can be expressed as

on
J .. =qD,— 2.11
n.diff q n 8X ( )
op
‘]p.diff :_qu& (2.12)

The minus sign is due to the direction of the hole current being opposite to the direction of
the increased concentration gradient.

Lastly, when the concentration gradient and electric field present across the p-n
semiconductor junction, the diffusion and drift current flow and the total current density is

given by
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on

‘]n = Jn.druft + Jn.diff = qn/uné-" an & (2.13)
op

J p =J p.druft +J p.diff = qp/lpé: - qu & (2.14)

The total current density in p-n junction due to both drift and diffusion current can be
given
J=J,+J; (2.15)
on op

J =anu,&+qD, &4‘ ap,& —qD, x 2.10)
Where
J is the total current density, q is charge, Jy and Jp are total electron and hole density
respectively, Dp and Dp are the diffusion coefficient of electron and hole respectively,

on

x and Z—p are the electron and hole concentration gradient, & is the electric field, N and
X X

p are the electron and hole concentration respectively, and g and g are the electron and

hole mobilities respectively.

2.1.4: Solar Cell Parameters

The J-V curve arises from the minority carrier properties which determine the solar cell
behaviour. In general, the illumination shifts the J-V cutrve of the p-n junction downwards

in the current axis. The J-V equation of an ideal solar cell is given by

v
J=13, —J{exp(A?(BTj—l} @.17)

where, Js is saturation current density, Ji is the photogeneration cutrent density which is

can be expressed as

J.=0G(Ly +W +L;) (2.18)
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Where, G is the generation rate, ( is the charge, Ly and Lp are the minority carrier diffusion

length of electron and hole respectively and W is the width of the depletion region.

Figure 2.5 shows the relationship between the current and the voltage under dark and
illuminated conditions with solar parameters. The rectangle defined by Vo and Js¢ provide
a convenient reference for describing the maximum power point (Pmax) which can be

deﬁﬂed as Pma)(: Vmprmp

4 I
I
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Dark ™\ |

/ Open Circuit
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Figure 2.5 J-V curve under dark and illuminated conditions

The main parameters of solar cells are now presented:

2.1.4.1: Open Circuit Voltage (Vo)

The open circuit voltage is the maximum voltage that can be obtained from solar cells

when they are in an open condition (no current is passing through the cells). It corresponds
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to the amount of forward bias of the p-n junction due to the light-generated current [8].

The Vo¢ can be written as the following:

V, = AkgT In[ﬁ +1j (2.19)
q J

S

As shown in the above equation, the Voc depends on the saturation current density and
photogenerated cutrent density. As Js depends on the recombination in the solar cell; the
Voc is a measure of the amount of recombination in the device. In the laboratory, CZTS

thin film solar cells have V¢ up to 700 mV under standard AM1.5 conditions.

2.1.4.2: Short Circuit Current Density (Js)

The short circuit current density is the maximum current produced by solar cells when they

are under the short circuit condition (i.e., there is no voltage in the cell).

qVv
J.=J,|exp| —= |-1|-J
sc { IO[ AkBTj } L (2.20)

The Jsc depends on the photon flux density on the solar cells. Also, it depends on the

absorption and total reflection of the solar cells which limits the absorbed light.

2.1.4.3: Fill Factor (FF)

The fill factor is the ratio of the maximum power to the ideal power. It is related to the
resistance solar cells. The fill factor is the rectangle area within the J-V curve, which is

determined by the maximum power point. It can be written as the following:

V,, xJ
FF=——70 (2.21)

V. _xJ

oc SC
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In the case of ideal single junction where both Rs and Rsh have negligible effect on solar
cell performance, the FF can be also calculated only by using the open circuit and the

equation can be written as [17]:

Ve —In(V,, +0.72) 2.22)
vV, +1

FF =

2.1.4.4: Efficiency ()

Efficiency is the ratio of the power output to power input. It can be written as the

following:

n=—r—"t (2.23)

For all testing the incident power is equal to irradiance of AM1.5 spectrum, which equal to
1 kWm? and the efficiency can be defined as the function of FF, Js¢ and V¢ divided by

incident power (power input).

V,.xJ,.xFF
n=-—t——t— (2.24)

in

2.1.5: Equivalent Circuit of Solar Cells

There are two types of resistance: series and shunt resistances. These resistances add to the
equivalent circuit as they have considerable influence on solar cell devices’” performance.

Figure 2.6 shows the equivalent circuit diagram for photovoltaic cells [18].
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Figure 2.6 Equivalent circuit of solar cells [19].

2.1.5.1: Series Resistance (R;)

It includes all components that come in the path of current such as semiconductor
resistivity and contacts. The main effects of increasing the series resistance are the
reduction of the fill factor and the amount of current flowing through the cells as shown in
Figure 2.7. However, it can be seen that, the higher series resistance leads to reduce lg¢ as

well as FF without any effect on the V.

Cell Current A

Increase series resistance

Cell Voltage V

Figure 2.7 Series resistance effect.
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It is calculated from the inverse gradient of the illumination of the J-V cutve under forward

bias, which is equal to 1/Rs.[§].

2.1.5.2: Shunt resistance (Rgh)

The Rsp is determined by the loss of current including recombination losses and losses
along the edge of solar cells due to defects and impurities in the junction region. The
presence of shunt resistance leads to power loss, as it provides an alternate current path for

photogeneration current losses as shown in Figure 2.8.

R, very large

Cell Current A

decrease shunt resistance

Cell Voltage V

Figure 2.8 Shunt resistance effect

It can be calculated from an inverse gradient of the J-V curve under reverse bias, which is
equal to 1/Rsh [10]. Also, the lower shunt resistance leads to reduce Vo as well as FF

without any change on Jsc.

Both Rs and Rsh can be calculated by using the following equation:

(2.25)

; :JL_JS[equ(V+JRS)_1j_V +JR,

nk,T

sh

where Js is the saturation current, N is the ideality factor, T is the absolute temperature, Kg

is the Boltzmann constant, q is the electron charge and V is the voltage at the terminals of
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the cell. In practical solar cells the fill factor is influenced by the additional recombination

occurring in p-n junction.

However, both the high series resistance and the low shunt resistance lead to a reduction
of the fill factor and efficiency of solar cells. To resolve this problem and increase
efficiency, the Rs should be as low as possible for higher cutrent flow, and Rsy should be

as high as possible to reduce losses in the cell.
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2.2: Review of the existing status of Cu,ZnSnS, thin-film solar cell technology

2.2.1: CZTS solar cell device

The CZTS solar cell devices consist of many layers. The first layer is a back contact, which
is made from molybdenum (Mo) with a thickness between 500 and 700 nm which deposits
via the sputtering technique on the soda lime glass (SLG) substrate. The second layer is the
absorber layer; in this layer, the CZTS has a p-type thin film with thickness between 1.0 and
2.0 pm, and it is deposited on the Mo layer by the different methods that are discussed in
section 2.2.8. Then, it is followed by the n-type CdS layer which is normally deposited by
chemical bath deposition with a thickness in the range of 50-100 nm to form the p-n
junction. After that, the intrinsic ZnO layer with a thickness of 50-90 nm and the
transparent conducting oxide (TCO) are deposited by the sputtering technique with a
thickness between 500 and 1000 nm. Lastly, the Ni/Al grid is deposited to achieve electrical
contact, this is shown in Figure 2.9 [20] [21] with more details in chapter 7. However, as the
absorber layer CZTS is the main point in this thesis, this chapter will focus on it and

describe its structure, optical and electrical properties.

Front contact
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/ I'ransparent conductive
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Figure 2.9 Construction of the CZTS solar cell [19, 20].
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2.2.2: Absorber materials of Solar Cells

There are many semiconductor materials that can be used in solar cell devices. In the
following section, a brief explanation about alternative materials including silicon and thin

film materials is presented.

2.2.2.1: Silicon Si

Silicon Si is the most popular solar cell material in the photovoltaic market. It has an
indirect band gap of 1.1 eV, and it is used as a homojunction semiconductor device. It has
been used widely for a long time, and extensive research on St has been done to provide in-
depth knowledge about its properties and applications. Fabrication of silicon solar cells
requires a high thickness (300-500 pm) , a pure crystal with more energy used of fabrication
which leads to expensive solar cells [22]. There are three types of silicon used in the solar
cell devices: single crystal, amorphous and polycrystalline. The single silicon crystal is
recorded as having high efficiency in the range of 20 —25%. Amorphous silicon cells are
thin-film solar cells, which are cheaper than the single crystal silicon. Also, their efficiency
is lower than single crystals [23]. The highest efficiency for amorphous silicon solar cells is

in the range of 10-12% [24].

2.2.2.2: Gallium arsenide GaAs

It is one of the III-V semiconductor materials that have a direct band gap energy close to
1.43 eV and high absorption coefficient. It has many beneficial properties, such as low
electronic effective mass, high-electron mobility, and high-saturation drift velocity, which
make it ideal for optoelectronic and microelectronic devices like lasers, photovoltaic cells
and light emitting diodes (LED). GaAs also has a zinc blende crystal structure. The highest
conversion efficiency is 27.6 % [25]. The disadvantage of this material is its high cost, so it

is used in the specific application such as satellites [26-28].
2.2.2.3: Cadmium telluride CdTe
CdTe is a p-type semiconductor with large absorption coefficient (>10* cm™) and a direct

band gap of 1.45 eV. It has a zinc blende structure. CdTe devices are fabricated in the

superstrate configuration with high conversion efficiency. First Solar, recently announced a
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new world record device efficiency of 22.1% [29]. Despite the progress made in CdTe
technology by achieving cost-effective, high-efficiency devices, some issues connected with
CdTe solar cells could affect their production in the future. The main issue is the toxicity
and price of cadmium and relatively low abundance of tellurium, which could negatively
impact production of CdTe thin film solar cells, leading to increased cell and module prices

[30].

2.2.2.4: Chalcopyrite materials

Chalcopyrite is tetragonal crystal structure adopted by some semiconductors containing
sulphur or other group VI elements along with group I and group III elements. Copper
indium diselenide CIS is one chalcopyrite material with a direct band gap of 1.04 eV [31]. It
is an alternative material for silicon and III-V materials and to improve the crystal quality
and energy band gap, Ga was introduced [32], which leads to quaternary materials such as
copper indium gallium diselenide (CIGS). CIGS has been the subject of extensive research
and studies due to its structure and optical and electrical properties. It has a direct band gap
in the range between 1.1 to 1.3 eV, which is close to the required value for optimum
efficiency [31, 33]. The highest efficiency of CIGS is 22.9 % [34]. The disadvantage of

CIGS is that it has a rare and toxic elements including Ga and In.

2.2.2.5: Copper Zinc Tin Sulphide CZTS

This is an important material because it is low-cost and contains abundant elements
compared with other thin materials. CZTS materials have a direct band gap of 1.5 eV with
a high absorption coefficient of 10* em™. It is a nontoxic material and is composed of
elements abundant in the Earth's crust [35]. Moreover, coppet, zinc, tin and sulphur are
lower cost materials compared to indium and other common PV materials and it is similar
to CIGS, though it replaces Ga and In [36]. The theoretical conversion efficiency limit is
32.2%, according to the Shockley and Queisser (SQ) limit [37]. The SQ limits for Ve, Jsc,
FF and efficiency are 1.3 V, 32 mAcm?, 87 % and 32% respectively [37].
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2.2.3: Structure of CZTS

CZTS is a crystalline material with a tetragonal structure which can exist in three different
structures, which consists of either Kesterite with the space group | 4, stannite crystal with
the space group | 42m structure, or primitive-mixed CuAu structure (PMCA) space group

P42m as shown in Figure 2.10. It can also exist as a hexaganol wurzite structure at high
temperature. The Kesterite structure has lower energy than the stannite structure, and the
energy difference between kesterite and stannite is 3 meV/atom [38]. The difference in
structure is based on the arrangement of the Zn and Cu atoms as shown in Figure 2.10.
Kesterite is characterized by alternating layers of Cu—Sn, Cu—Zn, Cu—Sn and Cu—Zn at

z=0,1/4,1/2 and 3/4 respectively. Thus copper occupies the 2a (0, 0, 0) position with

zinc and the remaining copper atom at 2d (0, 1/2, 3/4) resulting in the space group | 4

[39]. On the other hand, in the stannite type structure Zn Sn layers alternate with Cu layers.

The structure is consistent with the symmetry of the space group | 42m , with the divalent
cation located at the origin (2a) and the monovalent cation at the 4d position (0, 1/2, 1/4).

Sn is located at the 2b site (0,0,1/2) in both structures [40].

: y 22 € . : : ' i
2 Kesterite Disordered Kesterite Stannite PMCA
14,82 142m,121 182m,121 PA2m,111

Figure 2.10 The different possible structures of CZTS. Diagrams are drawn by VESTA tep://ip-mineralsorg/vesta/en/.
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However, due to disorder in the cation sublattice (Cu/Zn), a third possible kind of
structure exists called disordered kesterite as shown in Figure 2.10 [41], in this structure Cu
and Zn are randomly distributed on the 1/4 and 3/4 phases. The lattice constant of
kesterite CZTS are a =0.54 nm and c=1.09 nm, but there is a range of values found by
other groups [35]. In addition to KS and ST, CZTS can grow from a hexagonal-type called
wurtzite structure with space group, P63me. The wurtzite structure is obtained by
occupying randomly coordinate of Cu, Zn and Sn cations with a half of the interstices of
the sulphur anions. The d spacing was calculated as 3.32 A and 1.91 A [42, 43]. Lattice
constant of wurtzite CZTS is in the range a = b = 3.83 A and ¢ = 6.33 A [44].

2.2.4: Secondary phases and their effects on solar cells performance

There are many secondary phases that appear during synthesis of CZTS nanoparticle inks
which may affect the structure and electrical properties of solar cells device. The most
common secondary phases are ZnS, CuS,, SnS, SnS, and Cu,SnS;. These secondary phases
vary depending on different Cu and Zn fabrication conditions (stoichiometric and
nonstoichiometric compositions) as shown in Figure 2.11. These phases act as centres of
recombination and as a carrier barrier [38, 45]. In general, in the Zn-rich region, ZnS is the
expected secondary phase formed by an excess of Zn precursor. The Cu-rich region covers

several fields with various possible secondary phases as shown in Figure 2.11.

- CUuZnSnS,

" / k-
A5 03 o \5;,
o N/ (e reuznsn, ?
h +CuZnSn;Ss:, 15| Cup3ns; 0.3
ns SR +CugSnSy

Cu;5nS;

% +CL5nS,

05 \/ / \ .
Zn 0.3 0.5 0.6 0.7 Cu

Figure 2.11 Ternary phase diagram of CZTS [46, 47].
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ZnS has a sphalerite or wurtzite structure with a band gap in range of 3.54-3.68 eV, works
as an insulator and also acts as resistive barriers for carriers [48] as well as reducing an
active area for generating the electron hole pairs and current collection in the absorber [49].
Cu,SnS; has cubic and tetragonal structures with a band gap in range of 0.98-1.35 eV [50].
It is a p-type semiconductor. Both ZnS and Cu,SnS; have a similar structure to CZTS
which makes them difficult to observe by XRD measurements. Moreover, regarding the
phase diagram ZnS and Cu,SnS; do not appear in the same region.. However, under Zn-
rich and Cu-poor conditions CZTS shares the boundaries with ZnS secondary phase,

whereas under Cu-rich condition it will share Cu,SnS; [49].

Cu,S is a p-type semiconductor with a band gap of 1.21 eV. It has metal behaviour because
it is heavily doped with low band gap semiconductor. It appears under Cu-rich and Sn-
poor or Zn-poor conditions. Due to high electrical conductivity of Cu,S this leads to front
and back contact connection across the junction which leads to loss of current by

recombination. However, Cu,S can be removed by KCN chemical treatment [49, 51].

SnS, is an n-type semiconductor with a Rhombohedral structure and an indirect band gap
of 2.24 eV. It appears in Cu-poor and Sn-rich conditions. It can form a second diode and
acts as a barrier to carrier collection and reduces solar cell performance. Also, the literature
report other secondary phases from Sn and S with different properties which also may
affect solar cell performance such as SnS and Sn,S; with band gaps at (0.90-1.2 eV) and
(0.95-1.16 eV) respectively [49, 52].

As mentioned eatlier, secondary phases can be detected by using XRD and Raman
spectroscopy techniques to determine the different secondary phases. However, due to a
similarity in symmetry and lattice constant between ZnS, Cu,SnS; and CZTS phases, [53], it

is difficult to distinguish between them by using conventional XRD [54].
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Figure 2.12 XRD peaks and Ovetlapping of CZTS, CuzSnS; and ZnS XRD peaks.

Table 2.1 XRD peaks and secondary phase’s positions (x-ray is Cu-K, wavelength).

CZTS Tetragonal Cubic Cubic References
Cu,SnS; Cu,SnS; ZnS
20 hkl 20 20 20

28.44 112 28.54 28.45 28.50 [55, 50]
33.02 200 33.07 32.96 33.03 [57]
47.33 220 47.47 47.31 47.40 [58]
56.09 312 56.32 56.13 56.24 [58]
56.20 116 - - - [59]
76.41 332 76.68 76.39 76.56 [59]

Figure 2.12 and Table 2.1, show XRD peaks located at 28.44, 33.02 47.33 and 56.09° which
correspond for (112), (200), (220) and (312) planes in CZTS. However, Raman
spectroscopy was used to distinguish between secondary phases and CZTS. There are
many peaks which can be observed in CZTS samples by using Raman spectroscopy as
shown in table 2.2. However, Raman peaks have been observed at 257, 287,338, 351, 368,

cm” corresponding to CZTS in the literatures.
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Table 2.2 Raman peaks and secondary phase’s positions.

Secondary phases Shift Raman peaks(cm™) References
CZTS 287, 336, 337, 338, 351, 368, 257 [60]
ZnS 348, 352, 275 [61, 62]
Cu,SnS,; (tetragonal) 337, 352, 297 [54, 56, 63]
Cu,SnS§; (cubic) 303, 356 (63, 64]
Cu,;SnS, 318, 295, 348 [63, 64]
Cu,,S 264, 476 [56, 65]
SnS 160, 190, 219 [66, 67]
Sn,S; 307, 356 [66, 67]
SnS, 215, 315 [68]

2.2.5: Optical Properties of CZTS
CZTS is suitable for thin-film solar cells because it has a direct band gap in the range of

1.4-1.5 eV, which is near optimum efficiency at the peak of the solar spectrum. Also, it has
a high absorption coefficient (10*'cm™) in the visible region. The absorption coefficient a
can be calculated from the experimental measurement of reflectance R and transmittance T

using the relation 2.27:

() = % In (1;??} @27)

Where, X is the thickness of the film. Moreover, the energy band gap can be calculated by
extrapolating the straight line of the plot absorption squared (ahv)2 versus the incident

photon energy (hv) by using the equation 2.28. This is commonly referred to as a Tauc plot.

(ahv) =C(hv - E, )é (2.28)

Where, C is a constant, hv is incident photon energy and Eg is the energy band gap [69].

This is a consequence of the energy dependence of the density of the states.
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2.2.6: Electrical Properties of CZTS

There are many types of intrinsic point defects that can affect the solar cells' performance,
such as vacancy defects, antisite defects and interstitial defects. The most common defects
in the CZTS crystal are vacancies, such as copper vacancy V, and zinc vacancy V,,, and
antisite defects like Cu,, and Zn.,. However, the V, defects are important to achieve high
efficiency of solar cells, and a p-type conductivity of CZTS comes from Cu,, antisite

defects [70]. Also, a charge compensated defect pair complexes, such as [Cu,, +Zn{,]for
Cu-rich and Zn-poor and [V ,+Zn( ]for Cu-poor and Zn-rich, which plays an important

role in the electronic passivation of deep donor levels and results in an improvement in the

solar cells' performances [20, 35, 71].More details are in the next section 2.2.7.

2.2.7: Defects and electronic properties:

There are many types of intrinsic point defects that can affect the PV solar cells'
performance, such as vacancy defects, antisite defects, interstitial and complex defects. The
most common defects in the CZTS crystal are vacancies, such as copper vacancy Vcy, zinc
vacancy Vzp, tin vacancy Vsp and sulphur vacancy Vs . Also, antisite defects like copper
on zinc antisite CUz, , zinc on copper antisite ZNgy, coppet on tin antisite CUgp, tin on
copper antisite SNgy, zinc on tin antisite ZNgy and tin on zinc antisite SNzp. Other defect
could be observed in CZTS are interstitials such as copper and zinc interstitials CU;j and Zn;
respectively as shown in Figure 2.14. Moreover, charge compensated defect pair complexes

which appear as donor and acceptor vacancies, antisites and interstitials defects, such as

[Cu,,+Zn.,], [Sn,,+Zng ], [Cug,+Sn.,], [Zng,+2ZNn,] and [2Cu,,+Sn, ] also other

complex defects such as [V, +Zn.,] , [V,,+Sn, Jand [2V,,+Sn,,]. These defects

introduce several levels within the band gap of CZTS; shallow acceptor level, shallow
donor level, mid-gap level and deep trap levels as shown in the Figures 2.14 and 2.15 for

CZTS [45, 49, 70-74].

Vcy and Cuz, are shallow acceptor levels but Cuz, is deeper than Vg, as a result of
formation energy level at 20 meV for V¢, and 120 meV for Cuz,. Availability of V¢, and
Cuzn with a high population produces a high concentration of hole catriers which

corresponds to p-type conductivity of CZTS and increases a solar cell performance
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depending on concentration of defects as well as chemical composition i.e copper poor
condition when Cu/Zn+Sn < 1, and zinc rich condition when Zn/Sn = 1. At the same
time, higher composition ratios have the a detrimental influence to CZTS performance by
generating a large population of intrinsic defect and also increasing recombination losses
[75] . Other accepter level defects can be found in CZTS with high energy formation such
as V,,, Zng, at 220 and 230 meV respectively. Also Cug, is found with multi deep level
acceptors with different formation energy close to mid-gap level, as well as low formation
energy which act as recombination centres in CZTS having an inverse effect on solar cell
performance (35, 70, 76, 77]. Figure 2.13 shows the main different between CIGS and
CZTS, for instance, there are mid gap states and tail state in CZTS whereas this state

disappears in CIGS. More details of recombination process are given in chapter 3.

CIGS CZTS
CB o CB
Ing, e \/\ _/\Gy Zng,
hv
hv BT VWM midgap states
MAVAVAY hv BB
y || [~ Cu,,
Cu ot
VB /®\v/®\ + /§\ VCU VB
&

Figure 2.13 Different defects level in both CIGS and CZTS [78].

However, there are many unfavourable defects such as ZNncy, SNcy, SNz, CUi and Zn;. All
of these defects are donor levels in the CZTS. ZN¢y is a shallow donor level whereas others
are deep donor levels with multi-formation energy [70]. For example, Sncy has two levels;
shallow donor energy level which is located close to conduction band and deep donor level
which located close to mid-gap energy level which could be explained according to atomic
orbital energies (multi-valence of Sn). Also, Cuj and Znj are shallow donor level and two
mid-gap levels respectively. Moreover, Vs is deep donor level which produces mid-gap
states. However, all of these defects act as hole-electron pair recombination centres which

could limit CZTS performance as shown in Figure 2.14 [49, 70].
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Figure 2.14 Energy formation levels of intrinsic point defects in the band gaps of CZTS. The red lines are for

acceptor levels and blue lines are for donor levels [70].

Defect complexes also have a significant impact on CZTS solar cell performance as shown
in Figure 2.15. For instance, [Cu,,+Zn,] is the lowest shallow acceptor and donor
energies at 200 meV which leads to a decrease of the band gap of CZTS, whereas
[Sn,, +Zng,] and [Cug,+Sn.,] have a high formation energy above 200 meV which leads

to decrease the band gap of CZTS by 300 meV. The complex defect [V, +Zn,] has also
low formation energy but increasing the band gap of CZTS [79]. Antisite defects pairs are
independent of chemical composition in CZTS. Lastly, the formation energy for
[V,,+Sn,,] and [2Cu,, +Sn,, ] ate in the range of 300 and 600 meV as shown in Figure

2.15. These defects depend on the synthesis process by changing the copper and zinc ratios

and all are present in CZTS under Cu-poor and Zn-rich conditions [49, 70, 80, 81].
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Figure 2.15 Different defect complexes lead to change of valence band (green lines) and conduction band

(blue lines) position in CZTS. [70].

However, it can be seen that the tin defects (point and complex) have a high formation
energy which reduces energy band gap of CZTS. The high formation energy for those

defects makes them difficult to generate naturally. The formation energy of some those
defects for instance[2CU,, +Sn,, ], [Sn,, +Zng,] and [Zng,+2Zn ] is at 600, 860 and 830

meV. Also, other complex defects have very high formation energy above 1.2 eV such as

[Cug,+Sn., ], [Zng,+Zn,] ,[V,,+Sn,,] and [2V,+Sn,, ]

2.2.8: Deposition Techniques for CZTS

There are two main types of deposition techniques for CZTS thin film: vacuum and non-
vacuum deposition techniques. High efficiency can be achieved by vacuum techniques, but
it is more expensive than non-vacuum deposition. The vacuum deposition technique can
be achieved by many methods, such as sputtering, evaporation and pulsed laser deposition
techniques. The non-vacuum techniques also can be achieved by several methods such as
electrochemical deposition, sol-gel deposition, spray pyrolysis methods, drop casting and
spin coating methods. Also, some of these methods can produce CZTS by single-stage
deposited processes or in two steps. In the two-step fabrication, the film, as a precursor, is
followed by the sulphurisation process at a high temperature and in a sulphur atmosphere.
All of these techniques will be reviewed and show the resulting solar cell devices' properties

in detail in 2.2.8.1.
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2.2.8.1: Vacuum deposition techniques

2.2.8.1.1: Sputtering

The first report of CZTS thin-film solar cells was by Ito and Nakazawa in 1988. They
prepared the CZTS thin film by using the atom-beam sputtering method. The PV cell
devices were fabricated using the CZTS film deposited on a stainless steel substrate. A
heterojuntion diode consisted of cadmium tin oxide transparent conductive film. The open

circuit voltage was 165 mV, with no mention of efficiency [82].

