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ABSTRACT

As the demand for energy is constantly increasing, researchers are looking at various
methods of energy production. Following the rise of solar energy becoming a major player,
researchers are looking at kesterite materials, Cu2ZnSn(S,Se)s (CZTS) for photovoltaic
applications as they demonstrate many excellent characteristics making them highly
suitable for use in thin-film solar cells. Consequently, there are major drawbacks of using
kesterite materials for photovoltaic applications such as their point defects and secondary
phases. Cerium and iron oxyselenides (Ce20O2Fe,OSe;) are a member of the chalcogenide
family and by introducing this chalcogenide into the kesterite structure there would be an
improvement in the semiconducting property of the kesterite material. The focus of this
research is to dope the kesterite material with nanoscopic cerium and iron oxyselenides in
order to reduce the band gap of the kesterite material, thereby improving its light
absorption, thus, resulting in a more efficient photovoltaic effect. The X-ray Diffraction
(XRD) result confirms the presence of the kesterite phase in the synthesized kesterite and
doped kesterite nanoparticles with the crystal sizes being 10.30 nm, 11.03 and 9.45 for the
Ce;0O2Fe;0Se2, kesterite and doped kesterite nanoparticles respectively. The High-
Resolution Scanning Electron Microscopy (HRSEM) and the High-Resolution Transition
Electron Microscopy (HRTEM) indicated that there were high levels of agglomeration
across all nanoparticles with the Ce,O2Fe.OSe, nanoparticles having an irregular
inhomogeneous composition, the kesterite nanoparticles having a general rod shape with
homogeneous composition and the doped kesterite nanoparticles having a general rod
shape with inhomogeneous composition resulting from the Ce202Fe20Se,. Small Angle X-
ray Scattering (SAXs) was used to study the internal structure of the synthesized
nanoparticles. The overall shape of all the synthesized nanoparticles were a mix of core
shell hollow sphere and flat disk. The optical band gaps for the nanoparticles were 1.59 eV,
2.25 eV and 2.20 eV for the Ce202Fe20OSe;, Kesterite and doped kesterite nanoparticles,
respectively. The Cyclic Voltammetry (CV) results indicated an electrochemical band gap
of 0.48 eV, 0.67 eV and 0.46 eV for the Ce>O.Fe,OSe,, kesterite and doped kesterite
nanoparticles respectively. I-V curves for the synthesized nanoparticles as well as the
fabricated solar cells were analyzed, with the electrochemical efficiencies being 8.62%,
3.26% and 5.79% for the Ce>O.Fe OSe,, kesterite and doped Kkesterite nanoparticles
respectively. For the fabricated solar cells, the efficiencies were 0.48% and 0.003% for the

pristine kesterite and doped kesterite solar cells respectively.
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ABBREVIATIONS

CdTe: Cadmium Telluride

CE: Counter electrode

Ce20: Cerium oxide

Ce202Fe>0Sez: Cerium and Iron oxyselenide
CIGS: Copper Indium Gallium Selenium
CL: Cathodoluminescence

COz2: Carbon dioxide

CuCly: Copper chloride

CulnSe,: Copper Indium Selenium

CV: Cyclic voltammetry

CZFTS: Ferrokesterite

CZTS: Kesterite

DEG: Diethylene glycol

ECB: Conduction band

Ef/m: Conversion efficiency

Ey: Bandgap

EIS: Electrochemical impedance spectroscopy
EVB: Valance band

FeClz: Iron chloride

FF: Fill factor

GB: Grain boundaries

GW: Gig watt

HOMO: Highest occupied molecular orbital

HRSEM: High resolution scanning electron microscopy
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HRTEM: High resolution transmission electron microscopy
Isc: Short circuit current

I-V: Current-Voltage

Jsc: Short-circuit current density

LUMO: Lowest unoccupied molecular orbital
mm: Millimetres

mmol: Millimole

Na.S: Sodium sulfide

NaBH4: Sodium borohydride

nm: Nanometres

PBS: Phosphate-Buffered Saline

PCEs: Power conversion efficiencies
Pmax: Peak power

PV: Photovoltaics

Ret: Charge transfer resistance

RE: Reference electrode

Rs: Solution resistance

SAX: Small-angle X-ray scattering

Se: Selenium

SEM: Scanning electron microscopy
SnCly: Tin chloride

TEM: Transmission electron microscopy
TGA: Thermogravimetric analysis
UV-Vis: Ultraviolet-visible spectroscopy
Voc: Open circuit voltage

WE: Working electrode
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XRD: X-ray diffraction/crystallography

ZnCly: Zinc chloride
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CHAPTER 1

INTRODUCTION

Chapter overview

This first chapter presents a brief description of the reasoning and impact of the switch
towards the use of solar energy, highlighting their advantages and general operation. This
chapter then further describes general PV and the need to move away from them and
toward safer forms of PV such as kesterite PV. Finally, the chapter discusses the research

impetus, aims, objectives and outline.
1.1 General Background

In this day and age, there is a huge international demand for clean, safe and useable
energy. This demand and need acts as a burden to almost all countries and will never cease
to be fulfilled. With the rise of global warming resulting from the use of greenhouse
gasses, new forms of energy must be used. A very popular method way of generating and
obtaining energy is through the use of solar energy a form of renewable energy generated
from the sun. It is known that solar energy possesses several advantages over currently
used fossil fuels such as reduce carbon emissions, clean the air and the main aspect is that

it is renewable [1,2].

The advancements of photovoltaics (PV) are staggering with promises of being a major
participant in the current energy transition. The PV industry has been expanding globally at
a rapid rate of 35% over the last decade, with the worlds cumulative PV capacity being 591
GW at the end of 2019 [3]. Looking at the “Levelized Cost of Energy (LCOE)”, for the
utility scale PV is $32 to $44 USD per MWh, which is starting to rival conventional fuels
as the natural gas combined cycle plants LCOE is between $44 to $68 USD per MWh.
Analysing multiple forecasts, there has been dramatic growth over the last several years in
PV. Predictions from both the prudent and aggressive forecasts from the World Energy
Outlook (WEO) and the International Renewable Energy Agency (IRENA), indicate that in
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the next 20 years, several terawatts of PV capacity would be developed and operational.
Each of which having approximately 5 TW of cumulative PV capacity by 2040 forecasted
by both IRENA and WEO, in spite of the IRENA ‘REMap’ framework being more

aggressive than the IEA’s ‘Sustainable Dev. Scenario’ [3,4].

® IRENA 2019 Planned Policy Case
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Figure 1.1.1: A comparison of PV capacity projections between IRENA 2019 and WEO
2019 scenarios [3].

“The photovoltaic effect is identified as the surfacing of electric voltage in a system
exposed to solar radiation, via charge carriers being excited into the conduction band
through the absorption of photons”. This process leads to the creation of solar energy. The
photovoltaic effect and the photoelectric effect share a similar mechanism of light induced
electron transitions, where an electron is freed from the surface of a metal by a photon
carrying adequate amounts of energy. Photovoltaics takes solar radiation and transforms it
into electrical energy; solar cells is the name given to devices which take advantage of the
photovoltaic effect, other names include photovoltaic devices [5].
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PV cell efficiency is the outcome of; electron-hole separation efficiency, thermodynamic
efficiency, conductive efficiency and reflectance efficiency. This overall PV cell efficiency
is a function of successful electron-hole generation and separation. There are many factors
that can decrease this efficiency mainly. Prominent among these factors are poor
conductivity and hole electron recombination. It is difficult to measure all these parameters
but it is possible to estimate their effects by measuring electric parameters such as voltage,
current, and resistance. “The fill factor, quantum efficiency, shunt resistance, and series

resistance are derived parameters which are used to characterize solar cell performance”

[6].

The current generated by the cell due to illumination without implementation of external
potential is the short-circuit current. Potential differences occurring between the two
terminals of solar cells under illumination without the flow of current through the terminals
is defined as the open circuit voltage (Voc). The solar cell generated quotient of maximum
power (PM) with the product of open-circuit voltage and short-circuit current produces the
fill factor (FF). “At the maximum power density, current density is denoted with Jn and
voltage with Vm. The load attached to the solar cell circuit, has an optimum resistance
given by Vin/Im. Jm and Vm should be as near to Jsc and Voc as possible”. The fill factor is
defined by [5,7,8]:

- JmVm

EF =
JscVoc " (1.2)

“The power conversion efficiency (1), is the ratio of the maximum power generated by the

solar cell to the incident radiant energy””:

_JmVm _ JscVocFF
P; P; (1.2)

Where P; is the incident power. A light beam with a specific a power and wavelength
coming towards the cell together with the quotient of the current coming out of the cell
defines the spectral responsivity. “Quantum efficiency (nQE) is determined by the number
of electron-hole pairs collected per incident photon”, the resulting short circuit

photocurrent density depends upon quantum efficiency [5,7].
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Jsc = q | B{((WnQEW)dW (1.3)

“Where, q is unit charge, W denotes energy of photons and Bs is the incident spectral
photon flux density (the number of photons with energy between W and W + dW falling
on a cell per unit area and per unit time)”. It is required to have a high nQE between
wavelengths of 400 and 1300 nm, where the solar photon flux density is high, the quantum

efficiency is also directly influenced by wavelength as seen in Figure 1.1.2 [5].