Another group, Seol et al. (2003) deposited the CZTS thin film by RF magnetron
sputtering on 7059 corning glass. The thin film then was annealed in an Ar+S, (g
atmosphere at varying temperatures from 250 to 400 °C for 1h. The stoichiometric ratio of
the film was achieved, except sulphur, so the film was annealed in a sulphur vapour
atmosphere above 200 °C. The XRD measurement showed the expected major peaks,
which corresponded to the CZTS thin film and were of (112), (200), (220) and (312) planes
when annealing the CZTS film above 250 °C. This was identified as the kesterite structure;
moreover, it was discovered that the composition of the thin films was affected by both

annealing and RF magnetron sputtering power [83].

Also, Tanaka et al. (2005) fabricated a CZTS thin film using the hybrid sputtering method.
They deposited Sn by DC sputtering under Ar atmosphere for 80 min. Then, Zn was
evaporated in a quartz crucible at 300 °C. Next, Cu was deposited by RF sputtering at
power 100 W. Lastly, the film was annealed under S flux for 60 min. for the formation of
CZTS with different substrate temperatures from 300 to 500 °C. The results of this study
revealed that as the substrate temperatures increased, the thin films' thickness decreased.
Moreover, the composition ratio of the films at different substrate temperatures was in
agreement with the stoichiometric composition when the substrate temperature increased
to 400 °C, but above 450 °C, the composition ratio had minimal Zn. The XRD
measurement only showed the peak of secondary phases, such as CuS, at 300 °C, which
may affect the carrier concentration, whereas the single phase of CZTS was detected at 400
°C with the stannite structure. The SEM showed the thin film with a small grain size of less
than 1 micron. The resistivity, carrier concentration and Hall mobility were 0.13 €.cm,

8.0x10" cm” and 6.0 cm®V''s™, respectively, for the CZTS films prepared at 400 °C [84].
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Moreover, Fernandes et al. (2009) prepared CZTS by using the DC magnetron sputtering
method. The Cu, Zn and Sn were deposited on Mo- soda lime glass (SLG) substrate.
Sulphurisation was done using a tubular furnace to control the sulphurisation temperature
at 525 °C under N, +§, vapour atmosphere. The thickness of the metallic precursors for
Cu, Zn and Sn were 150, 190 and 340 nm, respectively. Also, the sulphurisation
temperature was varied at 340, 370, 425 and 505 °C. Energy dispersive x—ray (EDX)
showed the chemical composition of Cu/Zn+Sn and Zn/Sn as 0.87 and 0.4, respectively.
Raman measurements confirmed the secondary phases present, as SnS and SnS,, for the
sample with the sulphurisation temperature at 330 °C. For the sample with the
sulphurisation temperature at 425 °C, the Raman spectroscopy confirmed the presence of
Cu,-,S, Sn,S; and cubic ZnS at peaks of 264, 304 and 356 cm™, respectively. For the sample
with the sulphurisation temperature at 505 °C, Raman measurements showed only a peak at
330 cm’, which corresponds to CZTS. To improve the crystal quality, the sulphurisation
temperature was increased to 525 °C. The EDX analysis found the chemical composition
ratio of Cu/Zn+Sn = 0.9, Zn/Sn = 0.87 and Cu+Zn+Sn/S =1.03, which means that there
was a loss of Zn by the sulphurisation process. Moreover, the XRD observed the stronger
peak at (112) and confirmed the presence of CZTS. The Raman spectroscopy also
confirmed the presence of CZTS with the following peaks: 256 and 257, 288, 338 and 339
cm’. The secondary phases Cu, S and ZnS were found at 476 and 348 cm™' respectively
[63]. The same group in 2009 studied the precursor order on properties of sulphurised
CZTS thin films. Mo/Zn/Sn/Cu and Mo/Zn/Cu/Sn precursor orders were used. It was
found that the precursor order Mo/Zn/Sn/Cu is the best. This was due to Cu on the top,
reducing the amount of loss of Zn and Sn with etching potassium cyanide (KCN) which
acts to move Cu, S. Also, this order gave the best results for CZTS thin-film characteristics
by XRD and Raman spectroscopy. Moreover, the band gap was 1.41 eV [85]. In a later
report, in 2010 [80], they prepared CZTS by sulphurisation of the DC magnetron
sputtering under the precursors order as Zn/Sn/Cu and followed by sulphurisation
process at 525 °C for 10 min. It was estimated that the value of the carrier concentration
was 1.5%10"" cm™ for the CZTS layer. Later, in 2012, they used admittance spectroscopy to
study the electrical property of CZTS and the behaviour of the back contact. The barrier
height was presented at a high temperature value of 246 meV. Moreover, the activation
energies of the shallower (V) and deeper (Cu,) defects were 45 and 113 meV,
respectively [87].
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The Leitao group in (2011), by using DC magnetron sputtering, had a pure metal precursor
with an order of Zn, Cu and Sn deposited on Mo/SLG in Ar atmosphere. The thickness of
deposition was at 260, 185 and 330 nm, and the deposition power of Zn, Cu and Sn were
at 0.16-0.38, 0.16 and 0.11-0.16 Wcm™ respectively. Then, it was followed by the
sulphurisation process in a tubular furnace in the N,+S, atmosphere at 525 °C for 10 min.
Then, the sample was treated in KCN solution to remove the unwanted phase. The result
was a good crystalline film with chemical composition that was Cu-poor and Zn-rich. The
composition ratio of Cu/Zn+Sn was about 0.9, and Zn/Sn was 1.3 [88].The same group
studied the photoluminescence at different temperatures and excitation powers. It was
discovered that the peak intensity of the PL decreased with increasing temperature;
whereas the peak intensity of the PL increased as the excitation power increased (the
excitation was done with 488 nm line of Ar+ laser). The values of the acceptor

concentration, hall mobility and holes' concentration were 2.04x10* ¢cm™

, range between
0.5 and 2 cm’V's " and 10" cm respectively. The value of the potential that fluctuated in

the valance band edge was 172 meV [89)].

Shin et al. (2011) fabricated a CZTS thin film using the sputtering method. The effect of
the different orders of precursors was studied. Cu, SnS, and ZnS were deposited at room
temperature with varying orders as Cu/SnS,/ZnS/glass, ZnS/Cu/SnS,/glass and
SnS,/ZnS/Cu/glass with thicknesses of 100, 440 and 330 nm for Cu, SnS, and ZnS,
respectively. Then, it was followed by sulphurisation process in a tubular rapid thermal
annealed (RTA) system in a N, (95%) +H,S (5%) atmosphere at 550 °C for 10 min. XRD
and Raman Spectroscopy confirmed that the sample with the order of Cu/SnS,/ZnS
achieved a high quality for solar cells. Using this order they did not observe any secondary
phases, and it demonstrated a kesterite structure. Moreover, a strong Raman peak at 338
cm’' was observed, which demonstrates that it is a CZTS thin film. The resistance, cartier
concentration and mobility were 3.8 Q.cm, 1.64x10" cm” and 7.10 cm®V ™' s™" respectively.

The direct band gap of this film was achieved at 1.45 eV [90].

Pawar et al. (2014) fabricated thin films by rapid thermal processing sulphurisation of
stacked metallic precursor films. In this method, 200 nm of Zn, 200 nm of Sn and 350 nm
of Cu were deposited by the sputtering method at room temperature. After that, the rapid
thermal sulphurisation process under annealing temperature between 500 °C and 580 °C

was done for 5 min. The effect of sulphurisation temperature on the film was confirmed
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as the ratio of Zn/Sn increased from 1.01 to 1.16, which means that there was a loss of Sn.
Also, the film was completely sulphurised at 580 °C by increasing the ratio from 0.85 to
0.99. The photovoltaic device had a structure of glass/Mo /CZTS/CdS/ i-ZnO /AZO
and achieved a 5% PV efficiency and with a short circuit voltage of 561 mV [91].

Dhakal et al. (2014) fabricated thin films via the sputtering method. Cu was deposited by
DC power, and ZnS and SnS were deposited by RF power on Mo-SLG. This was followed
by the annealing process under an H,S/N, (5%/95%) atmosphere in a tube furnace with a
quartz tube at 525 °C for 3 to 4 h. XRD demonstrated the kesterite structure and the
presence of secondary phases such as ZnS and SnS. The photovoltaic device had a glass/
Mo/ CZTS/ CdS/ ZnO/ TCO (AZO or ITO)/Cr—Ag structure, which achieved a power
conversion efficiency of 6.2%, V,_of 603 mV, J. of 19 mAcm?, FF of 55% and R, and R
of 5.61 and 400 Qcm’, respectively [92].

Lin et al. (2016) used CuS, ZnS and SnS, as powders which were mixed at three different
weight ratios of CuS: ZnS: SnS, for preparing the sputtering targets. The powders were
mixed by using the ball milling method at the rotating speed of 300 rpm for 3 h, poured
into a stainless steel mold, pressed into pellets and transferred to a vacuum furnace for
sintering treatment. The pellet samples were annealed at 200, 300, 400, 500 and 600 °C for
8 h. The CZTS thin films were deposited at radiofrequency (RF) gun power of 75 W and
various working pressures (WPs) of 1, 5 and 10 mTorr under argon (Ar) atmosphere as the
inlet gas flow. After that, the films were treated by KCN to remove unwanted phases.
Then, followed by sulfurisation treatment using S powder added in a graphite box and
transferred to a tube furnace. In this work, the efficiency of the sample at low WP = 5
mTorr was significantly higher than that of CZTS absorber fabricated at high WP of 10
mTorr. The devices were fabricated as SLG/Mo/CZTS/CdS/i-ZnO/ ITO/ Al, and PV
performance for the device at WPs of 1 mTorr exhibited the high efficiency as V= 0.52
V, the ] = 19.17 mAcm?, the FF = 52.7% and efficiency of 5.2% [93].

Yan et al. (2017) prepared CZTS by sputtering techniques. Two CZTS layers with high
doping at bottom and low doping at the top were fabricated by rapid thermal processing
(RTP) sulfurization process. The efficiency was 7.6% [94]. Other improvement was done
by Feng et al. (2016). They used sputtering technique to prepare CZTS using SnS,, ZnS and
Cu targets. After that, it was followed by two sulfurization techniques. The first step was

under low temperature around 260 °C at N,+H,S atmosphere and the second step was at
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510 °C under the same atmosphere to remove secondary phases and increase the size of
crystallites. The chemical ratio was 0.73 for Cu/Zn+Sn and 1.35 for Zn/Sn. The efficiency
was 8.85%. The results also indicate shallower trapping, higher hole concentration and
smaller defect density. Moreover, the dependence of open-circuit voltage on the element
component was investigated. With the increase of Sn and Zn content, decreased in open-
circuit voltage due to a high concentration of deep level defect Sn., under excess Sn

content and increase open-circuit voltage, respectively [95-97].

Recently, Yan et al. 2018 CZTS recorded the highest efficiency of CZTS device with
structure Glass/Mo/ ALO,; /CZTS /CdS / i-ZnO /ITO /Al / MgF,. It was achieved
V.= 730.6 mV, J .= 21.74 mAcm?, FF=69.27 % and the efficiency = 11.01%. The CZTS
thin film with thickness around 800 nm with composition ratio Cu/Sn = 1.7~1.8 and
Zn/Sn = 1.2 were fabricated by co-sputteting techniques. Cu target was deposited by DC
system with power 23 W, ZnS and SnS targets were deposited by RF system with power 77
W and 53 W, respectively. After that, the films were annealed under combined sulphur and
SnS atmosphere at 560 °C for three minutes. The main improvement in this method, after
chemical bath deposition (CBD) of CdS layer, the film was annealed at 270 °C for 10 min
under N, atmosphere. This approach assists elemental inter-diffusion, which leads to Zn
and Cd gradients within CdS and CZTS respectively. As well as the diffusion of Cd and
Zn form new phases into CZTS and CdS surface such as Cu,CdZn, SnS, and
Zn Cd,_S which is likely formation of a new phase of Cu, Na ZnSnS, [98] .

2.2.8.1.2: Evaporation

Katagiri et al. (1997) used an electron beam evaporation technique to deposit Cu/Zn/Sn
layers on soda lime glass substrate, heated up to 150 °C. The deposition was done by
elements of different thickness. The sulphurisation process was done under an N, (95%)
+H,S (5%) atmosphere at 500 °C in an electric furnace. The x-ray diffraction analysis of the
peaks observed showed a lattice constant of 5.42 A and 10.81 A for a and c respectively.
The chemical composition ratio was calculated using an electron probe microscope; Cu/Zn
+Sn was 0.9, Zn/Sn was 0.9 and S/Cu + Zn + Sn was 1. The photovoltaic device structure
was SLG/Mo /CZTS /CdS/ZnO/ Al stack layers of CZTS were deposited on Mo-SLG
by the electron beam, and CdS was deposited by CBD The J-V characteristics of this

e
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device showed a power conversion efficiency of 0.66% with a band gap of 1.45 eV.

Moreover, the V., J.. and FF were 400 mV, 6.0 mAcm™ and 27% respectively [99].

Friedlmeier et al. (1997) fabricated a CZTS thin film by thermal evaporation of the
elements and binaty chalcogenides. It was Cu/ZnS/SnS, or Sn and S with a substrate
temperature up to 600 °C in a high vacuum. The film was observed in the kesterite

structure. Moreover, they recorded a V. of 570 mV and efficiency of 2.3% [100].

In 2001, the Katagiri group made some improvements to their previous work by replacing
the Zn layer with ZnS. They deposited ZnS onto Sn and Cu layers on Mo-SLG. In order to
sulphurise, the furnace maintained a constant temperature at 550 °C under the N,+H,S
(5%) atmosphere for 1 h. It produced CZTS thin films with thickness of 0.95, 1.34 and
1.63 pm. The optical properties of the solar cell device with a structure of SLG
/Mo/CZTS /CdS/ZnO /Al at different levels of thickness in the absorber layer showed
the V__and EQ increased with increasing thickness, whereas the | and efficiency decreased
with increasing thickness [101]. In another report, the Katagiri group reported a high V __ of
735 meV with efficiency of 2.49% [102]. In 2003, Katagiri group made more improvements
to the sulphurisation process. They used the stainless steel chamber and a turbo molecular
pump (TMP), instead of a quartz glass tube furnace with a rotary pump, and they also
increased the temperature to 550 °C. The different thicknesses of the ZnS layer as 330, 360
and 390 nm was deposited to examine the chemical composition with a constant thickness
of Cu and Sn at 900 and 150 nm, respectively. The composition ratio of CZTS with a thick
ZnS layer confirmed the S-poor and Zn-rich composition for all samples. For all of the
samples, the ratios Cu/ (Zn+Sn) and S/Metal were nearly 0.92. However, the ratio of
Zn/Sn of the sample with a thickness of 390 nm was slightly larger (1.19) than the other
samples (1.08). For photovoltaic devices, in order to improve the efficiency of the device
and to avoid the influence of the CdSO, in the fill factor, they replaced the CdSO, with
CdI, in the chemical path solution for CdS depoition. They recorded V _ of 659 mV, ] of
10.3 mAcm? FF of 0.63 and efficiency of 4.25%, with device structure was as
SLG/Mo/CZTS/CdS/AZO/ Al. Moteovet, the study showed the effect of adding Na by
fabricating the solar cell with a CZTS-based absorber layer using the Na,S/Mo/SiO,-SLG
substrate. The results confirmed the best optical properties of the solar cell. The efficiency

was 5.45%, and the fill factor was 60% [103].
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Also, in 2005, Kobayashi et al. studied the effect of the Cu/Zn+Sn ratio with different
annealing temperatures on the physical properties of the CZTS solar cell. They used e-
beam evaporation, but they used ZnS and Sn with a constant thickness of 34 and 16 nm
respectively. Also, the Cu thickness varied between 6 and 22 nm. As a result, the ratio of
Cu/Zn+8n vatied from 0.5 to 1.2. In addition, the SEM image showed large patticle sizes
in the surface, and EDX measurements determined that when the ratio of the Cu/Zn+Sn
were 0.49 and 0.69, Cu was poor, and these particles were binary and composed of Sn and
S. On the other hand, when the ratio of Cu/Zn+Sn was over 1.09, Cu -rich, these particles
corresponded to the secondary phase of Cu and S. By using varying sulphurisation
temperatures from 510 °C to 550 °C, the CZTS thin-film solar cells were fabricated. The
PV conversion efficiency and fill factor with configuration glass/Mo/CZTS/CdS/i-ZnO/
ITO/ Ni-Al grids increased to 4.53% and 58% respectively, for the sulphurisation
temperature at 520 °C [104].

Schubert et al. (2010) deposited ZnS, Sn, Cu and S sources onto Mo-SLG by a fast co-
evaporation process at a substrate temperature of 550 °C. SEM showed the small particles
on the top of the surface of the film, which indicates the CuS secondary phase, revealing
the Cu-rich thin-film growth. In order to remove the secondary phase, the KNC etching
solution was used. The chemical composition ratio was Cu/ (Zn+Sn) and Zn/Sn at neatly

1. The photovoltaic devices made using these films had a PV conversion efficiency of 4.1%

with a V_, ] and FF of 541 mV, 13.0 mAcm™ and 59.8% respectively [105].

Wang (2010) used a vacuum process to fabricate CZTS thin films by evaporating Cu, Zn,
Sn and S sources onto Mo-SLG followed by annealing on a ceramic hot plate at 540 °C for
5 min. Raman spectroscopy confirmed that the secondary phases of CuS and ZnS were
absent. Also, it was confirmed that all peaks were observed at 287, 338 and 368 cm’
corresponding to the CZTS thin film. The PV solar cells with a structure of
SLG/Mo/CZTS/CdS /AZO/ Al was fabricated with different levels of thickness of the
absorber layer at 1200, 900, 660 and 650 nm. The electrical properties showed an increase
of efficiency and the fill factor with a decrease in thickness. Moreover, the series resistance
decreased with decreasing thickness. The best efficiency and fill factor were recorded as
0.81% and 65%, respectively, for a solar cell with a thickness of 650 nm. The series

resistance was 3.4 Q.cm” [106].
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For Shin et al. (2011), CZTS thin films were prepared by thermal evaporation of a source
of an element with a substrate temperature at 150 °C. After evaporation, the thin film was
annealed at 570 °C. The morphology measurements confirmed the ZnS secondary phase
presence near the MoS_ layer. Also, these confirmed thin films were Zn-rich. The solar cell
device made from the film was found to be 8.4% efficient with the following parameters:
V,. = 661 mV, J.. = 19.5 mAcm?, FF = 65.8 % and R, = 4.5 Q.cm” (area of solar cell
device)[107].

Sakai’s group fabricated CZTS with evaporation technique and followed by sulfurization
treatment and annealing. They studied the effect of different based buffer layers as Cd, Zn
and In deposited on Mo/CZTS layers by chemical bath deposition technique. The device
with configuration Glass/Mo/CZTS/buffer layer/ZnO:B/Al have achieved different
efficiency depending on buffer layers. However the back contact Mo was deposited by
sputtering, the window layer ZnO:B was deposited by metal-organic chemical vapour
deposition (MOCVD), front Al electrodes were deposited by evaporation. The highest
efficiency of CZTS submodule was achieved with Cd based buffer layer was 9.19% with
V,. =708 mV, ] = 21.6 mAcm™ and FF = 60%. This is the highest efficiency reported for
CZTS prepared by any evaporation method. In other study, with Zn based buffer layer
with different Zn/Sn ratio, the Zn-based buffer cell has higher efficiency than Cd based
buffer layer under low Zn/Sn ratio. Also, when the Zn/Sn ratio is increased, it shows

strong degradation in efficiency [108-111].

Sakthivel et al. (2015) used sequential evaporation of precursors on substrates by ordering
ZnS, Cu and Sn, then followed by sulfurising process in the atmosphere of N, +H,S at
temperature of 550 °C for 2 h. The chemical composition ratio at atomic percentage was
Cu/Zn+Sn=0.83 and Zn/Sn=1.54. The device achieved efficiency close to 5.6% with
device structure as ITO glass/Mo/CZTS/CdS/ZnO/i-ZnO/TCO. Other solar cell
parameters were | = 14.2 mAcm?, V,_ = 630 mV and FF = 63 % [112].

2.2.8.1.3: Pulsed laser deposition

In this technique, a pulsed UV laser beam is focused onto a solid target and laser ablation
occurs, which result in highly non-thermal removal of the target material. The ablated
material, which is an expanding plasma cloud, is finally collected onto a substrate placed a

few centimetres away. In this method, there is a need to take into account many parameters
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such as the background gas pressure, substrate temperature, ablation energy density
because the energy source is outside of the vacuum chamber [113, 114]. Moreover, pulse
repetition rate, pulse energy, target material, target-to-substrate distance, type of gas and its
pressure in the chamber and substrate orientation, these parameters have a strong influence

on the film properties [114].

Mortiy’s group in 2007 prepared CZTS thin films by mixing powders of Cu,S, ZnS and
SnS, and sealing them into an evacuated quartz ampule in a furnace at 750 °C for 24 h. This
film was deposited on Mo-SLG by using the pulsed laser deposition technique. A KrF
excimer laser pulse was used with a wavelength of 248 nm with controlling energy at 1.5
Jem?, a 10 ns pulse width and a repetition rate of 30 Hz. Then the film was annealed in a
furnace at varying temperatures of 300, 400 and 500 °C in an N, atmosphere. With the
XRD measurement, the researchers observed that there are no peaks for CZTS films,
whereas by increasing the annealing temperature, there are many X-ray peaks that
correspond to the CZTS thin films: (112), (200), (220) and (312). The composition ratio of
Cu/Zn+8n and Zn/Sn increased with temperatutre. These films were Cu-poor and Sn-rich.
The PV solar cell device was fabricated as having a structure of glass/Mo/CZTS/CdS/Al
ZnO for a sample annealing at 500 °C. The electrical properties of the PV device were V.
= 546 mV, J. = 6.78 mAcm” and FF = 48% and efficiency = 1.74%. Also, the resistance
value decreased with an increase in the annealing temperature [115]. The same group in
2008 prepared CZTS thin-film precursor using a similar method, but here they used an
N,+H,S atmosphere at 500°C for 1 h. The result of these changes in the ratios of chemical
composition became nearly stoichiometric. The devices had properties less than what was
indicated on the previous report due to changing in the composition ratio after annealing
under N,+H,S atmosphere. The devices demonstrated the following measurements:, V =

336 mV, J.. = 6.53 mAcm™” and FF =46% and efficiency = 0.64% [116].

Pawar et al. (2010) studied the effect of the incident laser power on the properties of CZTS
thin films. In this experiment, the different incident laser powers were used in the
following range: 1, 1.5, 2, 2.5 and 3 ]cm’z. Then, the films were annealed in an N,+H.,S
atmosphere at 400 °C. The intensities of the peaks that were observed by XRD showing
sharp and more intense peaks with increasing incidental power up to 2.5 Jcm'z, whereas it
becomes relatively weak at 3 Jem™ incidental laser power. This result may affect the quality

of the crystal. Increasing incident power leads to an increase of the plasma densities and
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kinetic energy, this leads to an improvement of the uniformity and smoothness in
deposited crystalline structure. But increasing the incident power above 3 Jem™ leads to a

decrease in the crystal quality because of the overgrowth of the grains on the surface [117].

Moreover, Moholkar et al. (2011) used the KrF excimer laser on PLD to deposit Cu,S, ZnS
and SnS, on Mo-coated glass substrate at different deposition times from 5 to 60 min. The
quality of crystallinity was improved by increasing the deposition time up to 30 minutes,
but at a greater deposition time up to 45 and 60 min, the overgrowth grains and the
crystalline quality were degraded. The PV device of the CZTS solar cells deposited for 30
min with a structure of glass/Mo/CZTS/CdS/AZO/Al achieved good properties, for
instance, V. = 654 mV, J . = 8.76 mAcm”, FF = 55% and an efficiency = 3.14% [118].

Jin’s group (2016) fabricated CZTS by PLD using a single quaternary oxide target. In a
typical preparation process, Sn powder was dissolved into HNO,. Then a combination of
Cu (NO,),.3H,0 and Zn (NO,),.6H,O were dissolved by deionized water in a glass beaker.
After that, the solutions were mixed together with citric acid at room temperature. The
precursor mixture solution was prepared by drop-by-drop addition of ammonia until pH =
7 and was stirred for 2 h. then followed by heating process in the electric oven to form an
inhomogeneous oxide powder CZTO. CZTO thin films were deposited on Mo-coated
glass substrates at room temperature by PLD .The substrate was placed on a rotating
holder at distance of 5 cm from the target . The deposition chamber was evacuated by using
turbo molecular pump. KrFF excimer laser pulses (A=248 nm, 25 ns pulse width) were
focused onto the CZTO target pellet. The deposition of CZTO precursor layers was
followed by sulfurization processed with heating rate of 60 °C min'. The device
performances were V., =684 mV, ] = 16.82 mAcm?, FF = 42.8 % and efficiency of
4.94%, under Cu poor Zn rich composition (Cu/Zn+Sn=0.92 and Zn/Sn =1.77) [119].