EQE(2.)
+1
absorption absorption
window 1 window 2
A

1240 nm 5 1240 nm
N T — g2 = - :
g ng {eV) Egz,qev_:-

Figure 1.1.2: “External quantum efficiency (EQE) as a function of the wavelength 1 [9].

The most popular and efficient solar cell technologies are solar cells made from thin wafers
of silicon. Using materials with-a high sunlight absorbance in comparison to silicon
requires the use of less material, thus having a significant cost reduction while allowing for
greater possibilities of constructing building with built in solar cell modules. A great way
of utilizing solar energy in an economically feasible and malleable manner is through the
use thin-film photovoltaic (PV) technologies. Thin-films which are preferred and ideal for
PV applications include copper indium gallium selenium (CIGS) films, as a result of their
ideal optical absorption coefficient. An ideal method of fabricating these cells is by
electrode deposition due to the low economical cost and generally good output. Despite
these benefits only a handful of thin-film technologies commercially available have
obtained power conversion efficiencies (PCEs) greater than 20%, some of which are
cadmium telluride (CdTe) and CIGS solar cells that each possess a PCE of 21% [10].
Although the large-scale utilization of these cells does contain hindering factors, some of

which are cadmiums toxicity levels as well as indium availability [6,10,11].
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As the severity of the energy crises increases, a growing amount of research and
development in low-cost solar cells with a high effective efficiency has been implemented.
The initial iteration of these thin-film solar cells boomed with the CdTe and CulnSe; solar
cells having major success as a result of their low cost and great output. While the CdTe
and CulnSe; materials have these major benefits, it is still necessary to obtain alternative
solar cell materials resulting from the lack of indium and cadmium availability as well as
cadmiums toxicity levels. The alternatives lean towards absorber materials with a high
availability and supporting the terawatt scale photovoltaic industry [12]. Vital progressive
development has been made in the search for different materials that can replace the use of
CdTe and CIGS solar cells for thin film photovoltaics. Extensive research has found a
good potential replacement for CdTe and CIGS cells due to the discovery of kesterite

materials, offering a wide selection of unique properties for PV applications.

In this study, selenide kesterites materials doped with nanoscopic iron and cerium
oxyselenides will be quantitatively evaluated for their electrochemical and photovoltaic
efficiencies. Up to now, these materials have however not been used for the absorption of
solar energy from sunlight. A substantial amount of data has only been collected at the
laboratory scale with an isolated focus on several applications of iron and cerium
oxyselenides, let alone photovoltaic applications. Thus, this study focused on how doping
the kesterite material with nanoscopic .iron and cerium oxyselenides will influence the
photovoltaics of the kesterite materials. A substantial amount of data has only been

collected at the laboratory scale on the topic of iron and cerium oxyselenides.
1.2 Problem Statement

As the world is aiming to dive into the use of renewable energy, many scientists have
considered many different types of renewable energy sources, but almost all agree that
solar energy is the best way to go as it’s the most freely available form of energy. In order
to harness solar energy, solar cells are required. Challenges facing the production of solar
cells is the high toxicity levels of the materials, while being extremely expensive or
extremely rare. The development and fabrication of low-cost materials with an extremely
low toxicity level for PV applications has been a major challenge as the focus has shifted

onto the use of kesterites which has many inefficiencies accompanying their use in
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photovoltaics, these inefficiencies can be improved making kesterites extremely

competitive in photovoltaics.
1.3 Rationale and justification for the research

One of the biggest challenges of a country’s energy sector is the harnessing of renewable
energy, this being solar energy in South Africa. The fabrication of solar cells for the
generation of solar energy is another major challenge for scientists as they must develop
new non-toxic and cost-effective materials, which abide by the country’s strict
environmental laws. Many governments have imposed stringent environmental regulations
on industries. These regulations compel them to limit their use of fossil fuels and start
incorporating the use of renewable energy to power their industries. As a result, there is a
drive to search for and develop new technologies that can economically ensure high-
quality renewable energy. There is currently research looking at kesterite materials and
various doped kesterite materials for photovoltaics, but there is very little to no research
looking into selenide kesterites doped with nano iron and cerium oxyselenides and

comparing them to kesterites for use in photovoltaics.

Enough information on each kesterite and oxyselenide materials has been accumulated
through laboratory studies and has been found to be very competitive, but there is very
little to no information on them together. Thus, the aim of this study is to therefore,
synthesise selenide kesterites doped with nanoscopic iron and cerium oxyselenides and to

determine their photovoltaic and electrochemical efficiencies.
1.4 Research aims and objectives of the study

The aim of this work is to evaluate the influence of doping selenide kesterite with

nanoscopic cerium and iron oxyselenide on its photovoltaic and electrochemical properties.
This research project was undertaken with the following specific objectives:

To synthesise iron and cerium oxyselenides (Ce20O2Fe>OSez) precursor for use in
the synthesis of selenide kesterites doped with nanoscopic iron and cerium

oxyselenides by solid state reaction.
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To use the Ce2O2Fe2OSey, to synthesize the final product, the selenide kesterites

doped with nanoscopic iron and cerium oxyselenides, Cuz,Cez(Zn,Fe)SnSes.

To evaluate the morphological and structural properties of the synthesised
Cuz,Cez(Zn,Fe)SnSes materials using: “Transmission electron microscopy (TEM),
Scanning electron microscopy (SEM) and X-ray diffraction/crystallography
(XRD)”.

To evaluate the spectroscopic and optical properties of the synthesised
Cuz,Cez2(Zn,Fe)SnSes materials using: “Ultraviolet-visible spectroscopy (UV-
Vis)”.

To evaluate the photovoltaic and electrochemical properties of the synthesised
Cuy,Cez(Zn,Fe)SnSes materials using: “Cyclic voltammetry (CV), electrochemical

impedance spectroscopy (EIS) and current-voltage curves (I-V curves)”.

To apply the synthesised Cu.,Cez(Zn,Fe)SnSes materials for use in photovoltaic

applications.
1.5 Thesis Outline

This outline shown below describes the structure and topics that will be discussed in the
chapters.

Chapter 2

This chapter gives intensive literature of the overall study. Detailed literature on cerium
and iron oxyselenides and kesterites is discussed. Current photovoltaic devices and solar
cells are also reviewed in this chapter. The limitations of these photovoltaic devices are
given and an alternative device which is the kesterite technology is discussed in detail.

Also, literature on photovoltaics in general is discussed in this section of the thesis.
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Chapter 3

This chapter deals with the synthesis of cerium and iron oxyselenide dopant, kesterite and
doped kesterite materials as well as the fabrication of the pristine kesterite and doped

kesterite solar cells. The analytical methods and experimental procedures are explained.
Chapter 4

The experimental, results and discussion on the characterization, electrochemical and
photovoltaic efficiencies of the cerium and iron oxyselenide dopant, kesterite and doped

kesterite material are discussed in detail in this chapter.
Chapter 5

The results and discussion on-the electrochemical and photovoltaic efficiencies of the
kesterite solar cell and cerium and iron oxyselenide doped kesterite solar are discussed in

detail in this chapter.
Chapter 6

This chapter sums up the conclusions from the individual chapters and recommendations

are also made.
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CHAPTER 2
OXYSELENIDE: PATH TOWARDS KESTERITE EFFICIENCY

IMPROVEMENTS

Chapter overview

A comprehensive review of the fundamentals of chalcopyrite and kesterite materials is
discussed in this chapter, explaining their differences and similarities. This chapter goes
into the detailed background, benefits and synthetic strategies for the chalcopyrite material
cerium and iron oxyselenides as well as for the kesterite martial, followed by a comparison
of the different martials. Then finally describes the process and benefits of doping the
kesterite material with the cerium and iron oxyselenide chalcopyrite material. The
literature contained in this section provides crucial significance to research as is provides
integral context to the work that will be performed on the cerium and iron oxyselenide and

kesterite material.
2.1 Introduction

The photovoltaic effect is the generation of electric voltage in a system that came into
contact with solar radiation. The photovoltaic effect gives rise to solar energy. This electric
voltage generated by charge carries being excited into the conduction band is due to photon
absorption. The French physicist, Alexandre Edmond discovered the photovoltaic effect in
1839, he realised that conductance increases with illumination as he was experimenting
with metal electrodes and electrolyte. The photovoltaic effect has a similar mechanism to
electron transitions to higher energy states as a result of light induction, where an electron
breaks free from a metals surface in the presence of a photon containing enough light
energy. Photovoltaics takes solar radiation and transforms it into electrical energy; solar
cells is the name given to devices which take advantage of the photovoltaic effect, other
names include photovoltaic devices [1]. There are three basic attributes required for

photovoltaic operation:
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¢+ The creation of electron-hole pairs or excitations resulting from light absorption.
¢+ Opposite charge carries being segregated.
¢ Individual extraction of the opposite carriers to an external circuit.

In order to understand the basic operation of photovoltaic cells, these attributes must be
explored and explained, starting with semiconductor material. A semiconductor is a
material with a band gap i.e., a discontinuity in the allowed energetic states of electrons in
the solid. This band gap property of semiconductors prevents the relaxation of electrons
once excited by a photon, thus is key for photovoltaic activity. The larger the band gap; the
more potential energy/ voltage a device provides. However, fewer photons can be
absorbed, this specific parameter determines electrical current. Although photons of lower
or higher energy than the bandgap cannot be utilized [2-4]. The power of a cell is dictated
by the voltage and current. The optimal absorber band gap, was first determined by
Shockley and Queisser, and occurs at a photon energy of around 1.34 electron volts [5],
thus providing a convenient screening parameter for potential photovoltaic materials.
Naturally, band gaps can be direct or indirect and for the band gap to be direct, an electron
must be able to travel across the gap with no change in crystal momentum, if this does not
occur then the gap is indirect. Direct band gap photovoltaic materials are desirable as the
indirect band gap materials require light and heat to promote electrons across the gap, with
an associated weaker optical absorption and loss of device efficiency [6-8].

Semiconductor solar cells are ultimately simple devices. A semiconductor is a material
possessing the capacity to absorb light, a portion of this absorbed photon energy is then
delivered to electrons and holes which are carriers of electrical current [9]. An illuminated
semiconductor absorbs a photon and an electron is excited and moves from the full valence
band to the empty conduction band where it moves away from its original position, leaving
behind a positive charge since the species was originally neutral. This electron ‘hole’ is
then filled by a neighbouring electron, creating another hole on the adjacent space. This
mechanism is repeated resulting in the migration of the electron vacancy in the opposite
direction to the electrons filling the previous holes. Therefore, for every absorbed photon,

two mobile charge carriers are produced, one positive and one negative. This binary
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species is called an exciton, with a lifetime of femtoseconds before the electron ejects a
photon that corresponds to the energy of the band gap and recombines with the hole it left
behind, a process termed radiative recombination, which is undesirable for PV applications
as it results in a loss thereby reducing the efficiency. The exciton is stabilized by the
dielectric constant of the material and it is possible to cause the bound hole and electron to
migrate away from each other by applying an electric field across an exciton [6,10].
Essentially this process is seen as the production of an electric voltage betwixt a cathode
and an anode which are connected to either a solid or liquid system in the presence of light

on the system [11].

A potential gradient can be generated by using crystal defects, without any externally
applied bias, in what is called a p-n junction [12]. All crystals generally contain impurities
or imperfections, which introduces a localised empty state somewhat higher in energy than
the valence band. Thus, this localised empty state is able to accept an electron from the
valence band, leaving behind a hole that acts as a charge carrier. This material is termed p-
type “(where p stands for positive)”” when a significantly large amount of these defects is
present in a material. Whereas if the defects have a filled state slightly lower in energy than
the conduction band, then the electrons from the dopant can be easily promoted to the
empty band, resulting in the conduction occurring predominantly with the electron charge
carrier, and is called n-type materials (where n stands for negative) [6]. A depletion zone is
formed by the recombination of the charge carries at the interface between a p-type and n-
type material when they are placed together. This depletion zone charges the interface
between the p-type substrate negative (as the holes have been filled by electrons) and the
n-type substrate positive (as the electrons have moved across the interface to fill the holes).
Photovoltaic cells make use of this phenomena in order to create a natural electric field,
thus when excitons are created by photons, the charge carriers can separate across this field
and produce a working current. Extrinsic dopants are intentionally introduced defect states,
which provides a means of controlling conductivity. A p-n junction can be created across a

single material by doping opposing sides differently [6,13,14].
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2.2 Photovoltaic sustainability and competitiveness

Currently energy is one of the most important concerns needing to be discussed, studied,
reviewed, and researched in further detail than currently being done. Energy depletion is of
major concern worldwide and the depletion of non-renewable reserves is causing an
imbalance in nature. Currently 10 terawatts (TW) per year is the world’s energy
consumption and is estimated to be around 30 TW by 2050 [15]. One way to combat this
energy crises it by the implementation solar energy, a form of renewable energy which is
in abundance. The configuration of a photovoltaic system is genuinely quite simple;
photovoltaic systems are built up of four components; PV modules producing electrical
energy from sunlight. The battery for energy storage and delivery of electrical energy in a
form that can be used. The charge controller which regulates the level of charging the
battery receives. Then finally devices including the lamps and computers [16]. PV does not
result in any harmful impacts to nature and the environment, and by using this form of

renewable energy, pollution will be reduced [17].

PV modules are known as solar panels which contain constituents of independent solar
cells. Despite the light source being natural or artificial, solar cells are photovoltaic. There
are many uses of photovoltaics such as a photo detector, water pumping, lighting, traffic
signals or cold storage [18,19]. In essence the name of the semiconducting material used to
produce the solar cells is the name given to these cells, and some are designed to work with
sunlight reaching the earth while others are designed for space. Single-junction solar cells
consist of a single light-absorbing material layer, multi-junction solar cells consist of
several physical configurations which exploit several absorption and charge separation
mechanisms. First generation cells produce a lab-based efficiency of 24.7% with a module-
based efficiency of 22.7%. Second generation with lab-based and module-based
efficiencies of 18.4% and 13.4% respectfully. The third generation have a very high
efficiency of > 30% [20]. The first-generation cells are made of crystalline silicon.
Amorphous silicon, CdTe and CIGS cells populate the second-generation cells, while thin-
film technologies identified as emerging photovoltaics, generally most of them are
researched based or only in the development phase [7,21,22].
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Four types of PV installations are available; grid-tied centralized, grid-tied distributed, off-
grid commercial and off-grid, with the grid-tied centralized and off-grid commercial used
for large scale industrial and power generation buildings [23]. In recent years, the research,
development, and manufacturing of solar cells has seen a massive spike due to the growing
demand for clean energy resources. Silicon solar cells along with other inorganic and
heterojunction solar cells are mature and known technologies with PCEs reaching record
highs of 24.7%. [24]. Despite being the face of solar cell technology, silicon-based solar
cells possess a complex fabrication process consisting of several important steps which
drive up the cost of these panels and in comparison, to fossil fuels the energy production of
these panels don’t compete at all. The silicon wafer processing technology has limitations
thus, rendering the silicon cells rigid and large-scale fabrication of these cells is non-
feasible. Along with their disadvantages, their limitations in generating cost-effective
energy have led many researchers to find different route for solar energy production,
despite silicon PVs potentially still occupying more than 50% of the PV production
[24,25]. In comparison to silicon, using strong light absorbing materials requires the use of
less material, thus having a significant cost reduction while allowing for greater
possibilities of constructing buildings with solar cell modules incorporated in the building.
Thin-film PV technologies provide a low cost and malleable method for exploiting solar
energy [26]. Right now, only three types of the thin film solar cells have reached
industrialization, including cadmium telluride (CdTe) solar cells, amorphous silicon (a-Si)
solar cells and copper indium gallium diselenide (CIGS) solar cells [27]. CIGS are group
I-111-VI12 ternary compound p-type absorber materials that possess a tetragonal
chalcopyrite crystalline structure ideal for PV applications, resulting from their record
optical absorption coefficient [28]. An ideal method of fabricating these cells is by
electrode deposition due to the low economical cost and generally good output. Despite
these benefits only a handful of thin-film technologies commercially available have
obtained power conversion efficiencies (PCEs) greater than 20%, some of which are
cadmium telluride (CdTe) and CIGS solar cells that each possess a PCE of 21% [29-31].
The overall efficiency of a photovoltaic cell is the outcome of; electron-hole separation
efficiency, thermodynamic efficiency, conductive efficiency and reflectance efficiency
[29]. This overall PV cell efficiency is a function of successful electron-hole generation
and separation. There are many factors that can decrease this efficiency mainly, poor

conductivity and hole electron recombination.
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2.3 Chalcogenide and chalcopyrite crystallographic analysis