Cazzaniga et al. (2017) reported a 5.2% efficiency CZTS solar cell by pulsed laser
deposition featuring an ultra-thin absorber layer which was less than 450 nm with V. =
616 mV, J,. = 17.6 mAcm?and FF = 47.9%. Mo bilayer was deposited by DC magnetron
sputtering at 10 Wem'' power densities at different pressure to achieve a good adhesion to
the substrate and low sheet resistance. Then, the stoichiometric ratio of 2CuS: ZnS: SnS
used as the target to fabricate CZTS nanoparticles under high vacuum with pressure

5%107° mbar. The KtF excimer laser beam used 248 nm of wavelength, 20 ns of pulse-
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width and 15 Hz of pulse repetition rate and focused onto a sintered target at a laser

fluence of 0.6 Jem™” and a spot size of 4 mm” [113].

2.2.8.2: Non-vacuum deposition techniques

2.2.8.2.1: Photo electrochemical deposition method

Scragg et al. (2008) fabricated CZTS by the photoelectrochemical deposition method [120]
using the Cu, Sn and Zn from an alkaline solution, which contained different amounts of
NaOH, CuCl,, SnCl, , sorbitol and ZnCl, on Mo/SLG. Then, the samples were annealed
using a quartz tube furnace in a sulphur atmosphere at 550 °C. The XRD showed the
presence of secondary-phase SnS only, whereas there was no evidence of CuS present,
which showed the difficulty of distinguishing ZnS from CZTS. The ratio of chemical
composition appeared to show that all samples were Zn-rich and the grain sizes were in the
range of 0.2-0.5 pm. CZTS showed the p-type characteristics with a band gap of 1.49 eV
and a carrier concentration of doping in the range of 0.5-5X10'* cm™ [121]. In 2010, CZTS
was fabricated by sequential electrodeposition of a metallic precursor stack in the
Cu/Sn/Cu/Zn order on the Mo-SLG using the rotation disc electrode. Then, the
precursor stack was sulphured in a tube furnace at 575 °C for 2 h. The KCN was used to
remove unwanted phases. The chemical composition had a Cu/ (Zn+Sn) ratio of 0.7 and a
Zn/Sn ratio of 1.06. The PV device was fabricated with a structure of SLG/Mo/
CZTS/CdS/ i-ZnO/Al:ZnO /Ni/ Al had parameters of V., = 480 mV, of J = 15.3
mAcm?, FF = 45% and an efficiency of 3.2% [122].

Also, Araki et al. (2009) fabricated CZTS by sulphurisation using coelectroplated
Cu/Zn/Sn precursors using the electric furnace at 580 °C and 600 °C. The grain size was in
the range of 1-1.5pm, and the chemical composition ratio was Zn-rich, which gave a good
PV device performance. The PV device achieved a 3.14% level of efficiency. In addition,
the following device characteristics were found: 46% for FF, 12.6 mAcm™ for ], 540 mV
for V,, 11.7 Q for R, and 161 Q for R, using a structure of glass/ Mo/
CZTS/CdS/ALl:ZnO /Al at a sulphurisation temperature of 600 °C [123]. Also, Ge’s group
(2014) [124] by using co-electrodeposited Cu—Zn—Sn-S precursors at 590 °C for 15 min
achieved an efficiency of 5.5% , V,.=673.8 mV, ] =18.7 mAcm ?, FF=44% for solar cell
device built as glass/ Mo/CZTS /CdS /ZnO. Also, they found during the high
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sulfurization temperature the Cu and Sn content were inadequate and bi-layered CZTS
with metallic ratio Zn/Sn=1.16, Cu/ (Zn+Sn) =0.74, S/metals=0.18 was formed in the
device. Also, a relatively small energy barrier height of the back contact (Schottky-type
barrier) of 44 mV across the cell [124] compared with 0.32 eV [1006].

Ennaoui et al. (2009) used the electroplate precursors from an alkaline, cyanide-free bath
containing metal salt of Cu (II), Zn(II) and Sn (IV) in an Ar/H,S atmosphere to fabricate
the CZTS. The EDX measurements showed the element distribution maps showing the
different distribution positions of secondary phases in the CZTS layers. There were several
points that enhanced the Zn-rich signal in the CZTS layer, whereas these were an area of
Zn-poor signal which probably due to the presence of a Cu,SnS; phase near the interface.
The chemical ratios were 0.97 and 1.08 for Cu/Zn+Sn and Zn/Sn, respectively. The PV
device achieved a 3.4% level of PV efficiency with V. = 563 mV, J_ = 14.8 mAcm™ and
FF = 41% [125].

Moreover, Ahmed et al. (2012) fabricated CZTS using the electroplated, stacked metal
with different orders of either Cu/Zn/Sn or Cu/Sn/Zn and annealed at a low temperature
(210-350 °C) in an N, atmosphere. This was followed by the annealing processes in a
sulphur atmosphere at 585 °C for 12 min. The chemical composition ratios were 1.83, 1.53
and 0.79 for Cu/Sn, Zn/Sn and Cu/”Zn+8n, respectively, which confirms that the film was
Zn-rich and Cu-poor. The grain size was in a range of 0.5—1 um. The secondary phases
Cu,S and ZnS appeared at a sulphurisation temperature of 550 °C at 30 min., while the
ternary phase Cu,SnS; appeared at 600 °C for 20 min. The PV device achieved a PV
efficiency level of 7.3% [120].

2.2.8.2.2: Sprayed method

In this method, Nakayma and Ito [127] fabricated CZTS thin films using the sprayed
method. The solution was made from a mixture of CuCl, ZnCl,, SnCl, and thiourea in
deionised water and ethanol. After that, the solution was deposited onto a soda lime glass
substrate heated to 280-300 °C. Then, this was followed by a heating treatment in an
Ar/H,S atmosphere at 550 °C for 2 h. The XRD showed thin films with a stannite
structure and the presence of a ZnSnO; phase. Moreover, they studied the effect of Zn

concentration on the electrical properties of CZTS. It was found that the deviation of the
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film composition increased when the zinc concentration increased, while tin and copper

decreased, which can be controlled by varying the concentration of the spray solution.

Kamoun et al. (2007) studied the effect of temperature and time using the spray pyrolysis
deposition method. The solution of copper chloride, zinc chloride, tin chloride and
thiourea was deposited onto the heated substrate at different temperatures at 280, 300, 320,
340 and 360 °C for 30 and 60 min. The measurements showed that the sample prepared at
the substrate temperature of 340 °C for 60 min, contained the best crystallinity structure
and gave a sharp and narrow x-ray peak on the (112) plane which confirmed the presence
of CZTS. The grain size was in a range between 1 and 3 pm, and the surface appeared
quite smooth compared to other films grown at low substrate temperatures with band gap
of 1.7 eV (as prepared film). The annealing temperature was increased to 550 °C for 2 h,
which was done to improve the optical property, and the band gap was determined as 1.5
eV after this improvement [128]. This result was confirmed by Kumar et al. (2009) when
they studied the effect of substrate temperature from 290 to 450 °C. The result from XRD
showed the presence of ZnS in the secondary phase at 450 °C [129].

Prabhakar et al. (2010) prepared CZTS by using a spray pyrolysis solution that contained
CuCl, ZnCl,, SnCl, and thiourea. Then, this mixture was dissolved in DI water and
deposited onto an SLG substrate at different temperatures. The study showed that the
sample deposited at 340 °C gave the best smoothest, most homogeneous and uniform
structure. Also, the (112) peaks' intensity become more intense, and width of peaks become
narrower compared with others [130]. The PV devices were fabricated with a structure of
Ag/ ZnS/ CZTS/ FTO/ SLG achieving V, =410 mV, J.. = 8 mAcm™ , FF =35.5% and
an efficiency of 1.16% [131].

More improvement in CZTS was done by Larramona et al. (2014) [132]. SnCl,, ZnCl, and
CuCl in an aqueous solution of NaHS with CH;CN mixed rapidly at room temperature
were used to fabricate CZTS particles. Then the suspension was washed in water and
ethanol. The CZTS was deposited on a heated Mo coated substrate at 300 "C by spray
pyrolysis technique and then followed by two annealing steps under different annealing
atmosphere N,, N,+H,S and N,+H,S+HCI at 525 °C for 15 min. The device with structure
SLG/Mo/ CZTS/CdS/ZnO/ ITO / Ag achieved V. = 630 mV, J,. = 19.0 mAcm?, FF =
50% and an efficiency of 5% under N,+H,S+HCI atmosphere.
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Nguyen et al. (2015) deposited the CZTS by spray pyrolysis technique on SLG/Mo
substrate. CZTS was prepared by using 0.019 M of (Cu (NO,),), 0.009 M of (Zn (NO,),),
0.0125 M of (Sn (CH,S80,),) and 0.06 M of (SC (NH,),). However, after the aqueous
solution of CZTS was deposited on heated substrate at 380 °C, following by annealing
process by adding 20 mg of sulphur powder in borosilicate glass ampoule at 600 °C for 30
min. the device with a structure of glass/ Mo/ CZTS/ CdS / ZnO/ ITO was fabricated.
In this study, under Sn-rich composition, efficient grain growth of the resulting CZTS films
achieved the highest efficiency for spray pyrolysis method which was 5.8% with V . = 647
mV, J. = 14.9 mAcm™ and FF = 61% under Sn rich condition [133].

2.2.8.2.3: Spin coating from Sol-gel method

Tanaka’s group in 2007 fabricated CZTS thin films by the sol-gel method. The solution of
the CZTS precursor was prepared from copper II acetate monohydrate, zinc II acetate
dehydrate and tin II chloride dehydrate dissolved in methoxyethanol and
monoethanolamine and stirred at 450 °C for 1 h. The solution then was deposited onto the
SLG substrate by the spin coating method. Then, they were kept dried in the air
atmosphere at 300 °C. This was followed by an annealing process in a H,S+N, atmosphere
at 500 °C for 1 hour. The chemical compositions showed that the solution was Zn-rich and
S-poor as shown in the following ratio: Cu/Zn/Sn/S of 26:14:13:47. The band gap was
1.49 eV [134]. In 2011 [135] they studied the influence of the chemical composition of a
sol-gel solution on the CZTS thin film's properties. The study demonstrated that the ratio
of Cu/Zn+8n on the CZTS thin film increases with a decreasing of the ratio of Zn/Sn
compated with a sol-gel solution. Also, when the ratio of Cu/Zn+Sn of the sol-gel solution
decreases, the grain size in the CZTS thin film becomes larger. The PV device achieved a
2.3% level of efficiency from the CZTS thin film deposited using the sol-gel solution with a
Cu/”Zn+Sn of 0.8.

Maeda et al. (2011) studied the effect of different concentrations of H,S (3, 5, 10 and 20%)
on the CZTS properties during sulphurisation stage. The chemical compositions were
varied by increasing the H,S concentrations. By increasing the H,S concentrations from 5%
to 20%, the copper content decreases, and the sulphur content increases, and when the

H,S concentrations decrease to 3%, the sulphur content increases. Moreover, the grain size
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of the CZTS film annealing to 500°C for 1 h in the 3% H,S concentration was greater than

other films at different concentrations. The PV device achieved a 2.23% efficiency level in

3% H.S concentration [136].

Yeh et al. (2009) prepared CZTS thin films by using solutions of CuCl,, ZnCl,, SnCl, and
thiourea dissolved in deionised water and ethanol and stirred at 40 °C for 30 min. The
solution was deposited onto SLG by the spin coating method and dried on a hot plate for
10 min at 110 °C [75] [137]. The effect of different synthesising temperatures (160, 200,
240, 280 and 320 °C) was studied. The suitable CZTS thin films were kept at a synthesising
temperature of 280 °C or higher due to the appearance of unidentified phases at
temperatures less than 280 °C. Also, the chemical composition of CZTS was nearly

stoichiometric at 280 °C, and the band gap was 1.5 eV[75].

Kissani et al. (2016) synthesised CZTS thin films by a simple and low-cost spin-coating
technique, using the sol-gel process without any further sulfurization. They studied the
effects of annealing at 400 °C, 450° C, and 500 °C temperature for 1 h on the structural,
optical, and electrical properties of the kesterite CZTS thin films. In this study, the grain
size of the CZTS thin films increased with annealing temperature and the optical band-gap
values were estimated in the range of 1.49 eV to 1.85 eV, depending on the annealing

conditions [138].

Tiwari et al. (2014) deposited the CZTS by using sol—gel technique by spin-coating. The
CZTS thin film by the replacement reaction route. In this method, the ZnS layer was
deposited onto the soda lime glass substrate by chemical path deposition. Then, it was
immersed into a metal solution that contained cupric chloride, zinc chloride and stannous
chloride, and this mixture was then dissolved in glycerol for 10 min. For solar cells, the
Zn0 was deposited onto ITO coating on SLG using the sol-gel method by spin coating.
Then, CdS was deposited using the CBD method. The CZTS was deposited by the
replacement reaction route and then followed by colloid graphite as a top contact. The
solar cells with a superstrate configuration structure of graphite/ CZTS/ CdS/ ZnO/
ITO/ SLG yielded a performance that was V.. = 521 mV , ] =19.13 mAcm?, FF = 62%
and an efficiency of 6.17%][139].
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2.2.8.2.4: Drop casting and spin coating from hot injection

Guo et al. 2009 synthesised CZTS nanocrystal inks using the hot injection method. In their
method, the nanoparticles were synthesised with copper (II) acetylacetonate, zinc (II)
acetylacetonate and tin (IV) bis (acetylacetonate) dibromide as metal sources, which were
heated in an oleylamine solvent to 130 °C under a vacuum, degassed for 30 min. and
purged with argon several times. Then, the temperature was increased to 225 °C, and the
solution of elemental sulphur in oleylamine was injected into the mixture. The toluene and
isopropanol were added into the solution, and the nanoparticles were collected by using a
centrifuge after cooling the solution to 80 °C. The final precipitate was then dispersed again
for a stable ink solution in toluene. The PV devices were fabricated from CZTS
nanocrystals onto Mo-SLG by the drop casting method. After that, the thin film had a
selenisation process under Se vapour in a graphite box to form CZTSSe at 450 °C and 500
°C. XRD measurements showed that as the synthesised particles belonged to kesterite
CZTS phase, the solar cell with a structure of SLG/Mo/CZTSSe/CdS/i-ZnO/ITO/Ag
achieved a 0.73% level of efficiency for the sample selenised at 450 °C. The sample
selenised at 500 °C temperature showed a slight improvement in conversion efficiency at
0.80% with V,_ = 210 mV, J_ = 11.5 mA cm™ and FF = 33.1% [140]. In the same year,
Steinhagen used the same method for the replacement of tin (IV) bis (acetylacetonate)
dibromide by tin (II) chloride dihydrate, and the reaction temperature rose to 280 °C. The
CZTS layer was deposited by spray coating, and a device with a structure of
Au/CZTS/CdS/ZnO/ITO had a low efficiency of about 0.23% [141]. The next year, the
same group used the same method, but CZTS was deposited onto Mo-SLG using the knife
coating method. The chemical compositions of the final films had Cu/Zn+8n ratio of 0.79
and a Zn/Sn ratio of 1.11 [142].

Mendez-Lopez et al (2016) fabricated CZTS nanocrystals by hot injection method. In this
method, 2 mmol of CuCl,, 1 mmol of ZnCl, 1 mmol of SnCl,, and 20 ml of oleylamine
were mixed and heated to 170 °C for 1 h under argon atmosphere. Meanwhile, another
solution was prepared, for which 4 mmol of thioacetamide was dissolved in 3 ml
oleylamine. Afterwards, the solution was heated to 230 °C and the thioacetamide-
oleylamine solution was rapidly injected. After that, the temperature of solution was kept

constant during different times from 3 to 24 h. The CZTS films were deposited on a SLG
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by drop coating and dried at room temperature in the air atmosphere. The ratio of
Cu/Zn+8n decreased with increasing reaction time and Zn/Sn increased. The energy band
gap decreased with increasing reaction time whereas the average size of particles increased
from 20 to 40 nm. Mixed structure of kesterite-wurtzite existed when the reaction time
was 6 h and longer [143].

However, the spin coating technique is the main method that used in this project to deposit

CZTS nanoparticle inks onto a substrate which will be described in detail in chapter 3.

2.2.8.2.5: Other non-vacuum deposition

Miskin et al., 2013 prepared CZTS nanoparticles by doing some modification on the hot
injection method. Precursor composition ratios were as Cu/(Zn+ Sn)= 0.86, Zn/Sn= 1.05,
and S/Metals= 1.57. A solution of copper (II) acetylacetonate (1.32 mmol), zinc
acetylacetonate hydrate (0.79 mmol), and tin (IV) bis(acetylacetonate) dichloride (0.75
mmol) in 6 mL of OLA was prepared under argon atmosphere in a glove box at 65 °C. A
4.5 mmol of sulphur in OLA was prepared and heated to 65 °C. Then, 12 mL of OLA in
the flask was evacuated for 5 min, purged with argon at room temperature. The flask was
then heated under vacuum to 130 °C and then increased to 250 °C at which point the
sulphur solution was injected and allowed to completely mix for 20 s. This was followed by
the rapid injection of the cation precursor solution and allowed to react under argon
atmosphere for 60 min. The reaction was then cooled to room temperature, and the
product nanoparticles are washed by isopropanol. The main improvement found in this
method was the sulphur solution is injected first and followed by precursor solution. The

CZTS ink was deposited onto glass by the doctor blade method [144, 145].

The other non-vacuum deposition technique is called the printed screen deposition
method. It was performed by Zhou et al. in 2010. The CZTS microparticles were prepared
by using wet ball milling. Then, the mixture was dried in a vacuum oven at 40 °C for 24 h.
After that, it was followed by the sintering method at 600 °C in a quartz tube furnace in a
high-purity argon atmosphere for 2 h. The CZTS was wet ball milled and vacuum dried
again. The as-prepared CZTS particles were dispersed in isopropanol, stirred for 6h and

mixed with ethyl cellulose, which was dissolved in isopropanol to prepare the ink for the
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screen printing. Then, the ink of CZTS was printed onto Mo-coated polyimide substrate.
The band gap, sheet resistance, carrier concentration, and hall mobility of the screen-
printed CZTS layers were 1.49 eV, 2.42x10° Q, 3.81x10" cm™ and 12.61 cm’V''s’
respectively. The PV device based on the screen-printed CZTS with a structure of

Al/AL:ZnO/CdS / CZTS/ Mo/polyimide showed a 0.49% of efficiency [146].

Mali et al. (2012) synthesised CZTS by successive ionic layer adsorption and reaction
(SILAR). The CZTS was deposited onto fluorine doped tin oxide (FTO)-coated glass
substrate by immersion of the substrate in a solution of copper sulphate, zinc sulphate and
tin sulphate, which was then put in distilled water. Then, it was immersed in sodium
sulphate and distilled water. These processes were done at various repeat deposition cycles
(10, 20, 30 and 40), and these films were dried at 50 °C for 30 min. The XRD measurement
showed the formation of a kesterite structure of the CZTS films. The sample of CZTS at
40 cycles had large particles with a uniform average grain size of about 100 nm. Also, the
best PV efficiency was achieved by this sample at 0.396 % [147]. The same group
synthesised the kesterite CZTS using the SILAR technique. Some improvements were
made, and it achieved a efficiency of 1.85% under 30 mWem™ illumination [148]. In
summery the highest efficiency in each different deposition techniques is summarised in

the Table 2.3.

Table 2.3 Highest research device efficiency of CZTS using different deposition techniques.

Deposition method Efficiency Open circuit voltage Short circuit current density Fill factor
" Voc Jsc FF
% mV mAcm-2 %
Co-sputtering 11.01 730.6 21.7 69.3
evaporation 9.19 708 21.6 60
PLD 5.2 616 17.9 47.9
electrodeposition 7.3 567 22 58.1
spray pyrolysis 5.8 647 14.9 61
Sol-gel Spin coating 6.17 521 19.13 62
SILAR* 1.85 0.280 3.19 62

* Sample was recorded at 30 mW/cm? illumination at room temperature
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Chapter 3: Experimental Methods and Characterization Techniques

3.1: Experimental methods

3.1.1: CZTS nanoparticle synthesis

The CZTS nanocrystal inks were synthesised via the hot injection method by using
oleylamine as a solvent [1]. By using the hot injection technique, synthesis parameters such
as composition, shape, phase and particle size distribution were controlled easily. In this
method as shown in Figure 3.1, a 100 ml volume three necked-flask was used to mix the
salts; two necks were connected to a Schlenk line to either purge the reaction with argon
gas or evacuate with a vacuum. The other neck was used to monitor temperature and inject
the sulphur solution. In this method, the nanoparticles were synthesised with 0.4 g of
copper (II) acetylacetonate, 0.2 g of zinc (II) acetylacetonate and 0.3 g tin (IV)
bis(acetylacetonate) dichloride as metal sources, which were heated in 12 ml oleylamine to
140 °C under vacuum and degassed for 30 min with stirring and purged with argon several
times. Then, a solution of 0.1 g elemental sulphur in 3 ml oleylamine was injected into the
mixture after the temperature was increased to 225 °C and left the mixture for 30 min. after
that the mixture left to cool to 30 °C in air. Then, 5 ml of toluene and 40 ml of
isopropanol were added into the solution, and the nanoparticles were collected using the
centrifuge at 10000 rpm for 10 min. The supernatant was then decanted. Afterwards, 20 ml
of toluene and 10 ml of isopropanol were added to mixture and centrifuged at 8000 rpm
for 10 min, the supernatant was decanted again. These processes were repeated twice, the
resultant CZTS powder was dried under vacuum and prepared as a high concentration ink

by suspending in hexanethiol as a solvent (200 mg of CZTS in 1 ml of hexanethiol).

67



Chapter 3 Y. ALTOWAIRQI

Tin (IV) bis(acetylacetonate)

Copper (1) acetylacetonate Zinc (1) acetylacetonate dicloice

Heatingto 130 °C under Mixture of precursors in

vacuurn for 30 min Oleylamine fe—
Purged with argon several times.
injected <: Reaction condition was

> increased at given

| temperatures & times. |

Solution of sulphurin

Oleylamine

CZTS nanoparticles
growth

i

Nucleation

\ Washing by toluene &
» 'w’%' isopropanol

CZTS% Growth

1

CZTS nanoparticles
ﬁ

CZTSink

Figure 3.1 Schematic diagram for CZTS fabrication process.
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3.1.2: CZTS nanoparticles thin film deposition techniques

The CZTS nanoparticles were deposited onto glass substrate by the spin coating technique.
The glass was cleaned by washing with acetone, methanol and distilled water for ten
minutes in ultrasonic bath. Then, the glass was dried by using nitrogen flow. The high
concentration of CZTS ink (200 mg/ml in hexanethiol solvent) was dropped onto the glass
placed in a spin coater which spins at high speed; 2500 rpm for 10 second to achieve a
highly uniform film. The samples are then preheated in air at 150 °C for 30 seconds and
300 °C for 30 seconds. These steps were repeated 8 times to get a suitable thickness of

CZTS layer which is around 1 to 2 um.

3.1.3: Annealing process

The CZTS thin films on substrates were loaded in the furnace tube manually. After that the
two ends of the tube caps were connected to different valves; a vacuum pump, exhaustion
line, nitrogen and H,S supplies. For an N, atmosphere where different annealing
temperature, time and ramping rate conditions were applied, the tube was evacuated by
using a rotary vacuum pump and the furnace tube was filled with N, gas. For a H,S
atmosphere, after rotary vacuum pump closing a mix gas of H,S and N, with a
composition ratio of 20:80 was introduced and it was left to fill the tube and the pressure
monitored until it reached the desired pressure of 0.15 atm and the gas supply was then
closed. For furnace annealing treatments, various temperatures, times and ramping rates
wete applied. The processes commenced at 300 °C for with a ramping rate of 10 °C/ min
for 1 h under N, atmosphere. After that the furnace was left to cool naturally overnight.
These processes were repeated for different temperatures 400, 500 and 600 °C, and for
different times 0.5, 1.5 and 2 h, and different ramping rates 5, 15 and 20 °C/ min. Lastly,
after the annealing treatment was finished under a (20%) H,S + (80%) N, atmosphere, the

furnace tube was flushed several times with nitrogen gas and vented.
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Figure 3.2 Annealing process by using furnace

3.1.4: Device fabrication

3.1.4.1: Mo deposition

Mo films were deposited by using high vacuum sputter system. The clean glass substrate
and Mo target were placed onto the instrument and left in the system under vacuum
overnight to reach a suitable vacuum pressure of 6x10° Torr. Then, the voltage and
current were set at 650 V and 0.11 A respectively. For film deposition, the argon valve was
opened and the DC was switched on. Then the pressure decreased to ~ 3x107 Torr
voltage dropped to 285 V. The gate-valve and current control were manually adjusted as
necessary to maintain constant pressure and current at 0.11 A, and then the plasma was
ignited. In this instrument the deposition rate was 1 A/sec. The sputter time for each
pressure was chosen to yield a film having a nominal thickness of 600 nm. Due to
fabrication issues of the Mo sputtering machine these processes were used for films in

chapter 6, but in chapter 7 Mo foils were used instead of Mo thin films.