2.3.1 Chalcogenide and chalcopyrite morphology

There is a lot of focus on the use of chalcogenides in photovoltaics, of which the CIGS
films fall under. The Cu(In,Ga)Se> (CIGS) material has become known as the thin-film
solar cell technology with the greatest efficiencies and has demonstrated a record
efficiency of 20.0% [20,32]. Chalcogenides are a well-known group of inorganic glassy
materials consisting of one or more chalcogen elements: elements of group sixteen of the
periodic table such as Sulphur, Selenium and Tellurium. Generally, the phases existing
amongst the systems, M-S, M-Se, M-Te and M-O (M = transition metal) differ
considerably in their chemical and physical structure as well as their compositions,
resulting from the differences between the oxygen atom and the S, Se, Te atoms [33,34].
The chalcogens are usually alloyed with electropositive elements such as Arsenic and
Germanium, and with elements like Phosphor, Antimony and Bismuth, to form
chalcogenide glasses that exhibit fascinating properties. The potential of transition metal
chalcogenides has become recognised considerably due to the advanced applications of
these metals or solar energy generation and microelectronic devices. The family of the
transition metal dichalcogenides (TMDCs) forming TX: is composed of the transition
metals, T, chalcogenides, X. When looking at the properties of transition metal
chalcogenides and chalcogenides in general, chalcogenide glasses (CG) can be regarded as
a soft semiconductor due its flexible and viscous atomic structure, while possessing a band
gap energy (~2 eV) characteristics of semiconductor materials (1-3eV) [35]. Several early
transition metal dichalcogenides structures resembles graphite due to their layered
structures, the two most frequently observed structures of these compounds are Cdl, and
MoS,. Both these chalcogenides exhibit a six-fold coordination of the metal, the Cdl.
exhibits an octahedral structure and the MoS: exhibits a trigonal prismatic structure. If the
polyhedrons are joined at their edges, X—M-X, it will form sandwich layers (M = Cd, Mo;
X =1, S). The x-layers of MoS: are in registry (ABA). Several polytypes can be formed by
stacking the layers perpendicular to the layer plane in different sequences [36].
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2.3.2 Electrical and optical properties

When looking at their electronic properties, these, CGs are considered amorphous
semiconductors with electrical and optical band gaps of 1-3 eV. Their band gap decreases
in the order of S, Se and Te, present enhanced metallic character. TMDC form a group of
compounds known for their layered structure, where this term layered is referring to the
existence of parallel planes, possessing bonds much weaker than inside the region of the
limit, making these materials highly anisotropic and in extreme cases two dimensional.
Electrical resistivity of solids, excluding superconductivity, may vary in the order of 10%
which may be the widest of any common physical properties of solids. There are many
factors that influence the temperature dependence of the electrical resistivity such as,
phonon scattering, impurity and defect scattering and mutual scattering of electrons, which
are involved in the electrical transport in different temperature ranges [35,37]. CGs are
extensively incorporated in photonic applications due to their ideal optical properties,
including their ideal refractive index, high photosensitivity and huge optical nonlinearity
[35]. The optical band gap (Eg) of materials is a crucial optical parameter, it’s been found
that the Eg of any single crystal solar cells should be between 1.0 eV to 1.4 eV for
maximum solar energy conversion. Therefore, semiconducting materials that possess a
band gap close to this optimum value are considered optimal for use in photovoltaic
operations. The optical properties of the group IVA trichalcogenides are in contrast to the

valence bands (VB) compounds [37].

2.4 Kesterite crystallographic analysis

2.4.1 Kesterite and Ferrokesterite structures

A kesterite (CZTS) is a chalcogenide material belonging to the AI2BIICIVXVI4
compound family and are natural p-type 12-11-1V-VI4 semiconductors showing a great
amount of promise as absorber layers in thin film photovoltaic solar cells [38,39], thus its
anion is a chalcogen from Group 16 in the periodic table. These CZTSSe materials have
gained a significant amount of research interest for thin-film PV applications due to them
containing many desired aspects such as being earth abundant and nontoxic, possessing

band gaps around 1.0 and 1.5 eV which are very near to the ideal band gaps for single-
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junction solar cells, additionally they possess huge light absorption coefficients > 104 cm™
[40-42]. The Cu2ZnSnS4, Cu2ZnSnSes and Cu2ZnSn(S,Se)s compounds are represented as
structural models of two naturally occurring minerals: stannite (space group I-42m) and
kesterite (space group I-4) according to literature [43-45]. The Kkesterite group of materials
is linked to the older Cu(In,Ga)(S,Se). (CIGSSe) technology quite closely. The kesterite
structure can be obtained by substituting the two indium (In®*") or gallium (Ga®") atoms
found in the CIGSSe structure with one tin (Sn*) atom and one zinc (Zn?*) atom. The
kesterite system can take the form of three structural forms which differ slightly namely
the kesterite, stannite or primitive mixed Cu—Au material, with the kesterite being the most
stable structural polytype [46,47]. The kesterite and stannite minerals are acknowledged as
individual species resulting from their different Fe to Zn compositional ratios, their distinct
optical and physical properties as well as their difference in the position of the chalcogen
atoms [48-50]. A major key aspect supporting the manufacturing and fabrication of
extensible thin-film PV technology is the CZTS material, considering the abundancy and

low-cost of the essential elements of the CZTS material [51].

Figure 2.4.1: Kesterite, Cu2ZnSn(S,Se)s, elemental structure [49]

The crystal structure is made up of the periodic array of ordered elements and the CZTS
occurs in four different phases: stannite, kesterite, wurtz-stannite, and wurtz-kesterite. All
crystal structures appear in the Inorganic Crystal Structure Database (ICSD) [50]. The
kesterite mineral can exist in two main structural forms, the kesterite (CZTS) and the
stannite/ ferrokesterite (CZITS). Looking at the crystal structure of the kesterite compound
it has a tetragonal (diamond) structure. The Cation ordering (z = 0, %, Y2, %) of the CZTS
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is as follows; CuSn, CuzZn, CuSn, CuZn. The energy (meV/atom) and the energy
(meV/cell) are both 0. The A (]-'\) is 5.427, the C (f\) is 10.871 and the c/a is 2.003. The
band gap (exp.) (eV) is between 1.45-1.51 and the band gap (theo.) (eV) is between 1.47-
1.65. The absorption coefficient (cm™) is > 10* Looking at the crystal structure of the
stannite compound it has a tetragonal (diamond) structure. The cation ordering (z = 0, %,
Y%, %) of the CZITS is as follows; ZnSn, Cuz, ZnSn, Cuz. The energy (meV/atom) is 2.8
and the energy (meV/cell) 50. The A (A) is 5.450, the C (A) is 10.878 and the c/a is 1.996.
The band gap (theo.) (eV) is between 1.27-1.42 [50]. The most stable kesterite structure is
(14), whereas the stannite (I142m) and the kesterite structures (P42c and P42m), which are
tetragonal structural modifications, are marginally greater in energy (AE = 2.8 meV/atom
for stannite, and AE = 3.2 meV/atom for P42m). Earlier work has provided information on
the vibrational frequencies of the three individual kesterite structures (14, 142m, and P42m)
[52,53]. The kesterite and stannite crystal structures contain different crystallographic unit
cells, with the relative difference lying in the cation position. The kesterite has Cu in each
plane, while stannite has Zn-Sn at the z = 0 and z = %, and Cu2 at the z = Y4 and z = %. Sn
is located at the same site in both structures. “Density functional theory” (DFT)
calculations have given the total energy of the CZTS system, and the kesterite crystal
structure is found to be in the ground state, while the stannite is only 2.8 meV/atom above
it. The wurtz-kesterite is 6.0 meV/atom and wurtz-stannite 7.2 meV/atom. Thus, the
kesterite crystal has a total energy per primitive cell that is 50 meV lower than the stannite

crystal, therefore has a slightly higher stability [49,50].

2.4.2 Intrinsic defects of the Kesterite material

Along with the several different structures of the kesterite compounds, secondary phases
including ZnS, Cu»S, and Cu>SnSs are almost guaranteed in the films due to the kesterite
being thermodynamically stable in a slim section of the phase diagram. The performance
of the device is heavily influenced by the existence of these phases due to variance in the
band alignment or a mismatch in the crystal structure. The steady array of chemical
potentials of CZTSSe versus the secondary phases is incredibly low and the simple
formation of Zn(S,Se) or Cu.Sn(S,Se)s due to the chemical potential of Zn being within a
shallow section results in a limit as seen in the phase inhomogeneity, shown that by Chen
et al [54]. The generation of secondary phases in CZTSSe solar cells with high efficiencies

developed in nonstoichiometric conditions is unavoidable. As secondary phases may

http://etd.ul\gc.ac.za/



Chapter 2: Literature Review

potentially intensify the recombination as a result of their unsuitable band gap and
electrical properties, they are known to be detrimental to the device performance. A
smaller band gap than that of the kesterite (Cu2SnSs, Cu2S, and SnS in a pure sulfide and
CuzSnSes in a pure selenide) attributed to the secondary phases can limit the Voc, while
secondary phases with larger band gap can impede the charge transport. Therefore,
detecting the secondary phases in CZTSSe at the atomic level by analyzing the component
uniformity is vital [41,55-57]. ZnS and CTS which are key secondary phases, are not
easily identified by XRD due to their incredibly similar patterns. The CdTe and CIGS
devices are very efficient and exhibit a minority carrier lifetime of 1-2 orders of a
magnitude longer than state-of-the art CZTS device, which suffer from crystallographic
defects that are negatively influencing the carrier transport and lifetime of the absorber
layer [51]. Several different types of point defects are allowed within the kesterite crystal
structure, resulting in the appearance of discrete energy levels, allowing p-type doping. An
enormous group of shallow acceptor-like defects consisting of Cu vacancies (Vcy) and
CuZn antisites, result in the p-type conductivity [41,58]. Doping is generally achieved
through stoichiometry variations rather than extrinsic doping, similar to doping in CIGS
materials. According to deep defect measurements of the kesterites, the Sn-Se bond is
superior in strength compared to the Zn-Se and Cu-Se bond resulting in a higher energy of
formation of Vsn. In kesterite materials, the conversion efficiency is still limited to 12.6%,
this limitation mainly resulting from the open circuit voltage (Voc) losses correlated to the
optical band gap. The minority carrier’s brief lifetime occurring in the deep defects of the
bulk or at GB could be vastly damaging to the performance. This is largely due to the
multivalent characteristic of Sn resulting from its capability to form +11 and +IV oxidation
states, as Sn?* creates deep recombination centres, assisting the dismal open circuit voltage
[59,60]. The large Voc loss of kesterite devices are mainly due to copious point defects and
defect clusters; including cation disordering, associated severe band tailing and band
fluctuations as a result of micro inhomogeneities in composition and anion substitution, un
passivated junction interfaces as well as undesirable conduction band offset (CBO) [57,61—
63]. In order to achieve high-efficiency kesterite devices, it is vital to acquire an off-
stoichiometric kesterite composition, with the material being copper-poor and zinc-rich.
During a general kesterite synthesis, ZnS/Se is the first species formed, accompanied by
the creation of the other binary or ternary compounds, resulting in the compound being

poor in Zinc from the onset of its formation. Thus, zinc-rich reaction conditions are
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required to compensate for this deficit. Common disorders are Zn and Cu disorders due to
their analogous chemical structures, like ionic radii, with both atoms easily being able to
swop at reduced enthalpic cost to form Cuzn acceptor and ZnCu donor antisite defects.
The main point defect acceptors are Vcu, CuZn and the main point defect donor is ZnCu.
Defect complexes formed from the conjugated defects, of [CuZn + ZnCu] and [Vcu
+ZnCu], which are self-compensating with analogously reduced CuZn energy of formation
and Vcu acceptor defects. The Vcu acceptor plays a fundamental role in intrinsic doping
due to the high-efficiency devices being poor in Cu [63-66]. It’s seen that even in
stoichiometric CZTS, there is a significant bandgap decrease resulting from the Cuzn +
SnZn and 2CuZn + SnZn defect clusters exhibiting great concentrations damaging to
device performance. Thus, high performing devices are suggested to have an arrangement
indicating Cu deficient and Zn rich. However, unwanted binary and ternary impurity
phases can be formed due to any non-stoichiometry in CZTS [66,67]. In CZTS, the most
easily formed accepting defect is Cuz, and not Vcy, as compared to CIGS. Creation of
CuzS, SnS, and Cu2SnSs binary and ternary impurity compounds are favoured in CZTS
that are Cu and Sn rich, resulting in a decrease in the open circuit voltage of the device due
to these impurities being conductive and providing a deviating path in the device. The Zns
impurity is favoured in Zn rich CZTS which renders the potential shunt path present in the
CZTS unreactive, despite it being harmful. Sn leaves in the +IV oxidation sate at its native
site in the CZTS lattice, with more multivalent Sn existing in +1I or +IV oxidation states.
However, Sn can replace Cu and Zn from their lattice sites creating Sncy and Snza, which
are uninfluential antisite point defects within the bandgap due to their high formation
energy. Sncu purely occurs as a divalent atom when Sn is at the Cu site creating a shallow
single donor level, while Sn at the Zn site can either form a double donor or isoelectronic
centre associated with its multivalent nature. A change in the valency of Sn from +I1V to
+I1 state creates isoelectronic centres which proceeds as non-radiative recombination
centres. When in its +1V valence state, it creates deep donor level a great distance from the
conduction band, thus serving as the recombination centre and not as shallow donor [66—
68]. The greater valence of Sn(IV) in comparison to Cu(l) and Zn(ll), possesses deeper
levels for Sn-related defects as a result, with them having a greater formation energy.
Around the midgap, the double donor level €(0/2+) of Snzn can be found [69-71]. N-type
doping is difficult due to the easy formation of accepting defects, with Zncy substitutions
occurring along the 2c site and Cuz, at the 2d site. Low charge separation also occurs from
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the ease of formation of Cuz, accepting defects, although type-Il band alignment of the
CZTS/CdS interface could help overcome this drawback. Cusn for CZTS and Incy for
CIGS are expected to be the most active recombination centres. The lack of the of defect
complex (2Vcu + Incy for CIGS) is assumed to result in the observed greater defect
concentration [49]. High-efficiency CZTS devices are generally always off-stoichiometric,
while favoring a Cu-poor (Cu/(Zn+Sn) <1) and Zn-rich (Zn/Sn >1) composition, while
maintaining the kesterite structure. This can be realized from the formation of desired
defects, especially Cu-on-Zn antisites (Cuzn) which have very low formation energies, and
are considered to be the principal acceptor-defects in charge of the p-type conductivity of
CZTS as seen in figure 2.4.2 [50,72].
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Figure 2.4.2: Calculated defect states in CZTS (Red numbers correspond to charge of
defect) [73].

Ito and Nakazawa synthesized the first CZTS solar cell in 1988 [50] and from this point,
the CZTS solar cells power conversion efficiency has been constantly improving.
Recently, sputtering has produced the champion CZTS devices, and a record efficiency of
9.4% has been obtained by applying a high temperature annealing after CdS deposition.
Another fabrication technique is pulsed laser deposition (PLD), which produced an
efficiency of 5% [50]. Apart from the mentioned CZTS solar cell fabrication techniques,
there are numerous other fabrication techniques that could be employed for example; PVD/

annealing which has showed a steady increase in record efficiency from 1% to 8.5%
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between 1998-2012. Electrodeposition/ annealing which shows an increase in the record
efficiency from 3.8% to 7.5% between 2009-2011. Colloids in hydrazine/ annealing which
were used between 2010-2014 and shows a slight increase in the record efficiency from
9.8% to 10.1%. Nanoparticles came into play around late 2010 with an efficiency of 7.1%
[49]. Monograin was used from 2010 with an increase in the record efficiency from 5.9%
to 7.1% and Co-evaporation came into use from late 2012 with a record efficiency of 9%
[49].