3.1.4.2: Chemical bath deposition of CdS (CBD-CdS)

There are numerous recipes in the literature for the successful fabrication of CdS layers by
using the chemical bath deposition (CBD) technique [2-6], and also by the use of RF

sputtering systems [7] and by thermal evaporation method [8]. However, chemical bath
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deposition is a simple way to deposit CdS onto a CZTS, it is low cost and achieves the high
efficiency. A deposition solution containing CdSO, (2.5 mM), NH,OH (15 ml) and
CSN,H, (10 mM) was diluted in distilled (DI) water and placed on a water-jacket beaker,
which was itself placed on hot plate stirrer. The total volume of the solution was 150 ml.
After that, a substrate was placed into the beaker and soaked in the solution before adding
the thiourea. Then the thiourea was added and the substrate was placed again in the beaker
and then the measurement time was started to deposit 70 nm. After the time finished, the
substrate was rinsed by DI water and dried by N, flow. Figure 3.3 shows a diagram of the
apparatus used for the CBD-CdS deposition.

Figure 3.3 A diagram of the apparatus used for the CBD-CdS deposition
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3.2: Characterisation Techniques

Many techniques were used in this study to characterise and analyse the CZTS
nanoparticles. However, in this section the background physics of all of the instruments

will be discussed in detail.

3.2.1: X-ray diffraction
When accelerated electrons from a negative cathode filament move towards a positive

tungsten target anode, two types different mechanisms of x-rays can be generated. When
the electrons interact with target, the electrons pass close to positive charge nucleus and the
coulombic forces are present, leading to deceleration of the electron and change its
direction causing a significant loss of electron kinetic energy which is converted to x-ray
radiation with energy equal to the kinetic energy lost by the initial electron energy. This
process is called bremsstrahlung (braking radiation) [9]. If however the electron has
sufficient energy; greater than the target shell binding energy; to eject the electron from its
shell (K-shell), leaving a hole (vacancy) in the inner shell (K-shell), this hole (vacancy) will
be filled by an electron from the outer shells (L. and M shells), leading to loss of energy and
emission of x-ray radiation which is equal to the difference energy between two shells. This

is the characteristic x-ray generation as shown in Figure 3.4 [10, 11].

Characterisation Radiation

Intensity

maximum
photon energy

Bremsstrahlung

1 1
50 100 150
Energy keV

Figure 3.4 Two types of x ray radiations are produced; bremsstrahlung and characterisation radiation.
Bremsstrahlung is continuous spectra, whereas characteristic radiation is discrete spectra which shows K, and

Kg which is due to electrons fill vacancies from L and M shells to K shell [12, 13].
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When the produced x-ray as described above, hits the atom (sample), which is usually a
crystalline substance at the right distance and angle, constructive interferences and
diffraction rays will be produced. Also, some patterns interfere with each other and cancel
each other out. Bragg studied [14] the relationship between the wavelength, the angle of the

x-ray and the internal spacing in the crystal.

Reflected
0
angle

' d si&/

Figure 3.5 Bragg’s law suppose that the crystal may be divided into many parallel planes. When the x- ray with
wavelength A is incident the parallel planes at angle 0, it will reflect by angle equal to the incident angles. The

distance between two parallel planes is d.

This relation is given by the formula, which is called Bragg’s law.
ni=2d sin@ (3.

where A: wavelength of the incident x ray, ¢ the angle between the incident rays and the
surface of the crystal, 4 spacing between the layers and #: is an integer [15, 16]. The sample
is in a powder form that contains a large number of crystallites in a random orientation
placed in the x-ray path. The scattering of the x-ray will be detected by an appropriate
detector from the planes in these crystallites at correct angles to achieve Bragg’s law. As a
result, each lattice space in the crystal will give rise to a cone of diffraction from a single
crystallite within the powder sample, Figure 3.5. The peak intensities will be recorded on

the computer, and the d spacing values will be calculated using Bragg’s equation [17].
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Because the CZTS has a tetragonal structure, as the literature review suggests [10, 18], the

inter-planer spacing and lattice parameters are the following, according to Bragg's law:
p p g p g, g g8

ni=2d,,siné (3.2)
2 2 2

12 _h +2k +'_2 (3.3)
dog a c

The grain size or thickness of the crystallite layer is inversely proportional to the full width

at half-maximum (FWHM) of the peaks. It is given by the Scherrer’s formula [19]:

= 0.94
Dcos@

(3.4)

where x : grain size, D: full width at half-maximum (FWHM) at (112) peak, A: wavelength
for Cu Ka (0.154 nm) and 6 Bragg angle of diffraction (peak position). The x-ray
diffraction instrument consists of an x-ray source, a goniometer, a sample holder, a
radiation detector and a signal processor and readout. The x-ray diffraction provides useful
information, such as a determination of the crystal structure, phase identification,
determination of grain size and thin film composition [20-23]. In this work the XRD peaks
will be used to provide information for peak positions which can determine the crystal
system as well as the particle sizes. Also, the inter-planer 4 spacing and lattice parameters
will be determined. XRD measurements will be taken for all samples by using Cu-K, x-ray

in Bruker d7 diffractometers.

3.2.2: Raman spectroscopy

This is one of the most important techniques that are used to provide extensive
information regarding the crystal's structure, composition and secondary phases. Especially
in this work to identify the purity of CZTS films as well as secondary phases. Raman
scattering is an inelastic scattering of monochromatic light (laser), which means that the
scattering energy of the photon incident are absorbed by the sample and re-emitted as
photons. The energy of these photons shifts up or down in comparison with the incident

photon energy.

When the incident photons interact with the sample, the scattering process occurs. When

the incident photons excite the electron into a virtual state (it is an imaginary intermediate

e
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energy state with a short life time), the electrons can return to the ground state and emit the
photons with energy equal to that of the incident photon. This process is called Rayleigh
scattering (elastic scattering) [24]. When the electrons relax back down and shift up or
down to vibrational energy states (ground state), the Raman Effect occurs [25]. These shifts
provide information about vibrational, rotational and other low frequency transitions in

molecules as shown in Figure 3.6.

E1 Excited electronic state

--------- K dx Virtual energy state
Excitation energy

—— 4

Vibrational ,

energy )

Y states 1

\ Ey 0

Rayleigh  Stokes / Anti-Stokes AE=E,

Scattering  Raman Scattering

Figure 3.6 Energy level diagram shows Rayleigh and Raman scattering processes. E, is the vibrational energy
state and E1 is the excited electronic state. V= 0 is the ground vibrational energy state, V=1, 2, 3 and 4 are

the first, second, third and fourth vibration [25].

However, when the energy of the incident photon moves from the virtual state to the
vibrational state (phonon state) and emits a photon with less energy of the incident photon,
this leads to what is known as stokes Raman scattering. On the other hand, when the
electron in the vibrational, excited state (phonon state) becomes excited to a higher virtual
state and come back down to the ground state, emitting photons with more energy than
those of the incident energy, this leads to what is known as anti-stokes Raman scattering.

The energy level diagrams for the Rayleigh, Stokes and anti-Stokes scattering schemes are
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presented in Figure 3.6. The Raman spectrum consists of the following types of Rayleigh
scattering peaks: those with high intensity and wavelength as excitation photons, those with
a series of Stokes-shifted peaks, with low intensity and longer wavelengths, those with a

series of anti-Stokes shifted peaks and with lower intensity and shorter wavelengths [26-28].
The Raman spectra will be taken by using horiba JY lab RAM-HR microscope.

3.2.3: Electron microscopy

3.2.3.1: Transmission electron microscopy (TEM)

TEM is one of tools that used to analyse CZTS structure. In the TEM, electrons transmit
through the sample and are detected and analysed by using advanced computer
programming. An electron beam of high energy is required to produce high resolution and
transmission, typically 200 keV is used as shown in Figure 3.7 [29]. The electromagnetic
lenses act to focus the electrons transmitted. The condenser lenses are used to control the
electron illumination of the sample. Also, other lenses such as objective and projector
lenses are used to produce the diffraction pattern on the fluorescent screen [20, 30]. There
are many functions can be used in TEM to analysis the particles such as contrast imaging
to show particles’ images and calculate size of particles. Also, High Resolution Electron
Microscopy (HREM) used to study the atomic structure of the material and calculate d
spacing. Moreover, Selected Area Electron Diffraction (SAED) gives information about
lattice parameters and point groups of a crystal. TEM in addition is used to provide
chemical analysis and the chemical composition of elements can be determined by energy
dispersive x-ray (EDX). The TEM measurements will be taken by using JEOL 2100F FEG
TEM, with operation voltage at 200 kV.
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Figure 3.7 TEM instrument, in the left diagram, it is the cross section of the main part of TEM instrument. It
consists of an electron gun for generating the electron beam, two condenser lenses and apertures, an

objective lens and aperture, projector lenses, a viewing system and a camera chamber.

3.2.3.2: Scanning electron microscopy SEM

The main differences between TEM and SEM are the focused electrons in TEM
transmitted through the sample whereas in SEM the electron beam is scanned over the
sample surface. In this instrument, the electron column consists of an electron gun and two
or more lenses operating under high vacuum as shown in Figure 3.8. The electron gun is to
provide a large and stable current in small electron beam. The electrons were accelerated
between cathode and anode by a voltage 1-50 eV in the electron gun chamber [31-33].
Three electron beam parameters are defined when the electron hits the sample surface
these are electron probe diameter, electron probe current and electron probe convergence.
In the SEM there are one to three condenser lenses which are used to demagnify the image
of the crossover in the electron gun. The final lens in the SEM column is called the
objective lens which is used to focus the image by controlling the movement of the probe
crossover along the z-axis of the column. The objective lens is the strongest lens with high

current flow through it, liquid cooling is required [32].

77



Chapter 3

Y. ALTOWAIRQI

anode

—

alignment coils — |

variable aperture holder

electron gun

condenser aperture

condenser lens 1

condenser lens 2

objective lens

|

:

=+

vacuum

stigmator
deflection coil

secondary electron
detector

specimen stage

specimen chamber

Figure 3.8 SEM instrument consists of electron gun, anode and cathode, condenser aperture, two condenser

lens, variable aperture holder, stigmator and deflection coil, objective lens, secondary electron detectors and

specimen chamber which contains specimen stage and connects to vacuum system [34, 35].

When the electron beam hits the sample surface, the electrons penetrate the surface of

sample to a depth of a few microns and many types of interactions with the electrons are

possible; these are either an elastic or inelastic scattering with atoms of the specimen,

Figure 3.9 such as secondary electrons (SE), backscattered electrons (BSE) and

characteristic x-rays [32, 36].
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Figure 3.9 Different types of electron beam interaction with surface of the sample; Auger electrons,
secondary electrons, backscattering electrons, characteristic x-rays, continuum x-rays and fluorescent x-rays

[37].

The secondary electrons are emitted from the surface of sample by using low accelerating
voltage and play the important roles for surface imaging. Not only the incident beam lost
its energy by excited electrons on the surface but also go through backscattering within the
sample surface and the scale depth of BSE is greater than SE depending in the energy of
incident beam (accelerating potential). SEM instrument in addition can use emitted x ray
characterization to analyses the composition of elements. However, when the electron
beam ejects the electron in the core level and creates the vacancy, the electron in outer level
with high energy falls down and fills the vacancy at low energy level and emits a photon
with an energy equivalent to difference of energy between high and low level [36, 38]. The
SEM measurements will be taken by using the Hitachi SU-70 FEG SEM to image the
CZTS film surfaces and calculate the particle sizes as well as EDX spectroscopy to
determine the chemical compositions of CZTS elements by INCA software in Hitachi SU-
70 SEM.
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3.2.3.3: Focused ion beam (FIB)

Focused ion beam (FIB) is a useful instrument used in this work to image the surface of
materials such as CZTS films, CdS films as well as cross section images of CZTS solar
devices. Moreover, it can be used to produce transmission SEM sample to study the cross
section image of CZTS devices. However, FIB system consists of dual beam; ion beam and
electron beam, sample stage, vacuum system, detectors and camera. Electron beam column
is vertically oriented to the sample stage. This beam can be used for high resolution
scanning electron images as well as to determine the chemical composition of the sample
with EDS detector. The electron energies can be between 0.1 and 30 keV. Ion beam
column is tilted to an angle of 52° and consists of positive charged gallium ions. The beam
can be used to generate secondary electrons and ions which can be used to form images.
The electron will interact with sample as discussed in section 3.2.3.2. For cross section
images, the sample stage was tilted at 52° and a platinum layer was deposited on the sample
surface to protect underlying layers from ion beam and then followed by milling of the

trench on the surface which was lastly polished at low current.

3.2.3.4: Electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) technique is used to analyse crystal microstructure
including phase identification and fractions, type of grain boundary, grain size, and crystal
otientation. EBSD consists of a holder which can be tilted to 70° on SEM device or by
using pretilted holder, a phosphor screen, a sensitive digital camera for viewing the pattern
from the phosphor screen and specialized computer software (Aztec) used to analyse
electron backscattered patterns. Typically, an EBSD system is attached to an SEM device
and the accelerated electron beam hitting on the crystal specimen, that is tilted to about 70°
and the incident beam with an angle of 20° with the sample, will be backscattered in all
directions. The backscattered electrons meeting Brage’s condition and will form Kikuchi
diffracted patterns on the phosphor screen, which then can be captured by the camera. The

electron will interact with sample as discussed in section 3.2.3.2.
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3.2.4: Photoluminescence (PL) spectroscopy

This is a very sensitive technique that is used to study wvarious properties of
semiconductors. PL spectroscopy is not a destructive optical technique. It is used to
evaluate the various dopants and impurities' levels in semiconductors. The PL spectroscopy
instrument requires a suitable laser beam with an appropriate emission-characteristics

spectrometer for a high-spectral resolution and appropriate detector [39].

There are three main processes involved in PL performance; absorption, excitation and
emission as shown in Figure 3.10. When the laser photons are absorbed by the materials,
this leads to an excitation the electron from a lower energy level (valence band or defect
level near valence band) to higher energy states (conduction or defect near conduction
level). Thermalisation happens next the hot electrons and holes lose energy by emitting
phonons to thermalize with lattice. The next process is the relaxation of the excitation
electrons as they relax from conduction level to valence level and emit a photon. All these
process are radiative recombination i.e they lead to the release of a photon. On the other
hand, when electrons relax from the conduction band to an intermediate energy state (deep
defect level) or from this level to the valence band and hence release a phonon, these
processes are called non-radiative recombination. Figure 3.10 shows the different process
of radiative and non-radiative recombination when the excitation electrons relax to lower

energy levels [40, 41] .

Conduction Band

CB
— Donor level —
phonon
Deep|defect level
/\/’\) /\/\/
photon photon | photon photon /\/\/
phonon
Acceptor level ¥ I
VB =X -

Valence Band

Figure 3.10 Different PL process for radiative and non-radiative recombination paths
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It is clear that there are three main path ways available which lead to the emission photons;
band to band recombination (BB), where the electrons from the conduction band return

back to the valence band and emission of photons with energy equal to band gap E, i.e
where, E is photon energy, h is blank constant and V is frequency of light.

Other recombinations exist when carriers transfer from the energy band to defect levels
(either acceptor or donor level) in the band gap, this process is called band to impurities

recombination (BI). This is recombination can be described by the following equation:

hv—E_ +E
— _ -9 1
I = J(hv—E; +E)/ksT exp[ T ] (3.6)

Where, E_ is the band gap of the materials, E; is the ionisation energy of the donor or

9

acceptor, Ky is the Boltzmann constant and T is the sample temperature. The

photoluminescence energy maximum is described by hv, , =E; —E,

The existence of a high concentration of acceptors and donors under low temperature, the
donor-acceptor pair recombination (DAP) was detected as shown in the Figure 3.10 and
also it is emitted photons. This is recombination also can be described by the following

equation [42],

e2

hV,e = Eg —(EA+Ep)+ ypp

max

(3.7)

Where, E, +Ep ate the acceptor and donor ionisation energies respectively, €is electron

charge, &,is the permittivity of vacuum, ¢ is the static dielectric constant and ris the

distance between the donor and acceptor ions. However, the most important term in this

2
which describes the coulomb interaction between both donor and

equation is
4re er

acceptor. It is clear that when increasing the excitation power of PL, the photogeneration
of electrons and holes also will increase, which leads to increased screening of Coulomb
interaction between donor and acceptor ions and as result due to strength of Coulomb

force the emission line will shift to a higher energy. The PL measurements are used to
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provide information on the energy band gap, impurity levels, carrier lifetime and
recombination mechanisms. Moreover, there is extensive useful information that can be

obtained from peak energy, peak width and peak intensity [20, 43].

Moreover, there are other recombination process that can occur in the CZTS materials,
depending on the level of dopant and the defects concentration which form spatial
fluctuation in the band gap edge and electrostatic potential. This leads to perturbation in
the band structure and the broad distribution of defect levels can form a band-tail. For
instance a band tail which is due to band gap fluctuations can be induced by varying anion
and cation concentrations and a band tail which is due to electrostatic potential fluctuations
induced by the variation in dopant (donor and acceptor) concentration [44, 45] is also
possible. However, when the maximum of the conduction band corresponds spatially to
the minimum of the valence band, where both absorption and emission (recombination)
occur at the same point, this process is called band gap fluctuation, whereas, electrostatic
potential fluctuation occurs due to a high concentration of defects and impurities. The
absorption and recombination when the minimum of the conduction band and the
maximum of the valance band correspond spatially together leads to these process
happening at different locations via tunnelling, this process is called electrostatic potential
fluctuation. Both band gap, and electrostatic potential fluctuations have detrimental effects

in photovoltaic device performance by reducing the open circuit voltage [46].

However, the average well depth of fluctuating potential is given by [47, 48]

2

e
yz,/Z;zNT r - (3.8)

where N is the concentration of donor and acceptor impurities, ¢ is the electron charge, ¢

and is the relative permittivity, 7, is Debye screening radius which can be given by [47]

Y ( Ve
a T
L=—1 | = 3.9
35 e
where 4, is the Bohr radius of the isolated shallow donor or acceptor state and # is the

concentration of free charge.

Moreover, the absorption coefficient a and fluctuation potential can be given by [46].
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(3.10)

o-aenl-) 57 )

where a is the absorption coefficient, and a, is the proportional constant, and the y for

optical transition is given by [406, 49].

2 4 1222
75=( © jNTh (3.11)

4re. s, m,

where, ¢ is the relative dielectric permittivity, Nt is the total charge defects density, 7 is

reduced Plank constant and My is the reduced mass of the electron and hole which is equal

to m =(mm,)/(m, +m,)

The PL measurements will be taken to identify the defects and recombination types. In this
work PL measurements will be taken by using Ar ion laser as the excitation source with
excitation laser wavelength 514 nm (green line laser). The samples will placed under
vacuum in cryostat (Cryomech ST405) and cooled to 3 K for low-temperature
measurements. Two filters are used to remove laser light as OG 550 and OG 570.The data

were collected by using lab view software.

3.2.5: UV-Vis Spectrophotometer

The UV-Vis spectrophotometer is an optical instrument that is used to measure the
intensities of light absorbance, transmittance and reflectance by a sample as a function of
its wavelength. A light beam with a particular wavelength is passed through the sample and
along the reference path. Then, these light beams converge on the detector [50]. When
light passes through the reference sample, the intensities are observed and referred to as
initial intensity I, When light passes through the sample, the intensities are recorded as
transmitted intensity I. When the sample does not absorb light, the initial intensity is equal
to the transmitted intensity. But the intensity becomes less than I, when the sample absorbs
the light. In general, in the UV-Vis spectrophotometer, when the energy of photon reaches
to the energy required for electron to move from its energy state ( ground state) to high
energy level ( excitation state) these processes is basis of absorbance spectroscopy. The
Beer-Lambert law is the basic principle of the absorbance analysis [51]. This law is defined

as:
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T= |/|0 —107* (3.12)
A=log(1/T)=logl,/I =—acl (3.13)

where A is absorbance, T is transmittance, | is transmitted intensity , |y is incident intensity,
K is constant, | is the length of light path through the cuvette and C is the sample
concentration [52]. The absorption coefficient (&) depends on the incident wavelength and
can be determined by transmittance (T) and reflectance (R) measurements as the following

equation [39]:

a:iln{@ﬂ (3.14)

X T

The thickness X of the film can be calculated from the absorbance spectrum when the
absorption coefficient is known [53]. It is related to absorbance by the absorbance

coefficient (o) via Beer-Lambert law:

o —In10* (3.15)

IL:exp(—ozx)zloA =

0

However, the energy band gap Eg depends on the absorption coefficient as the following

equation (3.16) [54]:
1/n
ahv=C(hv-E,) (3.16)

Where, C is constant, h is plank’s constant, hv is the incident photon energy eV, n is a
constant related to the band structure; which is equal to 2 for a direct band gap bulk
semiconductor. The energy band gap can be estimated by extrapolating the linear portion

of the curve (ahv) 2 versus photon energy. This is commonly referred to as a Tauc plot.

The UV-Vis spectrophotometer will use to estimate the energy band gap of CZTS under
different parameters. In this works the UV-Vis measurements will be taken using a

Shimadzu UV-3600 UV /Vis spectrometet.
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3.2.6: Current — voltage (I-V) measurement device

Solar cell devices are characterised by applying an external voltage cross the cell and
measuring the current passing through the cell. To measure |-V characteristic of PV solar
cells devices, a Keithely 2400 device and labVIEW for windows was used. The PV device is
linked with keithely device and a computer. Then, the measurement of current was
collected and transferred to a computer programme to draw the relationship between
voltage (V) and current density (J) from this curve useful information will be collected as

mentioned in chapter 2.1.4 [20]. The devices were illuminated by solar simulator.
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Chapter 4: Synthesis and characterisation of Cu,ZnSnS, (CZTS)
nanoparticle solution inks under different fabrication conditions

4.1: Introduction

CZTS was fabricated using a non-vacuum technique especially designed to be a single stage
hot injection method, the spin coating technique was used to grow layers of CZTS
nanoparticles as an ink onto glass substrates. This method has been successfully utilised by
several groups [1-3] with non-vacuum deposition techniques such as drop casting and spin
coating methods [1, 4-7]. The aim of this chapter is to focus on the synthesis and
characterisation of (CZTS) nanoparticles by hot injection techniques with different
synthesis conditions such as temperature and time. According to many studies, the best
solar cells have been achieved with copper poor zinc rich region in the narrow range of
(Cu/Zn+Sn) =0.79 to 0.85 and (Zn/Sn) =1.05 to 1.25 [8-12]. In this work the

composition ratios of (Cu/Zn+Sn) and (Zn/Sn) were chosen as 0.85 and 1.25 respectively.

4.2: Synthesis of CZTS nanoparticles ink:

CZTS nanoparticles were synthesised as described in chapter 3.1 under non-stoichiometric
compositions; 1.35 mmol of copper (II) acetylacetonate, 0.80 mmol of zinc (II)
acetylacetonate and 0.75 mmol of tin (IV) bis(acetylacetonate) dichloride as metal sources
and a solution of 4 mmol of elemental sulphur in 4.5 ml oleylamine was injected into the
mixture. The reaction temperature was increased at given temperature to allow the
nanoparticles growth by setting temperature to 185, 205, 225, 245, 265 °C for 30 min under
argon atmosphere. Subsequently, 5 ml of toluene and 40 ml of isopropanol were added
into the solution, and the nanoparticles were collected using a centrifuge at 10000 rpm for
10 min after cooling the solution to 60 °C at room atmosphere. These process repeated at
different reaction time 0.5, 1, 1.5 and 2 h with fixed temperature at 225 °C were synthesised

to study the effect of different reaction time.
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4.3: Results and discussion

4.3.1: The effect of reaction temperature

In the synthesis of CZTS method, the reaction temperature was varied from 185 to 265 °C

and the reaction time was set as a constant of 30 min.

4.3.1.1: SEM & EDX measurements

As shown in figure 4.1, it was found that the shape of CZTS nanoparticles was spherical,
dispersive nanoparticles and aggregate together at 185 to 225 °C due to high surface energy
and Van der Waals force. Whereas, at 245 °C and 265 °C the shape of CZTS nanoparticles
becomes smoother and the size of the nanoparticles gradually increase with increasing

temp eratures.
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Figure 4.1 SEM images of the surface of CZTS films at different reaction temperature 185, 205, 225, 245 and
265 °C.

Energy dispersive x-ray spectroscopy EDX was performed to examine the overall
composition of CZTS as synthesised nanoparticles. Figure 4.2 shows the chemical
composition of copper, zinc, tin and sulphur of CZTS at different temperatures. In general,
the Cu and Sn decreased with increasing temperature, whereas, Zn increased with
increasing reaction temperature. Also, S was slightly increased with increasing reaction

temperature.
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Figure 4.2 Chemical composition of as synthesis CZTS nanoparticles under different reaction temperatures.

Table 4.1 shows the chemical ratio based on CZTS nanoparticles. It can be seen by EDX
measurements that the content of Zn and S increased with increasing temperature until 225
°C. Moreovert, the atomic percent of Cu and Sn decreased with increasing the temperature.
However, the compositional ratio was Cu/ (Zn + Sn) = 1.14, 1.11, 0.95, 0.94 and 0.96, and
Zn/Sn = 090, 1.12, 1.49, 1.48 and 1.54 for 185, 205, 225, 245 and 265 °C respectively.
However, the ratio of S/ Metal is lower than 1, which means that the sulphur content is

deficient in all samples.