2.4.3 Source and nomenclature

The replacement of CIGS with CZTS is a possibility of producing CZTS solar cells
yielding efficiencies up to 12.6% [74]. There are many advantages accompanying the use
of CZTS as a bountiful, cheap, non-poisonous thin film PV solar cell absorber such as: p-
type semiconductor behaviour resulting from the presence of intrinsic point defects, the
presence of a direct bandgap and an absorption coefficient > 10* cm™', ideal for PV
applications. stoichiometric compositional shifts can occur in the CZTS crystallographic
structure [75]. Cu-poor compounds containing both sulfur and selenium generally always
offer the best performance. The grain boundaries (GB) of CZTS have identical favorable
properties as CIGS, including greatly improved minority carrier collection occurring at the
GB [49]. The CIGS scientific community has begun working in Cu2ZnSn(S,Se)s, (CZTS),
which has led to an improvement to the record efficiency of CZTS-based solar cells, from
the 6.7% record in 2009 to 10.1% in 2011 [49]. The hydrazine-mediated fabricated
selenium-containing CZTSSe has a record efficiency of 12.6%, other solution-processed
CZTS devices including both S and Se are performing well, with the best nanoparticle
device having an efficiency of 9.0% and the best precursor device having an efficiency of
8.6% [50]. The evaporation fabricated pure selenide CZTSe with a record power
conversion efficiency of 11.6% [50]. Precursor films are required to undergo heat
treatment at temperatures above 500 °C in order to improve the properties of CZTSSe and
to obtain CZTSSe films with a single phase and large crystal size [76-78]. The reason why
adding Se improves the efficiency is heavily due to the differences between S and Se for
example: The CZTSe has a band gap of 0.95-1.05 eV compared to the 1.45-1.51 eV band
gap of CZTS, thus incorporating both S and Se allows for tuning of the band gap tuned
according to the solar spectrum. The size of S (1.84 A) is smaller than Se (1.98 A), thus a

volume expansion occurs when S is replaced by Se in the crystal lattice during annealing,
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causing the elimination of voids, leading to the formation of a dense film with fewer GB.
Deep sulfur vacancies (Vs) donor defects occur in the sulfide compound as Vs have a
significantly lower formation energy than selenium vacancies (Vse). A lower electron
trapping of [2Cuzn+Snzn] defect clusters exist in CZTSe as well as a lower population of
isolated deep defect states in the form of SnZn in CZTSe when compared to CZTS. MoS;
formation at the back contact during sulfurization, could be damaging the solar cell

performance [50].

2.5 Synthetic strategies for kesterite production

2.5.1 One-step or two step processes for thin films

GIS synthesis makes use of “vacuum and non-vacuum techniques” for the deposition
process, but for CZTS, these techniques are inaccurate due the fact that cheap deposition
does not mean cheap solar modules shown in recent works, therefore, the processes were
classified into one-step or two-step processes [79]. The two-step process occurs as follows;
an ambient temperature process takes place which incorporates the required elements then
an annealing step follows, during this step the precursor becomes infused with the
chalcogen. Rapid and cheap techniques for precursor deposition was allowed for use in the
processes and until now the best efficiencies (> 10%) was obtained by the two-step
processes. For the synthesis of CIGS, one step processes involving the simultaneous
incorporation of all the elements often yields better results with an efficiency of 9.15%
being the best efficiency. Whereas one step processes aren’t always the best for CZTS
synthesis. These processes are different, but they achieved good efficiencies (> 9%) [49].
Neither method is intrinsically better as temperature and atmosphere control during each

method is the main point [49].
2.5.2 Thin film solar cells fabricated with benign solvents

Benign solutions use water and organic solvents such as; ethanol, thioglycolic acid or
ammonium thioglycolate, which possess low molecular weights and low toxicities. Due to
water being the most environmentally friendly and cheapest solvent thus, water-based
CZTSSe inks have the possibility to be the optimum method for a cheap and green method
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of synthesizing high quality CZTSSe films. The last two steps are as follows; firstly, the
constituent elements of CZTSSe are transported to the substrate, followed by a heat
treatment that transforms the precursor film into the required phase [80]. Through solution-
based synthesis, a benign solvent (water/ethanol) is used to dissolve the fundamental CZTs
materials according to their solubility. Stability is a crucial aspect of the benign solution
for the main synthetic strategy of self-stabilization; this strategy is excellent with aqueous
systems due to their incredible durability and availability without the introduction of
unwanted carbon chains. There are several coating techniques for the deposition of CZTS
films, with electrodeposition outputting the highest quality film despite the complex
procedure. Even though the efficiency of benign solution processed CZTS solar cells may
not be as high as its non-benign counterpart, the benign solution process is favoured due to
it being a high-utilization approach for large-scale synthesis of CZTS thin films that is
cheap and green. A competitively variable synthetic method in both the production-cost
and film qualities among benign CZTS inks is the self-stabilization route [80].

2.5.3 One pot hydrothermal synthesis

During this synthetic route, water is mixed with copper (1) sulphate (CuSO4-5H20), zinc
nitrate (Zn(NOz3)2:6H20) and tin (IV) chloride (SnCls-5H20, 98%), then thiourea
(CH2SNH2) and selenium (IV) oxide (SeO.) are added to the mixture then placed in an
autoclave, allowing the hydrothermal reaction carried out for 12 h at 300 °C. After the
reaction occurs and is cooled, the precipitate is collected and washed with ethanol then
water. The black powder is dried in argon at 110 °C for 1 h as the annealing process is
carried out at 550 °C in argon gas (downstream). The newly annealed powder then runs
through a tiny amount of sulfur powder placed at 300 °C in a tube furnace for 1 h. A PVD
method is used to deposit the CZTSSe films on a clean glass substrate. Some of the
synthesised powder is placed on a tungsten boat filament and evacuated the PVVD system to
a low pressure of 10 — 7 Torr. Avoiding the possible separation of major compounds due to
different melting points, the filament is heated to a temperature above 1200 °C for
evaporation. In order to avoid exposure to the atmosphere, the films are stored in a vacuum
desiccator. Then the CZTSSe films are annealed in argon at 280 °C for 1.0 h [81].
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2.5.4 Polyol-mediated kesterite synthesis

This synthetic route includes the addition of CuClz, ZnCl> and SnCl; to a three-necked
flask containing diethyl glycol (DEG). A homogenous mixture is formed by mixing these
powder precursors together under continuous stirring, this solution is then heated to 80 °C.
Na.S dissolved in DEG is injected into the heated solution forming a second solution.
Immediately after the injection, the temperature is increased to 190 °C. Once solution 2
was heated at this temperature for 30 mins it was cooled and the deep black suspension
was diluted with isopropanol. The synthesised CZTS nanoparticles are collected via

centrifugation [82].

2.5.5 Facile solvothermal synthesis

For a general synthetic procedure for the production Kkesterite particle via a facile
solvothermal method, magnetic stirring is used to dissolve copper (11) chloride dihydrate,
zinc (1) chloride, tin (1) chloride tetrahydrate, thiourea and PVP in ethylene glycol. Once
mixed the solution is placed into a Teflon lined stainless steel autoclave and kept at 230 °C
for 24 h then cooled to room temperature. The resulting precipitate is then cleaned with

deionized water and ethanol. Once cleaned the product is vacuum-dried at 60 °C [83].

2.5.6 Formation of CZTS thin-films by SILAR method

One cycle of SILAR film formation involves the sequential addition of the cationic
precursors; SnCl2-2H-0, Fe(NOz3)3-9H20, and CuSO4-5H,0 in ethanol, allowing sufficient
time for the solute to dissolve. The addition of Fe(NO3)s transforms the transparent SnCl;
solution into a golden-yellow colour, thus maintaining its homogeneity. The solution then
becomes greenish-yellow in colour with slight turbidity after the addition of the copper
precursor. The anionic precursor is Na,S-xH20 in ethanol. For the fabrication of the CFTS
thin-films, the substrates are drenched in a bath containing the cationic precursors, after
some time allowing for their adsorption, the substrates are then rinsed in ethanol then
airdried, followed by an immersion in the anionic precursor then rinsed with ethanol and
dried. This cycle is repeated in order to obtain films of increased thickness, which is

optimized to achieve a most favourable n [84].
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2.5.7 Solution synthesis of Kesterite particles

This synthetic route involves the incorporation of copper acetate (Cu(CH3COO),), zinc
acetate dihydrate (Zn(CHsCOO)22H20), tin chloride pentahydrate (SnClssH20), and
thiourea (CH4N2S) being mixed in deionized water. The solution is transferred to a Teflon
lined mixer to form a clear solution from continuous stirring, then kept at 180°C for 6 h.
after heating the solution is cooled and the precipitates are filtered then cleaned using
distilled water and absolute ethanol. A vacuum is used to dry the final products at 60 °C
for 3 h. A similar experiment may be carried out by changing the solvent in order to
analyse the effect of solvent on the characteristics of the CZTS nanoparticles, but there is

no true significant variation in the yield of the products with different solvents [85].