Table 4.1 Chemical composition and element ratios of CZTS nanoparticles with different reaction temperatures.

Temperature (°C) Cu/(Zn+Sn) Zn/Sn S/(Cu+Zn+Sn)
185 1.14 0.90 0.88
205 1.11 1.12 0.94
225 0.95 1.49 0.94
245 0.94 1.48 0.96
265 0.96 1.54 0.97
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4.3.1.2: TEM measurements
Transmission electron microscopy (TEM), high resolution TEM (HRTEM) and selected

area electron diffraction (SAED) are shown in Figure 4.3, it can be seen that the size of
particle increase with increasing reaction temperature and most of the nanocrystals are
spherical. Also, most of nanoparticles’ sizes agree with XRD measurements using

Scherret’s equation.

Figure 4.3 TEM, HRTEM and SAED of CZTS at 185, 205, 225, 245 and 265 °C for 0.5 h.
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Further study to confirm the structure of the synthesised nanoparticles using HRTEM
analysis was carried out and all of lattices of CZTS nanoparticles were revealed to be highly
crystalline. Moreover, the inter-planar spacing 4 was measured to be 3.1 and 1.9 A,
corresponding to the (112) and (220) planes of the kesterite phase, respectively, and also in
complete agreement with XRD measurements. SAED images show the three main
brightness rings which correspond to 112, 200 and 220 planes of CZTS with tetragonal

structure.

4.3.1.3: X-ray diffraction and rietveld refinement analysis:

Figure 4.4 shows the X-ray powder diffraction patterns of CZTS nanoparticles which were
synthesised under different temperature from 185 °C to 265 °C. It is found that there are
main diffraction peaks which are in good agreement with high intensity reflection of
kesterite type structure of CZTS such as (112), (200), (220), (312) and (400/008) which are
located at 28.8, 33.3, 47.8, 56.5 and 69.1° respectively according to JCPDS card number 26-
0575. However, due to the similarity between KT and ST structures, the presence of ST
structure is not excluded based on XRD data. Also, there are other peaks at 26.1, 31.1 and
51.1° which match the diffraction patterns of (210), (211) and (213) planes of wurtzite type
structures of CZTS which were observed. Moreover, these peaks may correspond to Cu, S

and SnS, secondary phases for samples produced at 245 and 265 °C.
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Figure 4.4 XRD pattern of as synthesis CZTS nanopatticles under different reaction temperatures.

However, due to the wurtzite structure having diffraction peaks at 28.6, 47.7 and 56.6°
similar to kesterite structure, these peaks can be marked to (002), (230) and (232) planes of
wurtzite structure or (112), (220) and (312) planes of kesterite structure [13, 14]. Moreover,
due to the existence of a weak peak around 33.2° this proves the existence of CZTS with
kesterite structure in all samples, so, it can be said that all samples contain the wurtzite-
kesterite mixed phase. It is clear that the peak intensities increase with increasing reaction
temperature and become sharper. The average of CZTS nanoparticles size was calculated

by using Scherrer’s equation [15, 16] depending on the peaks width,

0.9
X =— (4.1)
D cosé@

where A is the wavelength of x-ray ( Cu K, = 0.154 nm), D is the full width at half
maximum (FWHM) of the diffraction peaks and 0 is the Bragg’s angle. The average
crystallite size of CZTS synthesised at 185, 205, 225, 245 and 265 °C were about 13, 28, 37,

48 and 49 nm respectively. It confirms that the size of crystallites was increased with
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increasing reaction temperatures. The interplaner distance and lattice constant a and ¢ were
calculated by using the equation [17]:
1 h*+k? N |2 4.2)

2 2 2
(o a Cc

The interplaner distance was found close to values reported in the literature, and was
calculated for d (112) and d (220) planes. The values were around 3.12 and 1.91 A
respectively and match well with lattice spacing measured from TEM measurements. These
values slightly increase with increasing reaction temperature. Rietveld refinement analysis
was used to confirm the phase purity of CZTS. Also, the lattice constants were calculated

by using TOPAS software for kesterite and wurtzite structures as shown in the Table 4.2.
Table 4.2 Lattice parameters at different synthesis temperatures from rietveld refinement analysis.
Synthesis 185 205 225 245 265

temperatures (°C)

Lattice parameters (A)

CZTS (kest) a 5.451 5.472 5.446 5.439 5.434
CZTS (kest) c/2 5.409 5.345 5.378 5.383 5.385
CZTS (wurt) a 3.829 3.821 3.792 3.803 3.822
CZTS (wurt) c/2 3.160 3.144 3.140 3.137 3.145

As shown Figure 4.5, the CZTS nanoparticles have a mixed structure between kesterite and
wurtzite. The lattice constant CZTS (kest) a is in the range 5.434-5.472 A and CZTS (kest)
c is in the range 10.818-10.69 A, which means that (a) values decreased and (c) values

increased with increasing reaction temperatures for kesterite structure.
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Figure 4.5 Lattice constant values at different CZTS synthesis temperatutes.

Moreover, the lattice constant CZTS (wurt) a is in the range 3.829-3.822 A and CZTS
(wurt) c is in the range 6.32-6.29 A, which means that (a) and (c) values had a small trend to
smaller values with increasing reaction temperatures for wurtize structures. Those results
from XRD and Rietveld refinement measurements agree with many literature reports [18-
22] . However, due to the similarity between CZTS, CTS (copper tin sulphide) and c-ZnS
structure, it is difficult using XRD pattern to distinguish in the angle position at major
peaks. Raman spectroscopy was therefore used to identify whether secondary phases

present in the samples.

4.3.1.4: Raman measurements:

Raman measurement of CZTS at different synthesis temperatures in Figure 4.6 show the
main and strong peak located at 334 cm™ for 180 °C, 336 cm for 205 °C, 337 cm’' for
225, 245 and 265 °C, with other small peaks located at 250, 265, 286, 355, and 370 cm™" at
all synthesis temperatures Additional peak located at 366 cm™ for 225, 245 and 265 °C, and

all these peaks confirming that all films were a single phase of CZTS.
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The main peaks were located at 334, 336 and 337 cm’ and are due to A asymmetry
vibrational modes and related to sulphur vibration [23-26]. However, at 185 °C, the peak at
334 cm™ is likely to be a result of mixed kesterite and wurtzite structure [27-29], whereas
the peaks at 336 and 337 cm™ with small shoulder peaks at 286 and 370 cm™ can be well
attributed to the scattering of kestrite CZTS phase [30, 31].

265 °C

Intensity counts
|
\
¢

200 300 400 500 600
Raman Shift cm™

Figure 4.6 Raman spectrum of as synthesis CZTS nanoparticles under different reaction temperatures.

However, there are other peaks which may correspond to secondary phases such as a peak
at 300 cm™ for 185, 205, 225 and 245 °C which corresponds to SnS, and at 304 cm™ for
265 °C samples which corresponds to Sn,S; or Cu,SnS; secondary phases [32-34]. All
samples present the Cu,SnS, secondary phase at 320 cm’ [35-37]. Also, all samples except
225 °C had a small peak at 262 cm™ which was assigned to Cu, S [21, 38-40]. There is no
evidence of ZnS secondary phase at 271 and 351 cm™' [41, 42], and Cu, S at 475 cm’".
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4.3.1.5: Optical measurement

The optical band gap of CZTS nanoparticles has been calculated from the absorption
spectrum using the form of the Tauc relation (4hv) = C(hv — Eg)" where C is a constant, A
is absorbance, Eg is the average band gap of the material and n depends on the type of
transition and equal to 2, for direct band gap. The average band gap was estimated from

the intercept of linear portion of the (4hv) 2 ys. Energy Band gap plots.

— 185 °C
— 205 °C
225 °C
245 °C
— 265 °C

(Ahv)?

1.5 2.0 2.5 3.0
Energy eV

Figure 4.7 Energy band gap from UV—vis absorption spectra and calculated by Tauc plot of the CZTS

nanocrystals at different temperatures.

The energy band gap spectra of as-synthesised CZTS nanoparticles were measured by using
a UV—vis spectrophotometer as shown in Figure 4.7. The band gap energy values of
samples under various reaction temperatures were calculated from absorption spectra to be
1.81, 1.75, 1.49, 1.40 and 1.32 eV corresponded to the reaction temperature of 185, 205,
225, 245 and 265 °C respectively for CZTS films.

However, due to the results above from SEM, TEM, EDX, Raman measurement and UV -

Vis measurements, the sample synthesis at 225 °C for 0.5 h has less secondary phases and
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has optimum size and shape and optical properties which make it suitable condition to thin

film solar cells.

4.3.2: Effect of reaction time on CZTS

The effects of reaction time on the properties of CZTS nanoparticles with a fixed reaction

temperature of 225 °C were also studied, and the reaction time was in the range from 0.5 to

2h.

4.3.2.1: SEM & EDX measurements

As shown in Figure 4.8, it was found that the shape of CZTS nanoparticles was irregular,
dispersive and aggregated together and the size of the nanoparticles gradually increased

with increasing time. Moreover, the particles at 1.5 and 2.0 h became bigger with more

irregular shapes.

8.0kY 10.1mm x1( M) 8.0kV 10.1mm x100k SE(M)

8.0kV 10.1mm x9.00k SE(M) 8.0kV 10.1mm x3

Figure 4.8 SEM of CZTS at 225 °C for 0.5h, 1 h, 1.5hand 2 h.
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Table 4.3 shows the element ratios and atomic percent. It can be seen by EDX
measurements that the contents of Sn and Zn slightly increased with increasing the
reaction time. Moreover, the atomic percent of Cu and S decreased with increasing the
reaction time. However, the compositional ration was Cu/ (Zn+Sn) = 0.95, 0.88, 0.83 and

0.72, and Zn/Sn = 1.49, 1.24, 1.41 and 1.37at 0.5, 1.0, 1.5 and 2.0 h respectively.

Table 4.3: Element ratios of CZTS nanoparticles with different reaction times determined by EDX.

Time h Cu/(Zn+Sn) Zn/Sn S/(Cu+Zn+Sn)
0.5 0.95 1.49 0.94
1.0 0.88 1.24 0.95
1.5 0.83 1.41 0.94
2.0 0.72 1.37 0.92

However, it can be seen that the ratios of S/ Metal is less than 1, which means that the
sulphur is inefficient in all samples. In general, the contents of Sn and Zn increased with
increasing reaction time and the contents of S and Cu decreased with increasing reaction

time as shown in Figure 4.9.
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Figure 4.9 Chemical composition of as synthesis CZTS nanoparticles at different reaction times.
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4.3.2.2: TEM measurements

As shown in Figure 4.10, the size of particle increases with increasing reaction time. Also,
most of nanoparticles’ size agrees closely with XRD measurements using Scherrer’s

equation.

Figure 4.10 TEM, HRTEM and SAED of CZTS fabricated at 225 °C for 0.5 h, 1.0 h, 1.5 h and 2.0 h.
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Moreover, the 4 spacing was calculated from HRTEM and also completely agrees with
XRD measurements which is close to 3.1 and 1.9 A, which corresponds to the (112) and
(220) planes. SAED images show the three brightness rings this corresponds to 112, 200

and 220 planes. In general, the size of particles increases with increasing reaction times.

X ray diffraction and rietveld refinement analysis:

Figure 4.11 shows the XRD diffraction patterns of CZTS nanoparticles which were
synthesised under different time from 0.5 h to 2 h. It is found that there are four main
diffraction peaks which correspond to the plane of kesterite type structure such as (112),
(200), (220) and (312) which are located at 28.6, 33.1, 47.6 and 56.3° respectively according
to JCPDS card number 26-0575. Moreover, from peak widths, the size of crystallite was
calculated by using Scherrer’s equation. The average crystallite size of CZTS synthesised at
0.5, 1.0, 1.5 and 2.0 h were 37.1, 35.1, 41.2 and 45.8 nm, which confirms the size of
particles increase with increasing reaction time. The CZTS nanoparticles have a mixed

structure between kesterite and wurtzite.
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Figure 4.11 XRD of CZTS nanoparticles synthesis at 225 oC at different times.
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The lattice constant CZTS (kest) a is 5.438 A and CZTS (kest) c is 10.724 A, which means
that (a) values decreased slightly and (c) values increased with increasing reaction time for

kesterite structure as shown in Figure 4.12.

Table 4.4 Lattice parameters at different synthesis times from rietveld refinement analysis.

Reaction times (h) 0.5 1 1.5 2

Lattice parameters (A)

CZTS (kest) a 5.446 5.439 5.435 5.430
CZTS (kest) c/2 5.350 5.346 5.373 5.379
CZTS (wurt) a 3.790 3.816 3.817 3.818
CZTS (wurt) c/2 3.138 3.166 3.158 3.151

the lattice constant CZTS (wurt) a is 3.829 A and CZTS (wurt) c is 6.32 A, which means
that (a) and (c) values had a small tend to small values with increasing reaction time for

wurtize structure as shown in Figure 4.12.
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Figure 4.12 Lattice constant for as-synthesised CZTS under different reaction times.
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4.3.2.3: Raman Measurement

Raman measurements shown in Figure 4.13 confirmed that the main peaks for different
synthesis times of CZTS were at 337 cm’ for 0.5 h and 1.0 h, and at 336 cm™ for 1.5 h and
2.0 h. also, other small peaks at in range ( 280-286 cm™), (352-355 cm™ ) and (370-375 cm")
have been observed and assigned to CZTS nanoparticles, and these peaks are
corresponding to the A1 mode of single phase CZTS [43, 44]. Also, the peak at 320 cm’
assigned to Cu,SnS, [45, 46] in all samples except that synthesised at 1 h condition where
the main peak become more narrow and sharper than other conditions which indicated the

crystallinity was improved at this synthesis time.

B e N 20h
;“//J\va“ih
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Raman Shift cm”

Figure 4.13 Raman measurements of as synthesis CZTS nanoparticles under different reaction times.

There is a peak at 264 cm™ for Cu, S for 1.5 and 2 h. However, there is no evidence for
peaks at 271 cm™ and 352 cm™' for all samples which correspond to phonon energies for
ZnS [47, 48]. Also, no peaks located at 220 cm™ for SnS, 315 cm™ for SnS, and (470-475
cm™) for Cu, S [47] .
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4.3.2.4: Optical Measurement

The energy band gap of all samples under different reaction time 0.5, 1.0, 1.5 and 2.0 h
were calculated to be 1.49, 1.54, 1.61 and 1.70 eV respectively. It can be seen that the

energy band gap has increased with increasing reaction time as shown in Figure 4.14.

—0.5h

1.0 h

i 1.5h
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Figure 4.14 UV—vis—NIR absorption spectra and dependence of (Ahv)? on hv of the CZTS nanocrystals prepared at different times.

4.4: Conclusion
Hot injection synthesis route towards kesterite CZTS nanoparticles at different conditions

(temperature and time) were studied. These conditions have significant effects on the
CZTS nanoparticles on structure, composition, shape and optical properties. The sizes of
CZTS under different temperatures differ from 19 nm to 48 nm. Also, the composition of
elements was changed with increasing temperature and time. The band gaps of all samples
were in the range between 1.5 and 1.9 eV and decreased with increasing reaction
temperature whereas increasing with increasing reaction time. Many techniques were used
to investigated structure and optical properties for all samples. From the above results we
can say that the optimum conditions which are suitable for synthesising a high quality

CZTS absorber thin film is 225 °C at 1.0 h.
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Chapter 5: A study of the effect of different Copper and Zinc
compositions

5.1: Introduction
Synthesis of CZTS nanoparticle inks is a competitive processes for thin film solar cells

because the defects and secondary phases are present during their formation such as ZnS,
Cu,S, SnS and Cu,SnS; [1, 2]. However, these secondary phases have either positive or
negative roles in CZTS devices. For instance, secondary phases act as carrier barriers and
form traps at interfacial layers which leads to decrease the efficiency of CZTS nanoparticle
devices [3] and for more details see chapter 2. There are many factors that limit CZTS
device efficiency with synthesis conditions such as temperature and reaction duration,
composition control and secondary phase’s formation. Controlling Cu and Zn content are
one of the important factors for high efficiency under copper poor and zinc rich
composition. Therefore, Cu poor conditions can reduce the concentration of complex
defects such as [Cu,,+Sn, | which leads to form electron trapping states in the CZTS
absorber layer [4, 5]. Moreover, increasing Zn content leads to increase the grain size which
reduces the series resistance of CZTS thin film solar cells, but excess Zn content also leads
to form ZnS secondary phase. Moreover, Cu and Zn compositions play an important role
to determine the p-type conductivity of CZTS and also the hole concentration [6, 7]
However, as the pure CZTS region on the phase diagram is too small, controlling the
element compositions plays an important role in CZTS properties [8, 9]. Furthermore, the
efficiency of CZTS relies on the chemical composition. For instance, the highest
efficiencies of CZTS devices are obtained in the narrow composition range close to 0.80-
0.85 and 1.10-1.25 for Cu/Zn+Sn and Zn/Sn respectively which suggests the Cu poor and
Zn rich composition is favourable [9, 10].

The aim of this work is to study the effect of the material composition of copper content

and zinc content on the structure, morphological and optical properties of CZTS thin

films.
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5.2: Sample preparation

5.2.1: CZTS synthesis
The nanoparticles for this study were prepared in similar formation to the previous chapter
with some changes described in the Tables 5.1 and 5.2. In this study stoichiometric and

non-stoichiometric batches were synthesised to study the effect of chemical compositions

on structure, optical and electrical properties for CZTS nanoparticle inks.

Table 5.1 Different composition of Copper prepared in mmol units.

copper (II) zinc (IT) tin (IV) bis(acetylacetonate)
acetylacetonate acetylacetonate dichloride

C1 1.86 0.75 0.75

C2 1.5 0.75 0.75

C3 1.30 0.75 0.75

Table 5.2 Different composition of zinc prepared in mmol units.

copper (IT) zinc (I) acetylacetonate tin (IV) bis(acetylacetonate)
acetylacetonate dichloride

S1 1.5 0.75 0.75

S2 1.44 0.87 0.75

S3 1.44 0.94 0.75

S4 1.44 1.09 0.75

These mixtures were heated in an oleylamine solution to 140 °C under vacuum and
degassed for 30 min and then purged with argon several times. Next, the reaction
temperature was increased to 225°C, and then the solution of 4 mmol of elemental sulphur
in 4.5 ml oleylamine was injected into the mixture and was kept for 1 h under argon
atmosphere. Subsequently, 5 ml of toluene and 40 ml of isopropanol were added into the
solution, and the nanoparticles were collected using a centrifuge at 10000 rpm for 10 min
after cooling the solution to 60 °C at room atmosphere. The supernatant was then

decanted. Afterwards, 20 ml of toluene and 10 ml of isopropanol were added and the
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suspension was centrifuged at 8000 rpm for 10 min, and the supernatant was decanted

again and this step was repeated three times. These steps were repeated for each batch.

5.2.2: Thin film preparation

The CZTS nanoparticles were deposited on glass by spin coating technique. The glass was
cleaned by using acetone, methanol and distilled water for ten minutes for each step. Then,
the glass was dried by a using nitrogen flow. The high concentration of CZTS ink 200
mg/ml in hexanethiol solvent was dropped on the glass at high speed 2500 rpm for 10
seconds to achieve a uniform film and followed by preheating process at different
temperatures; at 150 °C for 30 seconds and then at 300 °C for 30 seconds in air. Lastly, the

above process repeated several time to obtain a favourable film thickness.

115



Chapter 5 Y. ALTOWAIRQI

5.3: Results and discussion

5.3.1: Investigation of the effect of different Cu content on CZTS structure

X-ray diffraction (XRD) pattern of CZTS nanocrystals at different Copper compositions
are given in Figure 5.1. Characteristic peaks for nanocrystals are clearly observed on XRD
patterns. The as-synthesized CZTS nanocrystals showed five intensive XRD peaks centred
at 20 = 28.6°, 33.1%, 47.5°, 56.3"° and 69.1° corresponding to planes (112), (200), (220),
(312) and (008 ) respectively for all samples ( C1= Cu rich, C2= stoichiometric and C3=
Cu poor), which are similar to those reported for CZTS powders (JCPD 26-0575) These
peak positions are in excellent agreement with other XRD measurements reported in the

literature [11].

I 112

| - (220) 519 )

i 200) (008)
5
<
=
&
g
ks

10 20 30 40 50 60 70

2 Theta (degree)

Figure 5.1 XRD patterns of CZTS Nanocrystals at different Cu content.

Moreover, there are small peaks at 27.0° which may correspond to SnO, or SnS secondary

phases for all samples [12, 13]. However, in addition to 27.0° (100) there are peaks at 31.2°
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(101) and 51.8” (103) in C1 and C2 samples which disappears in C3 sample which

corresponds to wurtzite CZTS structure [10, 14-16].

The average particle size of the nanocrystals was calculated from the (112) diffraction peaks
at 28.6° by using Debye-Sherret’s equation which gives 24.3, 39.3 and 31.8 nm for C1 , C2
and C3 samples respectively. Moreover, the & spacing was calculated as 0.31 and 0.19 nm

for (112) and (220) planes for all samples, which is also confirmed by TEM analysis. This

agrees with many studies [15, 17].

The structure and phase purity of the CZTS nanocrystals were investigated using Raman
analysis. The Raman spectra of CZTS nanocrystals are presented in Figure 5.2, the
characteristic peaks of CZTS are clearly observed on spectrum. A strong Raman peak at
336 cm’ for Cu rich, 337 cm” ideal and 338 cm’ for C3 which shifted to higher
wavenumber as a result of changing the copper compositions. Small peaks are observed at
287-289, 364 and 370 cm™ corresponded to the A1 mode of single phase of CZTS which

also is associated with the presence of a disordered kestrite phase |7, 18].
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Figure 5.2 Raman shifts of CZTS nanocrystals at different Cu content.
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However, in sample C1, there are others small peaks at 318 cm™ which indicate Cu,SnS,.
However, there is no significant indication of phase separation for Sn,S, at 304 cm™ and
ZnS at 355 cm™ In C2 and C3 samples [19, 20]. Moreover, there is no evidence for Cu, S
at 475 cm™ for all samples except C1 sample [21, 22]. Since no other crystalline forms were
observed in the Raman spectrum, it is strongly suggested that the structure of the CZTS

samples shows a single crystallinity on C2 and C3 samples [23, 24].

TEM images in Figure 5.3, shows that there are no extreme changes in nanoparticle size
due to the change in composition. C3 shows some larger particles but the bulk of the

particles across the images have no significant change in the sizes of the particles.

Figure 5.3 TEM, SAED and HRTEM images for CZTS nanoparticles under variable Cu content.
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The particles at different Cu content appear to have a range of different shapes and sizes.
The average particles sizes were calculated as 43.06+1.45, 44.931+1.35 and 48.42+£2.47 nm
for C1, C2 and C3 samples respectively. The SAED images provide the plane spacing
which were found as 0.31 nm and 0.19 nm for single crystalline particles which
corresponds to the (112) and (220) planes of tetragonal CZTS, yielding the most intense
reflections in the XRD pattern. Moreover, the HRTEM images show three brightness rings
which correspond to (112), (220) and (312) planes [25, 26]. As bigger CZTS nanoparticles
are favourable for high efficiency; the copper poor composition is the best to achieve this
goal. Also, this condition leads to formation of copper vacancies which increase the

opportunity for formation of shallow acceptor levels in CZTS films.

From optical absorption using a Tauc plot the band gap energies were found to be 1.35,
1.45 and 1.50 eV for C1, C2 and C3 samples respectively, which is in a good agreement
with the literature as shown in Figure 5.4 [27]. The band gap values are quite close to the
optimum band gap required for a solar cell absorber layer. Moreover, this result confirms
that different content of Cu leads to change of size of particles such as the ideal sample has

a large grain size compared with Cu rich and Cu poor samples [10, 28].
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Figure 5.4 Band gap for different Cu content samples from Tauc plot.
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The decrease of energy band gap with increasing Cu content is due to increasing the
crystallinity, presence of narrow band gap of Cu,SnS; phase or thickness of the films. Also,
another reason which may influence the band gap is the disorder between Zn and Cu
cation under different composition that is used. According to the above results the sample
under Cu poor content has good properties to be suitable materials for CZTS absorber

layer to fabricate a solar cell.

5.3.2: Investigation of the effect of Zn content

X-ray diffraction (XRD) pattern of different CZTS nanocrystal compositions are given in
Figure 5.5. Characteristic peaks for nanocrystals are clearly observed in XRD patterns. The
as-synthesized CZTS nanocrystals showed four intensive XRD peaks centered at 20 =
28.7°, 33.1°, 47.5° and 56.3° corresponding planes to (112), (200), (220) and (312),
respectively for all samples, which are similar to those reported for CZTS powders (JCPD
26-0575). Moreover, there are small peaks at 27.13° 30.58” and 51.56” in sample S4 which

may correspond to wurizite structure.
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Figure 5.5 XRD patterns of CZTS nanocrystals at different Zn content.
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The average particle size of the nanocrystals was calculated from the (112) diffraction peaks
at 28.7° using the Debye-Sherrer equation giving values in the range 39.4, 34.1, 32.2 and
29.5 nm for S1, S2, S3 and S4 respectively. Moreover, the & spacing for (112) and (220)
planes were calculated equal to 0.31 and 0.19 nm for all samples, which is also confirmed

by TEM analysis.