2.5.8 Formation of CZTS thin-films by sputtering

For the general synthetic procedure, detergent, methanol, ethanol, acetone, and deionized
water is used to wash and sequentially clean soda lime glass (SLG) substrates (3x3 cm?) in
an ultrasonic bath for 10 min each, followed by a rinsing in deionized water then dried. A
radiofrequency (RF) magnetron sputtering system is used for the deposition of the
quaternary kesterites, operating at 80 W for 2 h. The composition, 2:1:1:4 C:Zn:Sn:S, is the
target used in this synthetic method, with a purity of 99.99%. The substrate is then coated
with the target material by applying a voltage across the cathode (target material) and the
anode (substrate). Gas production results from the ionization of the target materials surface
electrons, leading to the formation of a plasma. The background gasses are prevented from
reacting with the film or sputter target by reducing the chamber pressure. The growth of a
thin film on the substrate through sputtering can be carefully monitored by controlling the
partial pressures of the reactive gases. The distance between the target and the substrate is
set at 7 cm. Deposition of the precursors onto the SLG inside a sputter coater is performed
at a working pressure of 4.5 mTorr with an Ar flow of 5 SCCM, when the base pressure
reaches 6.3x10°® Torr. Maximum film uniformity and target utilization is achieved by
rotating the substrate holder at 20 rpm, while the deposition temperature is kept at 200 °C.
The two temperatures used for post annealing are 470 °C and 560 °C, while under an N2
atmosphere in a tube furnace. The selected temperature at four different base pressures
(150 Torr, 250 Torr, 350 Torr, or 450 Torr) are used to maintain the samples for 30 min

before cooling while remaining in the annealing chamber [86].
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2.6 Kesterites and chalcopyrites

Kesterites with their high “power conversion efficiencies (PCEs)” and direct and tuneable
“band gap energies (Eg)”, along with the fact that for their fabrication, less material is
required in comparison to conventional Si-based solar cells, thin film solar cells are
becoming increasingly important. Copper indium selenide (CIS), copper indium gallium
selenide (CIGS), and cadmium telluride (CdTe) have PCEs around 22% in comparison to
amorphous silicon (a-Si) thin films which have a PCE of around 13.6%. There is a p-type
chalcogenide semiconductor Cu2ZnSnS4 (CZTS) which is called a kesterite. This kesterite
material is another likely solar absorber material acquired from the CIGS chalcopyrite
structure by replacing In and Ga with Zn and Sn or similar elements that are less expensive
and more earth-abundant [86-90]. Chalcopyrite solar cells have progressively become
high-efficiency, thin-film laboratory devices. Incredibly slow leaching kinetics has been
used to characterize chalcopyrites, and has been strongly linked to the formation of a
passive film on its surface. Fe203 or its hydrated form Fe2O3.xH>0O and Fe(OH)z have been
reported to be the surface products of chalcopyrite oxidation [91]. Chalcopyrite-type
materials are seen to be a very promising material for thin-film solar cells, due to their
direct band gaps being a good match for the solar spectrum along with their favourable
electronic properties resulting in solar cell efficiencies surpassing 20% [92-95]. The
mineral CuFeS; has lent its name to the chalcopyrite crystal structure family, due to
CuFeS: being one of the most important copper (Cu) ores. Chalcopyrite-type materials
consist of compounds formed from many groups including the groups I, 111, and VI (I-111-
VI12) or from group I, IV, and V (11-1V-V2) elements of the periodic table [96]. Gigawatt
(GW) range manufacturing volumes are expected in the years to come resulting from a
combination of moderately high efficiency and potentially low processing costs. Increased
manufacturing volumes have brought forward concerns about the worlds limit of indium
will inhibit the quantity of chalcopyrite PV that can be produced at the low cost. It has
been suggested that Cu>ZnSn(S,Se)s, kesterites, can replace conventional CIGS solar cells,
in order to alleviate possible future effects of indium scarcity. The idea follows that Zn
(group 1) and Sn (group IV) atoms replace every two group Il (In or Ga) atoms in
chalcopyrite structure, therefore keeping the octet rule intact. Something to be taken into
consideration is the PCE for CZTS related thin film materials is only around 12.6% and in

order to be competitive against the CIGSe solar cells, CZTS-based solar cells must be cost
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effective and have a PCE of over 15% [97-100]. Polycrystalline solar cells have improved
efficiencies resulting from the increased grain size and the deep defect for absorber
material, although the CZTSe possess a narrower single-phase composition range
compared to CIGS. The phase stability of the CZTSe quaternary compound is influenced
by some factors such as the formation of unacceptable ternary and binary phases as well as
the formation of unfavourable defects in their crystal structure [57,101]. There are
significant similarities and differences between the chalcopyrites and kesterites. The
similarities in theory are similar band edge energies, p-type doping, formation of benign
defect complexes, and miscibility of alloys. Although the differences between them
involve aspects such as a smaller single-phase composition space and a different dominant
intrinsic defect. The “density functional theory (DFT)” can be used to study the structural,
electronic and defect properties of both kesterites and chalcopyrites [102]. Selenide and
sulfide chalcopyrites along with kesterites all have different “band gaps” (Eg), “valence
band edges” (Ev) and “conduction band edges” (Ee) (relative to vacuum). The ClSe
(chalcopyrite) possesses the following electrochemical properties; a Eq of 1.04 eV, a Ey of -
564 eV and a Ee of -4.60 eV. The CZTe (kesterite) possesses the following
electrochemical properties; a Eq of 1.00 eV, a Ey of -5.56 eV and a E¢ of -4.56 eV. The CIS
(chalcopyrite) possesses the following electrochemical properties; a Eq of 1.53 eV, a Ey of -
592 eV and a Ee of -439 eV. The CZTS (kesterite) possesses the following
electrochemical properties; a Eg of 1.50 eV, a Ey of -5.71 eV and a Ee of -4.21 eV [102].
The positions of the CB and the VB edges are presented parallel to vacuum, where DFT
was used to calculate the relative band offsets, and the electron affinity value for CISe is
4.6 eV which is experimental. The band gap of the kesterite is very close to the
corresponding chalcopyrite band gaps for the selenides and sulfides. The success of the
“CdS/i-ZnO/ZnO:Al buffer” is due to the individual material maintaining a sensible
sequence with the CdS conduction band at -4.3 eV [102]. When looking at the stability of
single-phase stoichiometric material of chalcopyrites and kesterites, for the CulnSe,
single-phase material can occur for Cu chemical potentials between -0.4 < uCu <0 eV, and
can occur for the corresponding In chemical potentials between -0.4 < uCu < -1.8 eV.
While for CZTS, single-phase material occurs at a significantly lesser chemical potential
space around (UCu =-0.20 eV, pZn =-1.23 eV, and uSn =-0.50 eV) [102].
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2.7 Cerium and Iron oxyselenide analysis

2.7.1 Cerium and Iron oxyselenides crystallographic analysis

Transition metal ion-based materials have gained massive amounts of interest due to their
novel electronic, magnetic, and structural properties, exploring materials that constitutes
these transitions has procured many incredible discoveries such as high temperature
superconductivity as well as superconductivity in LaFeAsO;—xFx [103]. Research in the
magnetism of multiple combined anion systems has been pushed due to the discovery of
iron-based superconductivity of these materials associated to their superconducting
behaviour, resulting in many fascinating properties of mixed anion systems being
highlighted. When looking at the iron-based superconductors, the 1111 family is derived
from LnFeAsO (Ln = trivalent lanthanide) and adopts the ZrCuSiAs-structure. The
LnFeOAs materials contain layers of fluorite-like edge-shared Olns tetrahedra, alternating
with antifluorite-like edge-shared FeAss tetrahedra, causing them to possess the ZrCuSiAs
like structure. It is possible to chemically dope the fluorite-like [Ln202]?* layers, causing
induced superconductivity in the [Fe:Asz]> layers. B-FeSe, containing isostructural 2D
layers of edge sharing FeSes tetrahedra has shown to possess superconductivity up to 37 K
[104,105]. A consequential role for converting superconducting Tc in the doped materials
is attributed to the Ln®" cation. This cation is equally important for interpreting the
magnetism of the parent non-superconducting materials such as the spinreorientations in
NdFeAsO and PrFeAsO, despite the superconductivity arising within the iron arsenide
layers resulting in intense research around mixed-anion systems involving the interaction
between transition metal and lanthanide magnetic sublattices. La,O2Fe.OSe; is the
identified member of the M2O” (M = transition metal) oxyselenide family with fluorite like
[La202]** slabs assuming a layered structure, similar to those in 1111 iron oxyarsenides,
separated by Se?” anions from [Fe,O]?* sheets. Within the anti-CuO: sheets, the Fe?*
cations are coordinated by two O ions, while being coordinated by four Se? ions above and
below the sheets, leading to the creation of a network of face-shared FeO.Ses trans
octahedra. La>O2Fe,OSe, orders antiferromagnetically (AFM) below ~ 90 K. In a means
to understand and interpret the exchange interactions and magnetic ordering present in
these [Fe2O]?* sheets much research has been done [105-108]. Oxyselenides have caught
the eyes of researchers for many decades due to their semiconducting properties and the