The structure and phase purity of the CZTS nanocrystals were investigated by using Raman
analysis. The Raman spectra of CZTS nanocrystals are presented in Figure 5.6. The
characteristic peaks of CZTS are clearly observed. Raman can show the structure of CZTS,
and it is found that the disordered kesterite (IDKS) phase has the greatest intensity at a peak
of 335 cm™. This is expected due to the nature of the composition, in which all the samples
are non-stoichiometric and therefore forming a disordered phase. Normally, the kesterite

structure shows A1 mode at 338 cm™.
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Figure 5.6 Raman spectrums of CZTS Nanocrystals at different Zn content.
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However, the strong peak at 335 cm’ is related to the presence of local structural
inhomogeneity within the disordered cation sublattice antisites. However, the characteristic
peaks of CZTS are clearly observed in the spectrum. A strong Raman peak at in the range
334-336 for all samples, and small peaks at 286-289 and 364 cm™ corresponded to the Al
mode of single phase of CZTS. However, there are others small peaks at 320 cm™ Cu,SnS,

in all samples except S3. Moreover, there is no evidence for Cu, S at 475 for all samples.

Figure 5.7 shows transmission electron microscopy (TEM) images and selected area
diffraction (SAED) patterns of the as synthesized CZTS nanocrystals. As can be clearly
seen from Figure 5.7, most of the nanocrystals are spherical with a range of sizes. The
nanocrystals have an average size in the range of 44.93%1.35, 45.18%11.42, 52.46%1.47 and
49.05£0.91 nm for S1, S2, S3 and S4 respectively. To further study crystallinity and
confirm the structure of the particles, HRTEM analysis was done and all of the 4 spacing
of the synthesized CZTS nanocrystals revealed the crystalline nature. Moreover, interplaner
spacing of 0.31 nm and 0.19 nm were measured and attributed to the (112) and (220)
crystallographic planes. The SAED pattern of the nanocrystals, in which three main
diffraction rings correspond to (112), (220) and (312) planes of CZTS nanocrystals. The
diffraction rings are discontinuous and consist of sharp spots, which indicate that the

nanocrystals are well crystallized. These results are consistent with the XRD data.
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Figure 5.7 TEM, SAED and HRTEM images for CZTS nanoparticles under variable Zn content.
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Energy-dispersive X-ray spectroscopy (EDX) was performed to examine the overall
homogeneity and composition of CZTS of the synthesised nanocrystals. The EDX results
from CZTS nanocrystals are presented in Table 5.3. It can be seen that, the values of
elemental composition of the nanoparticle based CZTS thin film are Cu (25.03, 24.38,
23.31 and 23.42), Zn (12.49, 12.75, 13.86 and 14.51), Sn (11.79, 11.85, 11.35 and 11.31),
and S (50.49, 51.03, 50.04 to 50.49) for S1, S2, S3 and S4 respectively. The Cu/ (Zn + Sn),
Cu/Zn and S/metal ratios were calculated and estimated (1.03, 0.99, 0.92 and 0.91), (1.06,
1.08, 1.22 and 1.28) and (1.02, 1.04, 1.03 and 1.02) for S1, S2, S3 and S4 respectively. Under
different Zn content, the ratio of Zn/Sn increases with increasing Zn content with a slight
decrease in the Sn amount. Also, the ratio of Cu/ (Zn+Sn) decreased with increasing Zn
amounts. However, all samples are still under copper poor zinc rich condition after

synthesis except sample S1.

Table 5.3: Chemical composition determined from Energy-dispersive X-ray spectroscopy (EDX).

Cu% Zn% Sn% S% Cu/(Zn+Sn)  Zn/Sn  S/(CutZn+Sn)

S1 25.03 12.49 11.79 50.49 1.03 1.06 1.02
S2 24.38 12.75 11.85 51.03 0.99 1.08 1.04
S3 23.31 13.86 11.35 50.04 0.92 1.22 1.03
S4 23.42 14.51 11.31 50.49 0.91 1.28 1.02

The optical absorption spectra for all samples were recorded in the wavelength range of
400-1500 nm at room temperature and the optical band gap of CZTS nanoparticles has
been calculated from the absorption spectrum using the Tauc relation (4hv) = C(hv — Eg)"
where C is a constant, A is absorbance, Eg is the average band gap of the material and n
depends on the type of transition and equal to 1/2, for a direct band gap semiconductor as

shown in the Figure 5.8.
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Figure 5.8 Energy band gaps of different Zn content using Tauc plot.

The average band gap was estimated from the extrapolating the linear portion of the (Ahv)2
vs. hv curves. The band gap energies were found to be 1.57, 1.54, 1.48 and 1.36 ¢V for S1,
S2, S3 and S4 respectively, which is in a good agreement with the literature [29-31]. These
band gap values are quite close to the optimum band gap required for solar cell absorber
layer. Table 5.4 shows the band gap of each sample. It can be seen clearly that there is a

relationship between the copper-zinc ratio and the band gap.

Table 5.4: Band gaps for each sample calculated.

Sample Cu/(Zn+8n) Zn/Sn Band Gap (¢V)
S1 1.03 1.06 1.57 £0.05
S2 0.99 1.08 1.54 £0.04
S3 0.92 1.22 1.48 £0.05
sS4 0.91 1.28 1.36 +£0.03
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A decrease in copper/increase in zinc decreases the resulting band gap. The background
noise between 1.38-1.55 eV is the result of a detector change within the UV-Vis
spectrometer. The change in energy band gap may be due to either particles size or to be

concentration of Cu / Zn content.

5.4: Conclusion
X-ray diffraction, Raman spectroscopy, TEM, EDX and UV-Vis spectroscopy have been

used to describe the nature of CZTS thin films fabricated using the hot injection method
with different copper-zinc ratios. Spin coating deposition methods have used to investigate

how best to create a uniform film.

X-ray diffraction and Raman spectroscopy showed the majority of the CZTS may be in a
kesterite and disordered kesterite or stannite phases in all ideal and Zn rich samples. XRD
data also confirmed the presence of the mix kesterite and wurtzite CZTS structure in Cu
rich sample. Raman results are inconclusive to determine if the CZTS has any significant
kesterite or stannite structures due to broad peaks within the spectra. The strong peak at
335 cm™ is related to the presence of local structural inhomogeneity within the disordered
cation sublattice antisites. There is no evidence for Cu, S at 475 for all samples except Cu

rich sample.

Transmission electron microscopy showed the nanoparticles made were between 44.9 nm
and 52.5 nm in diameter, the maximum being S3. Ultraviolet-visible spectroscopy showed
the band gap of the films varies between 1.38 eV and 1.55 eV, increasing in energy with a
decreasing copper concentration. As well as increasing zinc concentrations decrease the
resulting band gap and they in the range between 1.38 and 1.55 eV. The change in energy
band gap is related with change of CZTS particles size as shown in XRD and TEM
measurements. It will conclude that the energy band gap also depends on the Cu and Zn

concentrations.

Overall, the CZTS nanoparticle ink shows promise for use as the absorber layer in PV
devices due to the suitable band gap and simple deposition and nanoparticles size.
However, as the PL. and Raman spectroscopy data show, there are a significant amount of

secondary phases present and further effort needs to be made for these to be reduced.
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Chapter 6: The effect of annealing conditions temperature, reaction
time, ramping rate and atmosphere on CZTS thin film properties

6.1: Introduction

The annealing process is important for CZTS nanocrystal thin films, to achieve high
efficiency devices. However, controlling annealing parameters and their effects on CZTS
device properties are still not well understood and also still a current research question.
Many studies have looked at some of these parameters. For instance, Wang et al. [1]
studied the effect of temperature on CZTS films fabricated by evaporation, they found that
annealing under high temperature leads to the film’s surface decomposition but that it also
increases the grain growth. Short annealing times also enhance throughput. It is well
known that good crystallinity requires higher growth temperature, however, to avoid losing
Sn during the deposition, the deposition needs be carried out at low temperature and
followed by an increase temperature post deposition to improve crystallinity [1, 2]. The
annealing of the CZTS film at 530 °C for 10 min in sulphur vapour eliminated all the
secondary phases, and diffusion of sulphur in the film during the annealing process
enhanced the crystallinity of the film [3]. Fukano et al. also studied the effect of annealing
process on CZTS electrical properties. The surface of CZTS thin films deposited by a
sputtering technique which was followed by a sulfurisation process using a (5%) H,S
+(95%) N, atmosphere at 580 °C for different time lengths (10-60 min) was analysed by
scanning spreading resistance microscopy (SSRM). The spreading resistance (SR) increased
with increasing annealing time up until 30 min; this is probably caused by a decrease in
point defects due to stabilization of the CZTS crystal grains. At 30 min, the SR of the
whole CZTS absorber layer becomes as large as the SR of the CdS buffer layer whereas for
long time periods close to 60 min the SR of the whole CZTS absorber layer becomes low,
and the lowest SR areas are formed at the CZTS grain boundaries, this is probably caused
by an increase in the carrier density induced by point defects in the CZTS crystals. The
increased point defects are supposedly Cu substitutions at Zn sites (Cu,,), which are
dominant acceptors in p-type CZTS crystals which means that the SR is strongly
dependent on the holding time of the sulfurisation [4]. The aim of the work reported in this

chapter is to study the effect of varying annealing parameters: temperature, time, ramping
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rate and atmosphere on CZTS thin films synthesised by the hot injection method and
deposited by a spin coating approach by investigating crystal structure and optical

properties.

6.2: Experimental Details

CZTS nanoparticles were prepared by using the hot injection method which was explained
in detail in chapter 3. The CZTS ink was deposited on a Mo layer on glass substrate by
using the spin coating technique. The as-deposited films were annealed at different
annealing temperatures, times, ramping rates and in different atmospheres. The CZTS thin
film's substrates were loaded in the furnace tube manually. After that the two ends of the
tube caps were connected to different valves; a vacuum pump, exhaustion line, nitrogen
and H,S supplies. For an N, atmosphere where different annealing temperature, time and
ramping rate conditions were applied, the tube was evacuated by using a rotary vacuum
pump and the furnace tube was filled with N, gas. For a H,S atmosphere, after rotary
vacuum pump closing a mix gas of H,S and N, with a composition ratio of 20:80 was
introduced and left to fill the tube and the pressure monitored until it reached the desired
pressure of 0.15 atm and the gas supply was then closed. For furnace annealing treatments,
various temperatures, times and ramping rates were applied. The processes commenced at
300 °C for with a ramping rate of 10 °C/ min for 1 h under N, atmosphere. After that the
furnace was left to cool slowely overnight. These processes were repeated for different
temperatures 400, 500 and 600 °C, and for different times 0.5, 1.5 and 2 h, and different
ramping rates 5, 15 and 20 °C/ min. Lastly, after the annealing treatment was finished
under a (20%) H,S + (80%) N, atmosphere, the furnace tube was flushed several times
with nitrogen gas and vented. After annealing, the films were further characterized for their

structural, morphological, compositional, and optical properties.
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6.3: Results and Discussion

6.3.1: Annealing effect under different temperature

The X-ray diffraction patterns of the annealed CZTS films at various annealing
temperatures for 1 h under N, atmosphere are shown in Figure 6.1. The peaks located at
18.22, 28.51, 33.11, 47.41, 56.24 and 69.50° which correspond to the characteristic (101),
(112), (200), (220), (312) and (008) kesterite structure [JCPDS card No: 26-0575]. Also,
there are other peaks at 27.50° in samples at annealing temperature 300 and 400 °C. The
peak at 40.61° in all samples corresponds to the Mo layer. However, in main CZTS
characteristics peaks, secondary phases SnS, at 33.02 (JCPDS-83-1707), SnS at 45.80
(JCPDS-831758) and Cu,SnS, at 37.27, 39.81, 51.80 are not observed [5, 6].
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Figure 6.1 XRD of CZTS films at different annealing temperatures 300, 400, 500 and 600 °C

Due to the main peaks of CZTS were split to two peaks, the grain size of the crystallites
were calculated for only the high intensity peak at 28.5 by using the Debye Sherrer equation
and found to be 44.08 nm, 86.94 nm, 220.19 nm and 291.16 nm for annealing temperatures

of 300, 400, 500 and 600 °C, respectively. It is clear that the size of CZTS nanoparticles
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increase with increasing annealing temperatures. The d spacing was calculated for (112) and
(220) planes which do not change with temperature and are found as 3.11 and 1.91 A

which agreed with many literature reports [7-9], which do not change with temperature.

Binary and ternary sulphides such as ZnS, Cu, S and Cu,SnS; have similar x-ray peaks,
leading to difficulties in distinguishing those phases by XRD. To investigate this further
high resolution Raman spectra measurements of CZTS films at different annealing
temperatures are shown in Figure 6.2. Peaks were fitted in Raman spectroscopy data and

the intense peaks were around 338 cm™ for all samples.
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Figure 6.2 Raman measurements of CZTS films at different annealing temperatures 300, 400, 500 and 600 °C

However, the intense Raman peaks have a slight shift to lower wavenumber at 334 cm’
for all samples except the sample which was annealed at 400 °C at 337 cm™ [10]. For each
sample, small peaks are formed in the shoulder were located at different wavenumbers. For
instance, the sample annealed at 300 °C, the peaks located at 257, 289, 356 and 360 cm,
the sample annealed at 400 °C had peaks at 259, 288, 354 and 367 cm’, the sample
annealed at 500 °C had peaks at 253, 280, 287, 351 and 367 cm” and the sample annealed at
600 °C, the peaks located at 266, 287, 351 and 368 cm™ which is associated with single
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CZTS phase. However, there is no evidence for secondary phases such as ZnS at 350 cm’,
CuSnS, at 320 cm™ and Sn, S at 475 cm™ except for the sample annealed at 300 °C [11].
There are additional peaks at 313 cm™ for the sample annealed at 600 °C and at 328 cm’
for the sample annealed at 400 °C which corresponds to CZTS phase [12-14]. Therefore, all
peaks contributed to different Raman modes, in the kesterite structure. The peak centred at
338 cm’ is attributed to the main A mode; a slightly red-shifted peak at 334 cm’ that
causes broadening of the main peak represents most likely the partially disordered kesterite
phase (DKS) or ST phase; and the peak centre at 287 cm™ cotresponds to the second A

mode of kesterite and the peaks at 368 cm™ can be attributed to E modes [15, 16].

Figure 6.3 shows the SEM images of the formation of CZTS microparticles where the
nanoparticles demonstrating agglomeration with a non-uniform surface with non-
homogeneous size distribution cracks. Also, samples annealed at 400 and 600 °C showed
some bright and large particles which could be associated with secondary phases or

incorporated elements during the reaction process.

1

4.00um g1

Figure 6.3 SEM images of CZTS thin films annealed at different temperatures (a) 300 °C, (b) 400 °C, (c) 500

°C and (d) 600 °C.
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However, the image of the sample annealed at 500 °C for 1 h appears uniform and
homogeneous with small voids and cracks. Also, the grain size of particles seem uniform
and of nanoparticles scale, whereas others samples were largely aggregated. These particles
are composed of primary crystallites with sizes larger than 1 um. The conversion efficiency
of solar cells is known to increase with an increase in the grain size of the absorber layer
material. Therefore, larger grains are required for the fabrication of highly efficient solar
cells. Voids and cracks on the absorber layer in thin film solar cells lead to low conversion
efficiency because the generated carriers recombine. The large grain size in the absorber
layer is important to both the minority carrier diffusion length and the recombination

potential in polycrystalline thin film solar cells.

The effect of annealing temperature on CZTS compositions were studied by using EDX
techniques as shown in Table 6.1. However, the composition of Cu/Zn+Sn, Zn/Sn and
Cu/Sn show only little changes with increasing annealing temperatures except samples
annealed at 600 °C which has a big change in its composition becoming close to a

stoichiometric composition.

Table 6.1 Chemical compositions and elemental ratio of CZTS thin films prepared with different annealing temperatures measured by

EDX .
Chemical Composition % Element Ratio
Annealing S Cu Zn Sn Cu/(Zn+tSn) Zn/Sn  Cu/Sn  S/Metal
temperature
0
300 44.9 25.98 19.11  13.33 0.80 1.43 1.95 0.76
400 43.71 26.65 18.82  12.52 0.85 1.50 2.13 0.75
500 49.03 23.96 15.39  12.18 0.87 1.26 1.97 0.97
600 48.77 24.89 11.63 114 1.04 1.02 2.01 1.02

It can be seen in Table 6.1 that the composition of Zn and Sn decreased with increasing
annealing temperatures, leading to a decreasing Zn/Sn ratio except for the sample annealed
at 400 °C. Moreover, samples annealed at 300 and 400 °C have insufficient sulphur content,
whereas samples annealed at 500 and 600 °C nearly have sufficient sulphur content. As

results have shown, controlling the element ratio in CZTS plays an important role on
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CZTS structures and therefore on high efficiency solar cells devices. It is known that the
CZTS solar cell with high efficiency was produced under Cu poor and Zn rich

compositions.

6.3.2: Annealing effect over different time period

XRD and Raman measurements confirm that all samples which annealed over different
time periods at 500 °C and ramping rate 10 °C/min are highly crystalline as shown in
Figure 6.3. In XRD, all high intensity peaks at 18.6, 28.6, 33.3, 47.5, 56.7 and 69.8°match
well with CZTS pattern reference (JCPDS 26-0575) corresponding to a kesterite structure.
Also, the peak intensity of films increases with increasing annealing time which is due to
the improvement of the crystallinity of CZTS thin films as shown in Figure 6.4. Moreover,
the average particles sizes were calculated to be 200.57, 220.16, 229.61 and 236.58 nm for

annealing times 30, 60, 90 and 120 minutes respectively.
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Figure 6.4 XRD of CZTS films at different annealing times 30, 60, 90 and 120 min at 500 °C.
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The Raman measurements were done using a wavelength of 532 nm. The high resolution
Raman spectra of the CZTS samples under different annealing times show the strong peak
at 338 cm™ which is associated with vibrations of sulphur atoms and three weak peaks at

287,352 and 370 cm™ as shown in Figure 6.5.
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Figure 6.5 Raman measurements of CZTS films at different annealing times 30, 60, 90 and 120 min at 500 °C

Raman modes of CZTS have been reported with high intensity peaks in the range 333-339
cm” and low intensity peaks at 145, 165, 250-255, 286-289, 350-357, 360-365 and 370-375
cm'[17-19]. These shifts in frequency are due to disorder in the Cu and Zn cationic sites in
the kesterite structure of CZTS thin films [20]. Also, the shape and position of intense
peaks may be affected by defects in the material [21, 22]. However, the high intensity peaks
in the range 335—337 cm ™' may also be assigned to a tetragonal CTS phase [15, 19], but the
absence of its other two low shoulder peaks expected at 297 and 351 cm™' [21, 23] rule out
this phase being assigned. The weak peak at 304 cm™' may be assigned to cubic-CTS or
Sn,S; phase in accordance with the reported data [15, 17, 24, 25].
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SEM images in Figure 6.6 show the CZTS surface annealing under different times (30, 60,
90 and 120 min) under N, atmosphere at 500 °C.

»

'

T

V() 500 °C- 90 miify

Figure 6.6 SEM images of CZTS thin films annealed at different times, (a) 30 min. (b) 60 min,(c) 90 min and

(d) 120 min at 500 °C.

It can be seen that the annealing for long time (120 min) leads to lots of cracks in the
surface and the CZTS sizes form large particles in the range of micrometres. Also,
annealing at 2 h showed a small bright particle which may correspond to secondary phases
also with different shapes, whereas annealing for 30 min showed some cracks in the surface
with various shapes and sizes of particles. However, annealing at 90 min also showed some
cracks with holes in the surface and merger of particles to form micron sized regions in
some area of the film’s surface. However, the sample annealed for 60 min showed the most
uniform particles with regular shapes and sizes, but with some pinholes in the surface and
CZTS particles still of the nanometre scale, concluding that the crystallinity improved,

leading to form a dense morphological structure. Table 6.2 shows the atomic per cent
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composition and ratios of Cu/(Zn + Sn), Cu/Zn, Zn/Sn, and S/(Cu + Zn + Sn) for
CZTS thin films as functions of the annealing times for 30, 60, 90 and 120 min at
temperature of 500 °C using EDX measurements. Annealing at different times shows no
big changes in the S and Cu during the annealing process. Moreover, the Zn and Sn

elements composition decreases with increasing annealing times.

Table 6.2 Chemical compositions and ratio of CZTS thin films prepared with different annealing times at temperature of 500 °C.

Chemical Composition % Element Ratio
Annealing
time S Cu /n Sn Cu/(Zn+Sn) Zn/Sn Cu/Sn S/Metal
min
30 48.08 24.31 15.59 13.06 0.85 1.19 1.86 0.91
60 49.03 2396 1539 12.18 0.87 1.26 1.97 0.95
90 4951 24.54 1239 11.41 1.03 1.09 2.15 1.02
120 4955 2435 1117 10.71 1.11 1.04 2.27 1.07

It can be noticed that duting the longer annealing times, the ratios of Cu/Zn+Sn, Cu/Sn
and S/Metal increased with increasing annealing time and the films become stoichiometric
at 90 min and Cu rich at 120 min, whereas the Zn/Sn decreased with increasing annealing
times which leads to change the film composition from Cu poor Zn rich to neatly
stoichiometric and Cu rich compositions. However, this change in the elemental
compositions may affect the CZTS solar optical and electrical properties. For instance, Cu-
rich CZTS thin films can assist the formation of passivated defect clusters such as [Cu,, +
Sn, | and [2Cu,, + Sn, ] which produce a deep donor level in the band gap and hence
reduce the band gap of CZTS. However, Zn rich films are necessary to form Zng,
acceptors and reduce the presence of Sn,, donors which lead to an increase in the

conductivity of the CZTS thin film [26-28].
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6.3.3: Annealing effect under different ramping rate

XRD and Raman measurements were performed to study the effects of different annealing
ramping rates (5, 10, 15, 20 °C/min) at 500 °C for 1 h on structure as shown in Figure 6.7.
Sharp peaks were located at 28.3, 33.2, 47.5 and 56.2° which can be attributed to the
diffraction pattern of (112), (200), (220) and (312) planes of CZTS kesterite structure
(JCPDS 26-0575). There is no additional peak which can be attributed to secondary phases
in any samples except the sample annealed at 15 °C/min. In samples annealed at 15
°C/min, there are other peaks located at 46.4° which correspond to secondary phases Cu,S
[29]. Moreover, the average particle sizes calculated by Scherrer’s equation were found to

be 221.8, 220.2, 234.6 and 250.4 nm for different annealing ramping rate conditions.

(112)
_ 200 (220) 20 °C/min
Mo (312)
A Al /\___.k L
15 °C/min
.
S L
e 10 °C/min
q L
()
S L A N A_/\__h |
A 5 9C/min
10 20 30 40 50 60 70

2 Theta (degree)

Figute 6.7 XRD of CZTS films at different annealing ramping rate 5, 10, 15 and 20 °C/min at 500 °C.

However, the main peaks for film annealed at 15 and 20 °C/min ramping rates were

broader and less intensities compared with low ramping rates.
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Raman spectroscopy was used in order to identify secondary phases. Figure 6.8 shows the
sharp Raman peak at 338 cm™ for all samples. Also, other small peaks at 255, 289, 360 and
370 cm™ are identified as the main vibrational A1 mode for single phase CZTS. Also, there
is 2 small peak at 310 cm™ which can be attributed to Cu,SnS;, secondary phases. However,
the presences of these five peaks in the Raman spectra confirm the formation of the CZTS
phase. In addition, the sharp and strong major peak indicates the good crystalline quality of

CZTS thin films.
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Figure 6.8 Raman measurements of CZTS films at different annealing ramping rate 5, 10, 15 and 20 °C/min

at 500 °C.

The ZnS phase peaks located at 271 cm™" and 352 cm™ were not observed which indicates
that the films form a single phase of CZTS. Also, there is no evidence for Cu, S secondary

phases at 475 cm [16, 23, 30-32)].

The SEM images for samples annealed under different ramping rates show that the sample

annealing under ramping rate at 15 and 20 °C/min have a small number of big particles
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but at 5 °C/min have smaller particles. Also, the sample annealing at 10 °C/min has
uniform particles of both shape and size as shown in Figure 6.9. The diameter of big
patticles of CZTS are up to 2 pm observed in the 15 °C/min sample. Also, the size of small
nanometer particles have no big change with different ramping rates. However, a quick
ramping rate up to 15 °C/min produces more cracks and holes on the sutface of CZTS

film.

.....
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Figure 6.9 SEM images of CZTS thin films annealed at different ramping rates, (a) 5 °C/min, (b) 10 °C/min,

(¢) 15 °C/min and (d) 20 °C/min

In detail, annealing at low ramping rates at 5 °C/min showed some large particles with
different sizes as in Figure 6.9 (a). Also, annealing at high ramping rate at 15 and 20 °C/min
showed nonuniform distribution size and shape of CZTS particles as in Figures 6.9 (c) and
(d). However, the uniform film produced from annealing at 10 °C/min improved the
crystallinity compared with other ramping rate process as in Figure 6.9 (b). The ratio of
CZTS elements in Cu/(Zn + Sn) were 0.91 for ramping rates at 5 and 15 °C/min , 0.93 for
ramping rate at 20 °C/min and 0.87 for 10 °C/min ramping rate as shown in Table 6.3.

The ratio of Zn/Sn was found to be 1.68, 1.26, 1.48 and 1.13 for 5, 10, 15 and 20 °C/min,
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respectively. This is confirming that all samples are Cu-poor and Zn-rich compositions.
Cu-poor condition leads to the formation of Cu vacancies, which generate shallow
acceptors in CZTS, whereas a Zn-rich condition suppresses the Cu substitution at Zn sites,
which increases deep acceptors. Studies indicate that Cu-poor and Zn-rich CZTS films

have higher p-type conductivity and result in high efficiency solar cells [26, 33, 34].

Table 6.3 Chemical compositions and ratio of CZTS thin films prepared with different annealing ramping rates.

Composition % Ratio
Annealing
rate S Cu /n Sn Cu/(Zn+Sn) Zn/Sn Cu/Sn S/Metal
°C/min
5 4732 25.68 17.62 10.47 0.91 1.68 2.45 0.88
10 49.03 2396 15.39 12.18 0.87 1.26 1.97 0.95
15 4733 2496 1641 11.07 0.91 1.48 2.25 0.90
20 48.52 24.37 13.85 12.27 0.93 1.13 1.99 0.96

6.3.4: Annealing effect under different atmosphere

In order to study the effect of annealing atmosphere (N, atmosphere and H,S+N,
atmosphere) on CZTS film properties, XRD, Raman spectroscopy, SEM and EDX
measurements were carried out. In XRD measurements for annealing of samples in
different atmospheres at 500 °C for 1 h and ramping rate at 10 min/°C, it can be seen that
the main 6 peaks in shown Figure 6.10 are at 18.2°, 28.5°, 33.0°, 47.4°, 56.3° and 59.1°
corresponding to planes (110), (112), (200), (220), (312) and (008) which match with
kesterite structure of CZTS, according to JCPDS 26-0575. There were no notable peaks
related to secondary phases such as binary or ternary sulphides such as ZnS, Cu, S, and
Cu,SnS; from XRD, but they have similar diffraction patterns with CZTS owing to their

similar zinc blend-type structures [34].

The particle size of CZTS nanoparticles is significantly altered by annealing atmosphere
conditions under H,S+N, atmosphere where the size of particles is close to 60 nm

calculated from Debye Sherrer equation.
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Figure 6.10 XRD of CZTS films at different annealing atmosphere H2S+N3 and No.

The Raman measurements in Figure 6.11 showed that the main peak of different CZTS
samples under different annealing atmospheres was located at 338 cm’. Also, other small
peaks were at 287, 335, 352 and 366 cm’', were seen in all samples, corresponding to a
single CZTS phase. The spectra show that there are no additional peaks corresponding to

secondary phases as discussed earlier.
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Figure 6.11 Raman measurements of CZTS films at different annealing atmosphere H>S+N> and No.

The surface morphology of the films was observed by SEM, Figure 6.12 shows the CZTS
film’s images of samples annealed under different atmospheres. The film annealed at 500
°C for 1 h with 10 °C/min under N, atmosphere shows a polycrystalline film with some
region of particles of dispersed grains with different size distribution. Also, the surface
shows some cracks and holes. A similar trend is observed in the samples annealed under
H,S+N, atmosphere; here the size distribution is uniform with holes in some areas of the

film surface as well as it has a more dense morphology.
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Figure 6.12 SEM images of CZTS thin films annealed at different atmospheres (a) N2 atmosphere and (b)

H>S+Ny atmosphere.

EDX studies in Table 6.4 showed the content of Cu, Zn and Sn decreased and S content
increases when annealed under a H,S+N, atmosphere, leading to a ratio of S/metal of
above 1 which is providing a good indication that the sulfurization process is completed.
Also, all films under different annealing atmospheres are still under Cu poor and Zn rich

conditions which are favourable in high efficiency solar cells.

Table 6.4 Chemical compositions and ratio of CZTS thin films prepared with different annealing atmospheres.

Composition % Ratio
Annealing S Cu Zn Sn Cu/Zn+Sn Zn/Sn Cu/Sn S/Metal
atmosphere
N 49.03 2396 1539 12.18 0.87 1.26 1.97 0.95
H,S+N, 51.22 2195 13.88 10.92 0.89 1.27 2.01 1.09

6.4: Conclusion
The CZTS nanoparticles were fabricated successfully by using the hot injection method

and films were deposited by using spin coating techniques. The aims of this study were to
investigate the influence of the annealing parameters such as temperature, length of time,
ramping rate and atmosphere on CZTS thin films structure and optical properties. A range
of techniques was used to analyse the prepared films. The XRD in all samples show the
main peaks are close to 28.5, 33.2, 47.5 and 56.4° which corresponds to kesterite, stannite

or disordered kesterite structures. It is difficult to distinguish between all these structures
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because the deviation between them is small. However, the Raman measurements confirm
the single phase of CZTS thin film with a peak at 338 cm™ and other small peak at 335 cm’!
in some annealing conditions. There was also evidence of some secondary phases. The
intensity of peaks of XRD and Raman increased and become sharper with increasing the
annealing conditions (temperatures, times and ramping rates) which indicates improvement
in the crystallinity. However, these results suggest that the structure of these films may mix
between kesterite and stannite structures which these results need to more structure
investigations by using EBSD techniques. SEM was used to study the surface of CZTS
films and show uniformly distributed films. EDX study indicated the chemical composition
ratio of Cu/Zn+Sn, Zn/Sn, Cu/Sn and S/Metal affected by the annealing parameters and
all ratios were greater than the initial compositions due to Zn and Sn losses partially during
the preparation and annealing process. The crystallinity, structure and chemical
composition of CZTS thin film increased and improved under H,S+N, atmosphere. Based
on this evidence it is concluded that annealing at 500 °C for 1 h with 10 °C/min under
H,S+N, atmosphere is a suitable condition for CZTS thin film formation for use in solar

cell devices.
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Chapter 7: Effect of absorber and buffer layers of solar cells
performance

7.1: Introduction and review

CZTS solar cell devices consist of many layers. The first layer is a back contact, which is
made from molybdenum (Mo) with a thickness between 500 and 700 nm is deposited via
the sputtering technique on glass substrate. The second layer is the absorber layer; in this
layer, the CZTS has a p-type thin film with thickness up to 2000 nm, and it is deposited on
the Mo layer by spin coating method. Then, this is followed by the n-type CdS layer that is
deposited by chemical bath deposition (CBD) with a thickness in the range of 70 nm to
form the p-n junction. After that, the 1:ZnO layer with a thickness of 50 nm is deposited on
the CdS layer by the RF sputtering technique to avoid leakage. Next, Al:ZnO layer is
deposited by the sputtering technique with a thickness 250 nm. Lastly, the Al grid is
deposited on the transparent conducting oxide to achieve electrical contacts [1] [2].

Front contact
/ Anti-reflective laver

/ Transparent conductive

oxide layer

/ Window laver
—

MgFz Buffer layer

ZnO:Al

Absorber

Back contact

Substrate

Figure 7.1 CZTS solar cells device consists of substrate, back contact layer, followed by the main layer in this

project; absorber layer, buffer layer, window layer, Transparent oxide layer, grid layer and anti-reflective layer.
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7.1.1: Back contact
The back contact layer works as a barrier for preventing diffusion of impurities from the

substrate into the absorber layer and as electrode of the CZTS solar device. For good
electronic device properties, formation of Ohmic contact for majority carrier (holes) from
CZTS and low recombination rate for minority catrier (electrons) at CZTS/Mo or other
back contact materials such as gold (Au), tungsten (W), palladium (Pd), platinum (Pt) and
nickel ( Ni). Mo is still the most common layer that is used as a back contact material for
thin film solar cells because its stability at high temperature during the growth condition,
its low price and excellent adhesion between glass substrates from one side and CZTS
absorber. Also, the highest recorded conversion efficiency was performed by using Mo

back contact [3].

Mo MoS,

0.84 eV
0.95 eV

{# !

1.2 eV

Figure 7.2 Interface between Mo layer in CZTS and intermediate layer MoS: [4].

However, during the fabrication and deposition of CZTS onto Mo substrate, the MoS,
layer will be formed between Mo and CZTS interface as shown in figure 7.2 which have a
negative effect on the solar cell device and its performance. MoS, increases the resistance
to conduct the current and also the combination between MoS, and voids at Mo/CZTS
interface increases the series resistance which leads to additional source of electrical loss in

the device [4-6].

There are many techniques that were used to control interface reaction between Mo and
CZTS. For instance, inserting a thin MoOj; intermediate layer with thickness 20 nm can
also prevent direct reaction between CZTS and Mo back contact and form MoS,, and also
prevent the formation of voids and secondary phases at back contact and absorber

interface [7].
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Liu et al recorded the high efficiency of ultrathin CZTS by applying the thin layer of Al,O;
at Mo/CZTS interface which leads to prevent the detrimental interface reaction and reduce
the back contact recombination [8, 9]. The thin layer of titanium nitride (NiT) was used by
Scragg’s group which acts as a barrier layer that can passivate the interface reaction of Mo
and CZTS and reduce formation of MoS, [10]. But TiN/CZTS interface contact induces a
rather high resistance in the CZTS device [10].

Inserting the thin TiB, intermediate layer at Mo/CZTS interface acts to reduce formation
of MoS, layer and reduce the series resistance and increase the efficiency of CZTS device
by boosting ], and FF [11]. The presence of TiB, leads to degrade the CZTS crystallinity
which leads to degradation of CZTS performance, it is important to optimise TiB,
thickness to ensure acceptable MoS, thickness and large grain microstructure of CZTS

absorber layer [11, 12].

In addition, applying the thin ZnO intermediate layer significantly improves the V_, J.. and
FF which increases the CZTS efficiency because this layer acts to reduce voids and
secondary phases such as MoS, in the Mo/CZTS interface as well as reduce the series
resistance and increase the shunt resistance which leads to improve the FF. The ZnO layer

reduces generation of SnS, on the CZTS surface [13].

Moreover, another technique used to solve the back contact reaction is by inserting the
thin carbon layer between Mo/CZTS. This layer acts to aggregate carbon at the inner walls
of voids and reconnect CZTS with back contact which reduces the series resistance and
boosts J,. [14]. The thin layer of Ag [15, 16] also acts to reduce defects such as voids and
inhibit the formation of MoS,. Ultrathin Ti layer also has dual functions in CZTS solar cell;
it prevents the formation of MoS, by blocking diffusion of S into Mo film and improves
the crystalinity of CZTS. Also 20 nm of Ti increases the device efficiency to 3.94 % and V.
to 541 mV [17]. Moreover, inserting thin bismuth (Bi) intermediate layer with thickness 20
nm acts to improve the CZTS device efficiency as well as increase the V_ to 590 mV and
also block diffusion of S to Mo to form MoS, and improve the crystallinity of synthesized

CZTS [18].
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7.1.2: Buffer layer
It is n-type layer which acts to form a junction with CZTS absorber layer (p-type). This

buffer layer must have minimum recombination loss to photogenerated carrier and also
minimum electrical resistance to transport the photogenerated carriers to the outer circuit.
This requires the band gap of buffer layer to be as high as possible and the layer thickness
as thin as possible to reduce recombination and series resistance which affects directly the
solar performance in V_, J.. and FF. There are many materials that are used in buffer

layers such as CdS, In,S;, ZnO, ZnS, Zn, Sn O, , Cd, ZnS and Zn, Mg O [19, 20].

CdS is the most popular compound used as buffer layer and lots of CZTS thin film solar
cell devices achieving high efficiency are based on CdS buffer layer with band gap 2.4 eV
[21]. Also, in CdS, the surface recombination velocity value is 10" cms' for CdS /CZTS and
a shunt resistance value is of 2 X 10" Q.cm’ (area of solar cell device) [21]. However, the
interface between CZTS and CdS has important role on CZTS device performance. Due to
the difference in the kind of junction (n and p types), the band gap energy and electron
affinity of CZTS and CdS, there are two different types of band alignments at CZTS and
CdS interface; cliff-like hetrojunction and spike-like hetrojunction [22]. When the valance
band edge of CZTS is higher than that for CdS while the conduction band edge of CZTS is
lower than that for CdS, the spike-like hetrojunction is formed which is a type I
heterojunction which requires that the CBO is small and positive and in the range 0 eV <
AE_ < 0.41 eV |23, 24]. Electrons can be thermally emitted out of the absorber into the
buffer layer at a rate high enough such that large light currents can pass the interface which
acts to reduce the interface recombination and increase the open circuit voltage which is a
favourable hetrojuction interface in CZTS PV devices as shown in Figure 7.3 (a) and (b)
[25]. However, if the CBO is too positive, a spike will form as well and it would block the

light-generated electrons transfering from the CZTS to CdS layer [206].
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Figure 7.3 Different types of band alignments at CZTS absorber layer and buffer layer interface; (a) cliff-like

hetrojunction and (b) spike-like hetrojunction [12, 24].

Whereas, when the valence band edge of CZTS was higher than that for CdS, while the
conduction band edge of CdS lower than that of CZTS, the cliff hetrojunction is formed
which is labelled to type II heterojunction which acts as a barrier against injected electrons
from n type region. This increases the interface recombination and reduces CZTS device
performance [26, 27]. On the other hand, a range of conduction and valence band offset
values have been reported. For cliff CZTS/CdS, the CBO values are -0.06 eV [28], -0.14
eV [29], -0.2, -0.3[30] and -0.33 eV [30, 31]. For spike CZTS/CdS, the CBO ate 0.2 eV
[27], 0.41 eV [32] and 0.55 eV [33]. Therefore, CdS buffer layer has been reported as both
conduction band offsets; spike and cliff CBO. As shown also in Figure 7.4 (a), other buffer

materials are indeed spike like hetrojunction which affect directly the PV device CZTS.
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In,S; is an n type semiconductor with energy band gap close to 2.78 eV. The valence and
conduction band offsets are determined to be 0.46 and 0.82 respectively which is too high
for fabrication of high efficiency solar cells reduces J,. [34]. Other study determined the
bands offset at -0.19 eV for valence band offset and 0.41 eV for conduction band offset

which indicate a spike like hetrojunction at In,S,/CZTS intetface as shown in Figure 7.4 (c)

22].

Cd,,ZnS has variable band gap energy in the range 2.4 eV to 3.7 eV which depends on a
relative ratio of Cd and Zn. However, the band offsets strongly depend on the Zn
composition which is a spike hetrojunction with moderate barrier height less than 0.41 eV
when the Zn composition in Cd, ZnS is in the range 0.25 to 0.5 as shown in Figure 7.4
(e). Above that composition leads to reduce photocurrent, whereas smaller than 0.25
composition leads to increase recombination rate for majority carriers at the interface
which reduces V. [35]. Other study [36] confirmed that improvement in V _ was realized
by applying Zn,;;Cd, S buffer on CZTS solar cell and the efficiency was 9.2 % with
highest V.. of 762 mV and also the CBO changed from cliff to spike with this ratio
changing. It is concluded that the Zn and Cd compositions have a strong effects on energy

band gap as well as on CBO.

ZnO has 3.3 eV as band gap energy with n type semiconductor as well as abundant and
nontoxic elements which makes it suitable for buffer layer. The CBO at CZTS/ZnO
interface were calculated with positive value as 0.07 eV which is lower value for spike
hetrojunction which is important for boosting the V __ and it achieved a V. of 650 meV
[37, 38]. On the other hand, ZnS with band gap close to 3.5 eV is alternative material for
the buffer layer [39-41]. The ‘spike-like’ CBO of 0.86 ¢V was estimated at the CZTS/”ZnS
interface as shown in Figure 7.4 (d). A high content of ZnS limits the grain size of CZTS
which leads to high series resistance and acts as a current blocking layer which leads to

lower ] thus making it an unfavorable buffer layer in CZTS devices [42].

In ZnO, xSx, the CBO at CZTS/Zn (O, S) interface depends on different S and O
contents. When S/(S+O) ratio [42] x changes from 0 to 1, the CBO increases as the S
content increased. The CBO can range from —0.23 eV for ZnO/CZTS to +1.06 eV for
ZnS/CZTS. However, when x = 0.6 the CBO equal to 0.23 eV as a spike hetrojunction
which improved solar PV performance [43] as shown in Figure 7.4 (b). On the other hand,
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the large spiked barrier in this study [22] which is + 0.82 eV, will block the light-generated
electrons transferred from the CZTS to the Zn (O, S) buffer layer, therefore the
photocutrent is dramatically reduced. Therefore, the Zn (O, S) with an S/(S+0O) ratio of
0.6 is the optimal CBO at 0.23 eV [43, 44].

Other possible buffer layers are Zn,_Sn O,. The open circuit voltage is higher for the
ZTO buffer devices as compared with their CdS reference cells which increase the device
performance [45]. Also, by using thin layer of CdS as a double buffer layers in
ZnSnO/CdS/CZTS showed a high open-circuit voltage of 810 mV which acts to reduce
recombination. Moreover, Zn, Mg O is another material which could be used as a buffer
layer. The large and variable band gaps are in the range between 3.3 eV and 4 eV [40] with
controllable Conduction band offset which allows improved performances of PV cell
Besides, the conduction band alignment between ZMO and CZTS can be optimized via

tuning the Mg/ (Zn + Mg) ratio [12, 47-49].

To passivise the interface defect on CZTS/CdS, the ultrathin SnO, intermediate layer with
thickness 1.2 nm which was deposited by a SILAR method was applied. The CZTS solar
cells devices with SnO, intermediate layers showed the higher open circuit voltage (V) of
657 mV, short circuit current density (J,.) of 20.5 and fill factor (FF) of 62.8%, compared to
the CZTS device without the SnO, intermediate layers. The device performance was

improved in the overall efficiency from 6.82% to 8.47% [50].

7.1.3: Window layer
Zn0 is widely used as a window layer. It has an energy band gap in the range 3.29 to 3.33

eV [51, 52]. However, it is clear that the short-circuit current density J, strongly depends on
the thickness of the ZnO window layer; increases in the window layer thickness from 10 up
to 100 nm, the Js. increases linearly which can be explained by the window layer thickness
is high, the number of high energy absorbed photons is increased which leads to generate
the higher number of electrons which contributing to the enhancement of the short-circuit

current.
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Figutre 7.5 Interfaces between CZTS/CdS and CdS/ZnO.

Here also the interface between ZnO and CdS played the major influence for solar
performance by recombination losses as shown in Figure 7.5. However, the high energy
band gap of window layer is required to increase the amount of light passing through the
cell to reach to buffer layer and absorber layer. Also, the window layer acts to minimise the
leakage on CdS layer. A theoretical study confirms that the interface between CZTS/CdS
and CdS/ZnO is a spike hetrojunction and the conduction-band offsets at both interfaces
CZTS/CdS and CdS/ZnO are with values of 0.05 eV and 0.29 eV, respectively as shown
in Figure 7.5 [53].

7.1.4: Transparent conducting layer
TCOs are employed as front electrodes in solar cells [54]. They act to collect the charge

carriers and transport them to the collection grid. Transparent conducting layer needs some
requirements such as highly conductive, low sheet resistance, transmittance of greater than
90% and high refractive index (typically more than 3). There are many materials that are
used as transparent conducting oxides such as tin oxide (SnO,), Indium Tin Oxide (ITO),
Fluorine doped Tin Oxide (FTO), boron doped zinc oxide (ZnO:B), gallium doped zinc
oxide (ZnO:Ga) [55], aluminium doped zinc oxide (ZnO:Al) [56, 57] and graphene [58].
However, the common used materials in CZTS devices are ITO and ZnO:Al. Park et al,
presented the hybrid silver nanowire network ultrathin ITO as the transparent conductive
electrode for CZTS. The device efficiency improved from 6.72 to 6.84% after introducing

an intrinsic zinc oxide antireflective coating layer [59]. Despite the fact that ITO material
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has good optical and electrical properties as TCO layer, but its quantity is limited, because
of rare and high price of indium, it is replaced by (ZnO) structures doped with abundant

and low cost elements, such as Al [55, 60] .

7.1.5: Anti-reflection layer
It is used in photovoltaic devices to reduce reflection of the incident illumination at the

surface of a device [61]. The most common materials that are used as anti-reflection
coatings are magnesium fluoride (MgF,) [8] as well as ZnO [62] and Silicon dioxide (silica)
Si0, [63]. However, MgF, is still the suitable anti-refection materials because adding this
layer leads to an increase in the transmitting light and increases the ] and FI as well as

efficiency [64, 65]. This layer does not apply in this thesis.

7.1.6: Grid contact
It is also called metal contact which acts to collect current from the cell and connects to the

external circuit. There are many materials that are used as grid contacts such as Ni, Al, Au
and Ag [17, 66-68]. Many techniques can be used to deposit these material on the
transparent oxide layer (ZnO:Al) such as thermal evaporation, e-beam evaporation. Grid
contact is one of current losses in solar devices and also the resistivity should be as low as

possible to avoid losses [10, 69, 70].

The aim of this chapter is to study the effect of different thickness of CZTS layers on
CZTS device performance.

7.2: Results and discussion

7.2.1: PL spectroscopy measurements of different CZTS thickness

The CZTS nanoccrystal inks were fabricated as mentioned in chapter 3. The CZTS films at
different thickness were deposited by adding high concentration ink of 40 pL. which
equals 1 drop onto Mo foil substrate which was repeated many times to prepare many films
with different thickness depending on the drops ( 4, 6, 8 and 10 drops) with their thickness

found to be in the range 600 nm to 6 um.

The PL peak arising from CZTS thin film is identified as the peaks in the range close to
1.39 to 1.55 eV in all samples. There are a number of luminescence features above the

CZTS peak between the 1.6-2.0 eV energy ranges which are larger than the respective
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sample's CZTS peak. As mentioned in chapter 5, PL. measurements for non-annealing
samples, peak energies have been compared to literature values of compounds that could
be made during synthesis. Those considered are the metal sulphides such as CuS, ZnS, SnS,
SnS,, and Sn,S;, and the tertiary compounds Cu,SnS; and Cu;SnS,. Some metal oxides are
also recognized such as CuO, Cu,O, ZnO, SnO and Sn,O as these can be formed [71-73].
However, there are no trace for any possible secondary phases such as binary phases CuS
at 1.0 2.38, 2.50, 2.56, 2.71 eV [74] Cu,S at 1.22 eV [75], SnS and Sn,S; as well as ternary
phases Cu,SnS, , Cu,SnS, , Cu,Sn.S,; and Cu,ZnSn,S; [76-79].

The temperature dependent PL measurements which are carried out at different
temperatures at excitation laser power of 60 mW as well as the intensity dependent PL
which is carried out at 4 K. Figure 7.6 show PL intensities as a function of temperature. It
can be seen that the PL intensities increase with decreasing the temperature from RT to 4
K as well as the PL peak energies have a dependency on temperature which increase with
decreasing temperature. Moreover, Figure 7.7 shows the PL intensity as a function of

inverse temperature in an Arrhenius plot.
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Figure 7.6 PL spectroscopy studies of the dependence on the temperature (right) and excitation power (left)

of different CZTS thickness.
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The PL spectroscopy studies the dependence on the temperature and excitation power of
the peak energy position and intensity. Band gap of all peaks have a slight decrease of
energy with increasing PL temperatures (red shift). In the range of changing temperature
from low temperature 4 K to higher values (RT) the PL peak position shift to higher
energy with decreasing temperatures. For example, P3 in all samples shifts by close to 10.4
meV for the peak energy of emission. Also, the shape of the spectra remains asymmetrical
as the temperature increases. Moreover, the maximum intensity is at 1.55 eV for all

samples.

However, using one activation energy model could not cover the whole data measurement
points, therefore, the temperature dependence of the intensity of PL in CZTS is described

by the best fitting function introduced by two activation energies as

1(T) = S ) (7.1)

1+C, exp(;?}j+cz exp(;?
B B

where C, and C, are process rate parameters, IZ, and I, are the activation energies for the
thermal excitation of charge carriers out of the radiative state to a higher energy non
radiative state [80], T is the absolute temperature and Kg is the Boltzmann constant. The
biexponential function represents the ground state and excited state for the luminescence
transition. So, the activation energies for all peaks for all samples are shown in the
Table7.1. The Figure (7.7) also shows that at low temperature < 100 K, the dependence of
PL intensity is exponential whereas at high temperature the decrease of the PL intensity

becomes steeper reflecting a difference in the activation energy E,.
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Figure 7.7 Arrhenius plots determine the thermal activation energies of different CZTS thickness.

The thermal activation energies were calculated from the temperature dependencies of the
PL spectra using equation 7.1. It can be noticed that the activation energies in 4 and 10
drops are higher than that reported in many other studies, whereas for 6 and 8 drops are
close with many literature values [81]. The table shows the activation energies of all samples
with different thickness for the first four peaks. However, the activation energy E, and E,
of P3 are 227 and 4.44, 150 and 1.66, 132 and 1.00 and 219 and 1.50 meV for 4, 6, 8 and 10
drops respectively. So, as the value of activation energies of P3 in 4 and 10 drops are higher
than in 6 and 8 drops that confirms the defects levels are deeper in 4 and 10 drops. E1 and
E2 measure the rate at which the ground state and excited state of the luminescence
transition are depopulated. These results show that the nature of the luminescence levels

does vary with film thickness and film treatment.
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Table 7.1 the calculation of activation energies Ei and E, from Arrhenius plots.

Peaks E, (eV) E, (meV)
P1 0.208 1.50
4 drops P2 0.186 2.22
P3 0.227 4.44
P4 0.212 1.75
P1 0.125 4.29
6 drops P2 0.125 1.50
P3 0.150 1.66
P4 0.150 2.22
P1 0.159 4.44
8 drops P2 0.131 1.11
P3 0.132 1.00
P4 0.144 1.00
P1 0.229 1.33
10 drops P2 0.125 1.36
P3 0.219 1.5
P4 0.219 1.44

As shown in the Figure 7.8, as a result of the excitation power increasing, the PL peak
energy suffers a slightly blue shift at rate of 0.88, 1.46, 1.53 and 1.32 meV/decade for
CZTS thickness; 4, 6, 8, 10 drops at the main peak (high intensity) as well as for other
peaks P1, P2 and P4, the range of energy shift are 3.00 and 0.20 meV/decade. Also, the PL
intensity is related to excitation power by the power law | o P where I is the PL intensity,
Pis the related excitation power and £ is adjustable parameter which has the value between
0 and 2. If K value is less than 1 the transition is related to defect transitions, whereas above
1 is related to excitonic transitions which depends to the concentration of both electron
and holes in the conduction and valence bands. In the Figure 7.8 the K values for P3 are
0.79, 0.85, 0.87 and 0.84 which ate less than 1. So, due to the K values being less than 1

these features are a result of donor-acceptor pair transition (DAP).
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Figure 7.8 Laser power dependencies of PL bands peak positions (left) and intensity (right) of different CZTS

thickness.
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As seen in the Figures above, the PL. measurement confirm the temperature and excitation
power dependent with intensity of PL spectra. Due to the compositional ratio being Cu
poot/Zn rich used to synthesise these films, there ate many possible acceptor defects such
as Ve, Ve Cuy,,Cug,, and Zng,, donor defects such as Zng,, Zn; and Sn., and defect
clusters such as [V +Znq], [Cu,,tZnc], [Zng,+ 2Zn.), and [Cug,+Sn.] which are
likely to be formed. As well as the defect clusters such as [2Cu,,+Sn, | can be produced
relatively easily because their formation energy is as low as that of Cu,,. Therefore, in the

CZTS-based absorber layer, it is possible to form various types of defects owing to the

non-stoichiometry and secondary phase [82-85].

The Cu,, antisite defect has higher formation energy which acts as a deep acceptor level
located about 100-150 meV above the valence band maxima (VBM) which be considered
to be responsible for the intrinsic p-type conductivity of CZTS as reported by Chen. The
copper vacancy (V) as well has comparatively lower energy of formation than Cu,, which
contributes to a shallow acceptor level 20 meV above the VBM [83, 86]. Other accepter
level defects can be found in CZTS with high energy formation such as V,,, Zng, at 220
and 230 meV respectively [83, 87]. From first calculations [88, 89] which estimates the
activation energy for defects such as Cu,, antisites as E = 120 meV or 220 meV , copper
vacancies V,, as E =20 meV or 70 meV which are dominant acceptor type defects, as
well as shallow donors such as Zng, antisites as E = 150 meV or 70 meV and Cu

interstitials Cu,, as E = 150 meV or 50 meV [87, 90].

In CZTS, the main recombination processes can arise from different paths: band-to-tail
recombination (BT) which is associated with a free electron and a hole which is localised in
the valence band tail; band-to-band recombination (BB) that involves a free electron and a
free hole; band-to-impurity (BI) recombination that involves an acceptor state or a donor
state. Also, CZTS samples have properties of highly compensated and heavily doped

semiconductors with fluctuating potentials [76, 91].

As shown in the Figures, the peak energies of the PL spectra are shifted to higher energy
with few meV as the excitation powers increase. These shifts are a feature of DAP
recombination and the peak energy of DAP transition is described by hv=E4-(Ep-Ea)
+e%/er where Egis the energy brand gap, Ep is donor ionization energy, Ea is the acceptor

lonization energy, € is the electron charge, € is static dielectric constant and r is the distance
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between donor and acceptor defects [92]. As a result of the excitation dependence of PL of
CZTS, when the excitation power increases, the increased photocarriers will screen the

coulomb interaction between the ionised donor and acceptor ions

As mentioned above, the DAP and BT models could be used to discuss the emission in
CZTS. However, the DAP transition requires low doping level and as result charge carriers
located at discrete donor and acceptor levels inside the band gap. On the other hand, BT
transition created by electrostatic fluctuation potential due to highly doped and
compensated CZTS which leads to large concentration of defects results in electrostatic

fluctuation potential along the film which leads to tail states in the band gap [93].

However, as mentioned above all peaks have K-values less than 1 consistent with
transitions in CZTS films with the peak (P3=1.55 V) which may be related to CZTS. The
values of K are in the range between 0.75 and 0.92 with uncertainty 0.02 which are related
with radiative transition involved defect levels. The PL peak energy has a blue shift to high
energy with increasing excitation power. However, a small peak shift in the range between
1.0 and 4.0 meV/decade for all samples with different thickness. However, these results
confirm the radiative transition involved defects and the electronic levels is influenced in
similar way by fluctuating potential which leads to limitation of solar performance by

decreasing the open circuit voltage and as well as limiting of solar efficiency.

7.2.2: Current-Voltage (IVV) measurements

The device current—voltage (IV) characteristics yields important information about junction
parameters such as: series resistance (Rs), diode ideality factor (n) and solar cell device

parameters such as V, FF and efficiency. I-V curves of the samples were measured

ocd ISC,
both in the dark and under illumination by using a solar simulator (AM 1.5 G irradiation,
100 mWem™. The figures 7.9 for IV measurements of all devices show non photocurrent
was generated for all devices with different thickness of CZTS layer. However, all devices

also exhibit non-ohmic (nonlinear curve) behaviour.
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Figure 7.9 Current—voltage (IV) for different CZTS thickness.

The lack of good I-V characteristics for devices was found to be due to damage in layers as

seen in Figures 7.10. The devices with structure Mo foil/CZTS/CdS/i-ZnO/ITO/Al have

some damages in some layers as well as bad interface between CZTS and other layers such

as CdS and ZnO layers which may explain this behaviour for I-V measurements. This

damage in the device layers leads to loss current collection.
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7.2.3: Cross section images of different devices

It can be seen in Figure 7.10 that the CZTS thin film solar cells have a strange structure
especially in ZnO and ITO layers which have strange shapes. However, the device
structure was Mo foil/CZTS/CdS/i-ZnO/ITO/Al grid. The zinc oxide layers which acts
as transparent layer (window layer) were deposited by RF sputtering technique did not

work correctly during the deposition process giving the shape.

HV mag WD det| HFW -
5.00 kV 65 000 x4.1 mm TLD 3.94 pm

1
k.

CZTS

Mo foil Mo foil

HV | mag WD det| HFW -
5.00 kV/65 000 x 4.1 mm TLD'3.94 um

Figure 7.10 Cross sections of different CZTS devices with different thickness.

However, the main layer in this work is an absorber layer which is the second layer as
shown in the figures above. These show depositing with uniform shape and structure with

excellent adhesion between Mo foil and CZTS. Other issues could be seen in Figure 7.10
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that the Mo foil surface did not look flat which also leads to non-uniformity thickness of
CZTS along the film. As a result of depositing zinc oxide layer, the CdS layer is damaged
and disappeared from the image which may affect the thickness of the underlying CZTS
layer. Also, as the deposition of zinc oxide layers was done at the same time for all films,
the same problem appeared in all films and the CdS layers which were deposited at
different thickness; it is difficult to find this layer in all images. Lastly, all images confirm

successful deposition of CZTS layer with thickness in the range between 600 nm and 6 pm.

Figures 7.11 shows the cross section of sample with thickness 8 drops. The left imaged
shows the CZTS devices layers which are from bottom to top as Mo foil/ CZTS/ CdS/
ZnO/ ITO/ Al grid. It is cleared that this figure shows all layers of device with no cracks

and holes. It can be seen also a black layer between Mo foil and CZTS which may

correspond for MoS, secondary phase. ‘The thickness of each layer
CZTS/CdS/ZnO/ITO/ Al are determined as 675/25/25/222/207 nm respectively.

Figure 7.11 Cross section images from SEM for CZTS film with thickness 675 nm (left) and damage film

(right).

However, this structure has not covered all film’s surface and other region of the devices
show strange shapes on the CdS layer which may correspond to CdO which damaged all
layers. This damage can be used to explain why there was no photocurrent generation from

I-V measurements because it leads to of loss the current collection.
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Further investigations were done to identify this shape by fabricating new batches and take
surface images for each batch. CZTS inks were deposited onto Mo foil substrate without
annealing. It can be seen there is a smooth surface with some cracks, holes (bright

particles) as shown in Figure 7.12.

. (4)CZTS no annealing

.r:‘l .

s

%
-

Figure 7.12 SEM images of non-annealed CZTS film at different magnification.

This film was annealed in furnace at 500 °C for 1 h under H,S+N,. Following this it can be

seen a uniform film with some pinholes and some cracks in the surface as shown in Figure

7.13.
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.

Figure 7.13 SEM images of CZTS film annealed under HoS+N; atmosphere at different sites and

magnification.

Images in Figure 7.14 show the films annealed at 500 °C for 1h under N, atmosphere. It
can be seen there are large particles with different shape on the top, whereas small particles

cover the film surface.
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Figure 7.14 SEM images of CZTS film annealing under N> atmosphere at different sites and magnification.

Further investigations were done on the CdS layer. The Figure 7.15 shows CdS a layer that
was deposited onto a Si wafer by chemical bath technique without annealing treatment. It is
clear that the strange shape comes from this layer which is a CdO component with a
diameter of about 15 um. It also spreads and covers most of the surface of the film after

annealing at 200 °C for 10 min under N, atmosphere.
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——

(e)CdS annealing- N,

Figure 7.15 SEM images of CdS film (a,b,c and d) non-annealed films and (f and e)annealed film under N»

atmosphere at 200 °C at different sites and magnification.

CdS was then deposited onto CZTS surface (annealed under H,S+N, at 500 °C for 1 h). It
can be seen that it was a thin layer which has not covered all CZTS surface as shown in
Figure 7.16. There were some pinholes and cracks on the surface as well as the CdO which
was formed during the deposition process which are clearly seen in the cross section

images.

175



Chapter 7 Y. ALTOWAIRQI

T S . T
(2) CZTS (HSHN,)/Cds .~ - ™ +N,) /G

.

~

- @

(CZTS GIRENY/C

Figure 7.16 SEM images of CZTS/CdS at different annealing conditions of CZTS at different sites and

magnification.

Cross-sectional SEM images were taken to investigate the crystal quality and elemental
distributions of CZTS devices using EDS mapping from cross section images as shown in
Figure 7.17. This confirms all elements that were used to fabricate the devices with layers as
Mo foil/ CZTS / CdS /ZnO/ ITO/ Al grid. The images were taken at three different sites
of the film to investigate each component in the device. The images confirm the CZTS

film in the first for mapping images.
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S Kal Cu Lal,2 Zn Lal,2

Sn Lal Cd Lal In Lol

Figure 7.17 Cross sectional EDS -SEM mapping images for the compositional distribution of site 1 of CZTS

device.

Images were also taken for other sites in the cross section images as shown in Figure 7.18
which also confirm the presence of all layers of device with some diffusion of elements at
some points. For instance there is some Al in the surface of ZnO layer, also the strange
shape may be due to CdO. Moreover, the Mo and S also overlap which may lead to form a

thin layer of MoS,.
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Figure 7.18 Cross sectional EDS -SEM mapping images for the compositional distribution of site 2 of CZTS

device.

Images from site 3 confirm the results above for all elements showing a CZTS/ CdS /
ZnO/ ITO / Al structure with uniform and homogeneous distribution as shown in Figure

7.19.
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Figure 7.19 Cross sectional EDS —SEM mapping images for the compositional distribution of site 3 of CZTS

device.
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Scan line images were performance for all three sites in the cross section of devices. Figure
7.20 show the line scan from site 1 which also confirms uniform distribution of each

element across the whole films and is similar to site 3 with no cracks and pinholes.

C Kal O Kal Al Kal S Kal
— Cu Lal Zn Lal Mo Lal Cd Lal
In Lol Sn Lal Pt Mal
e \/\/\/\A/\/\
- Mo ZTS CdS ZnO ITO Al Pt

cps

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Distance (um)

Figure 7.20 EDS line scan profiles on cross-section of CZTS thin film device (675 nm) site 1.
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For site 2, it is clear that the CZTS and CdS layers were formed and then followed by
complicated mixture layers. It can be seen a high intensity peak of Al,O; layer above ZnO
layer and the top of the film surface. As well as other elements as In, Zn, Sn, Cd, S, O and

Al are in this Morphology as shown in Figure 7.21.

—— Pt Mual C Kual O Kual Al Kal
i — S Kual Cu Lal /n Lal Mo Lal
—— Cd Lal In Lal Sn Lal

0 1 2 3 4 5 6
Distance (um)

Figure 7.21 EDS line scan profiles on cross-section of CZTS thin film device (675 nm) site 2.
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The cross-section EDS-SEM elemental profiles from line scan and elemental mapping

images determined for site 3 are shown in Figure 7.22.

— C Kual O Kal Al Kal S Kal
— Cu La«l Zn Lal Mo Lal Cd Lal
- In Lal Sn Lal Pt Ma1
- Mo CZTS CdS 7znO ITO Al Pt

cps
L |

0.0 0.5 1.0 1.5 2.0 25 3.0
Distance (um)

Figure 7.22 EDS line scan profiles on cross-section of CZTS thin film device (700 nm) site 3.

Due to the X-ray emission lines of Mo and S overlapping as the X-ray emission lines are
2.32 keV for the Mo La line and the S Ka line. So, this problem can be resolve by using
wavelength dispersive spectroscopy (WDS) which has a higher resolution than EDS which
can be resolve the energy peak of Mo and S elements [94]. On the other hand, the elements

are distributed homogeneously across the cross-section region.
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For electron backscatter diffraction (EBSD) profiles, the surface was milled and polished
by using a Focused Ion Beam (FIB) at specific angle as shown in Figure 7.23. Band
contrast images show the quality of EBSD pattern of the CZTS and grains as well. Also,

Euler colours show the crystal orientation. The numbers 1 and 2 are different sites.

Band Contrast 1 Euler Color 1

Euler Color 2

Figure 7.23 EBSD orientation map of a CZTS film at different site.

EBSD band contrast shows the quality of EBSD pattern and the grain size. The image
confirms the presence of structure within the film profile. Bigger grains are observed to
collect at the bottom of the layer with smaller grains moving to the top. The dark lines
show variation in the band contrast image. The origin of the dark lines is not known but

may correspond to layers from individual drops and subsequent drying process.
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The Euler colour image shows the orientation angle of different grains. This indicates
region of similar orientation throughout the cross section in a layer type configuration. This
may correspond to layers in the deposition process. Although the orientation angle is
known, the phase structure is not identified by EBSD. It is possible that the different
orientation angle may indicate different structure (for example, kesterite or stannite) but

this cannot be confirmed.

Compering images 1 and 2 at different location in the cross section shows that the layer
type orientation behaviour varies with position along the cross section. It can be seen that
there are distinct regions in the Euler colour diagrams at both location. This would indicate

that there is a segregation of CZTS grains with the layer.

This is in contrast to other published EBSD results which show a completely random
pattern in the orientation of grains. Further work is needed to elucidate the extent and

origin of the layer type behaviour. Image 2 show smaller particles at the surface [95-98].
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7.3: Conclusion
CZTS absorber layers were successfully synthesised and deposited onto Mo foil by spin

coating technique. PL measurements showed many peaks in the range 1.3 eV to 2.0 eV.
The peaks may correspond to CZTS in the range 1.3 eV to 1.6 eV, whereas other peaks
may correspond to other secondary phases such as SnS, SnS,, ZnS, CuS, Cu,SnS; and
Cu,SnS,. The temperature and laser excitation power dependence measurements were done
to study the possible of existence defects in CZTS for different thickness of CZTS and
CdS layers.

In CZTS, the PL activation energies E, and E, of the main peak were 227 and 4.44, 150
and 1.66, 132 and 1.00 and 219 and 1.50 meV for 4, 6, 8 and 10 drops respectively. So, as
the values of activation energies in 4 and 10 drops are higher than in 6 and 8 drops that
confirms the defects levels are deeper in 4 and 10 drops. So, the low activation energy
values should be related to the presence of non-radiative defects that create energy levels
close to the energy of the radiative states. The activation energy values at high temperature
have higher activation energies. As a result of the excitation power increasing, the PL peak
energy shows a slight blue shift at a rate of 0.88, 1.46, 1.53 and 1.32 meV/decade for CZTS
thickness; 4, 6, 8, 10 drops at the main PL peak (high intensity) as well as for other peaks
P1, P2 and P4, the range of energy shift are 3.00 and 0.20 meV/decade. The K values for
P3 are 0.79, 0.85, 0.87 and 0.84 which are less than 1. As the K values are less than 1 these
feature is as a result of defects related transitions. A model to describe our results is
proposed from the fluctuating potential which leads to limitation of solar performance by

decreasing the open circuit voltage as well as limiting of solar efficiency.

The devices current—voltage (IV) exhibits non-ohmic (nonlinear curve) behaviour. As a
result of depositing zinc oxide layer, the CdS layer is damaged and disappeared from the
image which may affect the CZTS layer. All images confirm that the successful deposition

of CZTS layer with thickness in the range of 675 nm to 6 pm.

EDS-SEM measurements confirm the uniform distribution of elements of the cross
section of CZTS devices at different sites and show there are some damage in some site of
the film which explain no photocurrent collection in IV measurements. EBSD
measurement shows the quality of EBSD pattern of the CZTS particles and displays the

crystal orientation which needs further investigation to identify the crystal’s phase structure.
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Chapter 8: Conclusion and future work

The quaternary compound Cu,ZnSnS, (CZTS) has potential properties for low cost thin
film solar cells. It is composed of abundant elements as well non-toxic material, with
desirable properties for thin film photovoltaic (PV) applications such as high absorption
coefficient close to 10* ecm™ and band gap close to 1.5 eV. CZTS has been successfully
fabricated by the non-vacuum hot injection method with a pure sulphur source. High
concentration of CZTS nanoparticle inks were deposited onto clean glass by spin coating
techniques with high speed (2500 rpm) for 10 second to study the CZTS nanoparticle ink

quality.

Studying the influence of fabrication condition such temperature and time on structure and
optical properties revealed that the conditions of temperature (185, 205,225, 245 and 265
°C) and time (0.5, 1.0, 1.5, and 2.0 h) have a significant effect on crystal structure,
composition, morphology and band gap. For instance, the CZTS nanoparticles have a
mixed structure between kesterite and wurtzite observed in XRD measurents. The average
crystallite size of CZTS synthesised at 185, 205, 225, 245 and 265 °C were about 13, 28, 37,
48 and 49 nm respectively. It was also found that the size of particles increases with
increasing reaction time at 37.1, 35.1, 41.2 and 45.8 nm for 0.5, 1.0, 1.5 and 2.0 h at 225 °C.
However, Raman measurements confirmed that the main peaks for different fabrication
conditions of CZTS were at 337 cm™ which correspond to the A1 mode of single phase
CZTS. Other Raman peaks at 320 cm™ were assigned to Cu,SnS, in all samples except that
synthesised at 1 h where the main peak become narrower and sharper than at other
fabrication conditions which indicated an improvement of the crystallinity. Moreover, the
SEM and TEM measurements confirm that increasing the fabrication conditions leads to
improvements in the crysallinty. EDX confirmed the compositional ratios which were Cu/
(Zn + Sn) = 1.14, 1.11, 0.95, 0.94 and 0.96, and Zn/Sn = 0.90, 1.12, 1.49, 1.48 and 1.54 for
185, 205, 225, 245 and 265 °C respectively. The compositional ratios were also found to be
Cu/ (Zn+Sn) = 0.95, 0.88, 0.83 and 0.72, and Zn/Sn = 1.49, 1.24, 1.41 and 1.37at 0.5, 1.0,
1.5 and 2.0 h respectively at a temperature of 225 °C. Lastly, the band gaps of all samples
were observed in the range between 1.5 and 1.9 eV. From the results above it is determined

that the optimum condition suitable for synthesising a high quilty CZTS absorber layer is at
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225 °C for 1.0 h. this gives an average nanoparticle size of 35 nm with an energy band gap

close to 1.5 ¢V and a Cu-poor and Zn-rich composition.

Studying the influence of different copper and zinc compositions also revealed a strong
impact of these compositions on CZTS properties. X-ray diffraction and Raman
spectroscopy show the majority of the CZTS may be in a kesterite, disordered kesterite or
stannite phases. XRD data also confirmed the presence of the mixed kesterite and wurtzite
CZTS structure in Cu-rich (C1) and stoichiometry (C2) samples. Raman results are
inconclusive in determining if the CZTS has any significant kesterite or stannite structures
due to broad Raman peaks within the spectra. The strong peak at 335 cm™ is related to the
presence of local structural inhomogeneity within the disordered kesterite or stannite
phases. There is no evidence for Cu, S at 475 cm™ for all samples except C1. Transmission
electron microscopy showed the nanoparticles were between 44.9 nm and 52.5 nm in
diameter, the maximum occurring in sample S3. UV-vis spectroscopy showed the band gap
of the films increasing with a decreasing copper concentration. It was also found that
increasing zinc concentrations decrease the resulting energy band gaps in the range
between 1.38 and 1.55 eV. The change in energy band gaps is related to change of
concentration of Cu and Zn. It is concluded that the energy band gap depends on the Cu
and Zn concentrations. Overall, the CZTS nanoparticle ink showed promise for use as the
absorber layer in PV devices due to the suitable band gap and simple deposition and
nanoparticle size. However, as Raman spectroscopy data show, there are a significant
amount of secondary phases present and further effort needs to be made for these to be

reduced.

Investigating the influence of the annealing parameters including temperature, time,
ramping rate and atmosphere on CZTS thin films’ structure and optical properties were
achieved. The XRD in all samples showed the main peaks are 28.5, 33.2, 47.5 and 56.4°
which correspond to kesterite structures. Raman measurements also confirmed the
presence of single phase CZTS thin films at 338 cm™ with other small peak at 335 cm™ in
some annealing conditions. Some films also showed some secondary phases. Also, the
intensities of peaks of XRD and Raman increased and became sharper with increasing the
annealing conditions (temperature, time and ramping rate) as well as particle sizes which
indicate improvements to the crystallinity. SEM was used to study the surface of CZTS

films and showed uniformly distributed films. EDX study indicated the chemical
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composition ratio of Cu/Zn+Sn, Zn/Sn, Cu/Sn and S/Metal was affected by the
annealing parameters and all ratios were greater than the initial compositions due to partial
Zn and Sn losses during the preparation and annealing process. The crystallinity, structure
and chemical composition of CZTS thin films increased and improved under H,S+N,
atmosphere which demonstrated that annealing at 500 °C for 1 h with 10 °C/min under
H,S (20 %)+N, (80 %) atmosphere is a suitable condition for CZTS thin film formation

for use in solar cell devices.

The thermal activation energies of defects in all samples were estimated from Arrhenius
curves for different CZTS. For instance, the activation energies E, and E, of P3 were 227
and 4.44, 150 and 1.66, 132 and 1.00 and 219 and 1.50 meV for films of increasing
thickness with4, 6, 8 and 10 drops respectively of CZTS ink. Higher activation energies
confirm the defects levels are deep level states. The low activation energy values should be
related to the presence of non-radiative defects that create energy levels close to the energy
of the radiative states. The activation energy values at high temperature have higher
activation energies. As a result of the excitation power being increased, the PL peak energy
suffers a slight blue shift at the average rate of 1.32 meV/decade. The K values for P3 are
0.79, 0.85, 0.87 and 0.84 which are less than 1 and in the ranges 0.85 and 0.92 £0.02 for all
samples. So, due to the K values being less than 1 these features are the result of defect
related transitions. A model to describe our results is expected from the fluctuating
potential which leads to limitation of solar device performance by decreasing the open

circuit voltage as well as limiting solar device efficiency.

The device current—voltage (IV) in all devices exhibits non-ohmic (nonlinear curve)
behaviour. As a result of depositing a zinc oxide layer, the CdS layer was damaged and
disappeared from the cross section image which may affect the accurate determination
thickness for the CZTS layer. All images confirm the successful deposition of CZTS layer

with thickness in the range between 600 nm and 6 pm.

EDS-SEM measurements confirmed uniform distribution of all elements and clearly show
all layers of CZTS devices. Also, the result confirms overlapping of Mo and S lines which
requires using WDS to distinguish between them. EBSD measurement shows the crystal
quality of CZTS absorber layer and phase orientation. This measurement requires further

investigations to clearly identify the crystal structure.
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This work has identified many issues that need further investigations and here some
suggestions for future work are made. Different preparation chemical precursors and
solvents as well as optimising deposition techniques including the drying process to get
uniform films with high quality. Controlling the composition of the final CZTS device

requires further development.

Controlling interface reactions between the layers of Mo/CZTS and CZTS/CdS requires
further investigation to study their properties and their effects on CZTS device
performance. Studying the passivation of secondary phases and diffusion of elements
between layers using ultra-thin intermediate layers between the layers Mo/CZTS/CdS and

their effects on CZTS device performance would also improve device performance.

Lastly, EBSD measurements require further study as mentioned in chapter 7 to identify the
crystal structures and orientation phase by studying the films with and without annealing
treatment as well as estimating the grain size and grain boundary. Finally, WDS can be used

to identify the accurate composition of Cu and Zn.

This thesis has studied the complex chemical synthesis process used to produce CZTS
nanoparticle inks and their subsequent deposition as thin films suitable for use in PV
devices. The work has demonstrated that unable PV devices can be fabricated and has
confirmed a range of parameters to optimise this process. Suggestions for further work

should enable the production of high efficiency PV devices using this process.
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