capacity to tune these properties. The initial interest of oxyselenides was in
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photoconductivity which resulted in the discovery of LaCuOS and related materials.
Despite this, the major of the focus in oxyselenides are on thermoelectrics due to their
tuneable semiconducting properties [103]. Considering and understanding the structural
chemistry of oxyselenides as well as their common structural units is highly beneficial.
Anion-ordering often results from the size and characteristic differences between the 1st
row oxide O? and 3rd row selenide Se*™ anions. The hard cations such as Ln®* ions, as in
Ln1o0Se1s phases tend to coordinate the softer but still relatively hard polarising O*
anions, and it is beneficial to take into consideration the structural areas with regards to
oxide-centred tetrahedra. The more covalent Se?  ions tend to coordinate the softer
transition metals. These layered structures resulting from this anion-ordering possess
relatively contrasting properties correlating to increased ionic oxide and increased covalent
selenide layers. These properties can be electronically separated from each other. The
properties of the whole material can genuinely be understood from this anisotropy
[103,109]. Oxychalcogenide materials have had incredible amounts of interest and research
resulting from their paramount electronic and magnetic properties. Of these
oxychalcogenide materials an important family with a general composition “Ln;O>Mse;
(Ln = La, Ce; M = Mn, Fe, Zn, Cd)”, and a jointly associated composition such as
La,02Cu2-4xCdoxSe,. These semiconductor materials which possess a varying bandgap
from ~0.3 eV to ~ 3.3 eV. The layered La,0.CdSe; was reported as a wide-gap (3.3 eV)
semiconductor which was studied as an optoelectronic device constituent. The Ln,O2Mse;
composition has three basic types of structures, most of which acquire a layered structure
(o-phase). This type of layered structure can be regulated either in a commensurate or
incommensurate manner within individual layers which harbour different transition metal
arrangements. The second two types of structures are non-layered structures, orthorhombic
B-phase and monoclinic PboHgCI.O2-type y-phase [110]. Lately there has been a number
of La202Fe,Ose; related materials, with all materials precisely containing the same ~2.8 A
square array of Fe sites, as well as extra oxygen for every two Fe atoms. The Fe-Fe
distances are ~6% larger compared to FeSe/FeTe, due to this additional oxygen ion, and
~1% larger than in LaOFeAs [111]. Different “A20.M.0Se. Materials, with M = Co, Fe,
Mn” has several different lattice parameters for example [111]. Ln-O-Se phases without a
transition metal can lead to the structural role of the two anions of individual characters. A
crystal structure that constitutes luorite-like [LnsO4]*" oxide sheets is adopted by the
“Ln404Sez (Ln = La-Nd, Eu-Er, Yb and Y)” family, and these sheets are constructed from
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edge-linked LnsO tetrahedra and segregated by layers consisting of both Se?~ and
diselenide Sez*>~ anions. The positioning of Se?” and Sez*>~ anions in the interlayers differs
with Ln®" ionic radii, while the [LnsO4]** sheets are only slightly altered with Ln. For the
“Ln = Gd, Tb and Dy” phases long-range range antiferromagnetic order occurs although
has not been detected down to 1.8 K for other analogues. This family of materials consists
of four compositions including “A100Se1s (A = La—Nd), A20Se; (A = Pr, Gd), A404Ses (A
= La-Nd, Sm) and A20,Se (A = La, Pr, Nd, Sm, Gd, Er, Ho, Yb)” [103,112]. The
discovery of B-La,O.MSe,, a new structural family was discovered during the initial
preparations of the ZrCuSiAs-related La,0O,MSe, (M = Mn, Fe) phases. The “luorite-like
[Ln202]?* layers are separated into ribbons and positioned in a herringbonelike fashion, in
this B-structure, separating MSe, layers. The M(1) ions are coordinated by both O> and
Se?” anions in pseudo-octahedral coordination, while the M(2) site is approximately
tetrahedral (M(2)Ses) as a result of this B-structure. B-La202MSez and LnsO4TiSes are very
closely related with Ti** cations inhabiting only the M(1) sites in the LnsO4TiSes structure.
The polymorphism and the tunability of the iron coordination environment with synthesis
temperature of the “Ln.OzFeSe> (Ln = La, Ce)” systems has been shown by Nitsche [113].
Stripe-ordered ZrCuSiAs-related phases with tetrahedrally-coordinated Fe?* ions are
created at high temperatures. Intermediate temperatures give rise to f-phases consisting of
both tetragonal and pseudo-octahedral Fe?* coordination. A completely new phase which
constitutes only pseudo-octahedral coordination of Fe?* is formed at low temperatures
[103]. Extensive studies in mixed anion materials have undertaken from the revelation of
superconductivity at ~26 K in F-doped LaOFeAs. Lately structurally associated
oxychalcogenides such as “Bis04Ss (Tc up to 8.6 K), LnO—«FxBiS2 (Ln = La, Ce, Pr, Nd,
Yb; Tc 1.9-4.5 K), and LaOosFosBiSe, (Tc 2.6 K)” have been reported to possess
superconductivity. Apart from superconductivity, these oxychalcogenides possess other
fascinating electronic, magnetic, and optical properties such as, LaCuOS being a wide
band gap p-type semiconductor possessing an optical band gap of 3.1 eV which can be
acceptor-doped to provide room-temperature conductivity up to 2.6 x 10! S cm™!. The
tetragonal ZrCuSiAs structure with space group P4/nmm, built using alternating layers of
fluorite-like [Ln20,]** and anti-fluorite-like [Cu2Ch2]*" sheets, is adopted by both LaCuOS
and analogous “LnOCuCh (Ln = La—Nd, Bi; Ch = S, Se, Te)” materials. Compounds
affiliated with LnOCuCh possessing divalent transition metal ions have gained a lot of

traction, as the divalency results in the half occupancy of the transition metal sites giving
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[MSe2]* layers, which can possess an elaborate ordering. Ce,0,MnSez, the foremost of
these materials, consists of an arbitrary 50% statistical occupancy of Mn on each site,
retaining the tetragonal space group P4/nmm of LnOCuCh-type compounds. The [FeSez]*~
layers in Ce>O2FeSe, contains one-dimensional chains of exclusively edgesharing (E,
stripe-like) FeSes tetrahedra, compared to La,0,CdSe; which has [CdSe;]*~ layers
consisting of purely corner-sharing (C, checkerboard-like) CdSes tetrahedra. La,02ZnSe;
can be regarded as a transitional structure between Ce,OzFeSe, and La,0O.CdSe; as it
contains [ZnSez)* layers containing sections of both stripe-like edgesharing ZnSes

tetrahedra and checkerboard-like corner-sharing ZnSey tetrahedra [114,115].

2.7.2 Synthetic strategies for cerium and iron oxyselenide production

The main synthetic strategy for the production of cerium and iron oxyselenides is by solid
state reaction which involves; grounding stoichiometric mixture of reagents together then
pressing them into pellets and placed together with an oxygen getter into a quartz tube. The
tube is then sealed and heated to 1000 °C then kept for 12 h, once heated a bucket of iced
water is used to quench the tube [105].

2.8 Doped kesterites

Doping is the act of changing properties such as electrical, charge transport or interface
without manipulating the crystal structure and influencing the optical properties of the host
material. Alloying is the act of isoelectronic cation substitution which introduces a
mismatch of ionic sizes, which for absorber band engineering, is of significant interest.
Using both, doping and alloying synthetic strategies is vital as both these strategies have
been crucial for CIGS cells in order to reach their high efficiencies by utilizing alkali
natured elements for doping and alloying with Ga for band grading. There are two groups
of extrinsic dopants, isoelectronic dopants which are elements possessing oxidation states
corresponding to the replaced matrix element; and non-isoelectronic dopants which are
Group Il elements, matching to the replaced matrix element and non-isoelectronic ones
(e.g., Group 11 elements). The comparison of ionic radii of the matrix and doping elements
makes use of Shannon’s tables [116] to obtain the crystal (ionic) radii for the tetrahedral
coordination [58,117]. Despite the kesterite materials having major potential for use in
photovoltaics, their negative aspects such as their point defects and secondary phases

impose major limitations on the material for photovoltaic applications. For procuring high-
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efficiency devices, an off-stoichiometric composition is essential and the material should
be copper-poor and zinc-rich. The general kesterite structure can achieve copper-poor and
copper rich compositions, without influencing the structure, besides when it comes to
cation distribution [64,65,118,119]. When a kesterite material is doped, its crystallinity and
microstructure of the thin film may be tuned, especially the Cu poor and Zn rich films
which are regarded to be the most efficient devices which possess reduced cation disorder
during phase formation. An efficient method to obtain an adequate microstructure and
optimum band gap is by altering the anionic ratio (S/Se). Factors that are limiting their
practical usage are the difficulties in regulating the S/Se ratio during thermal annealing
process. A method for improving the optoelectronic properties as well as controlling the
stoichiometry to attain a suitable crystal phase is through cation substitution [120]. The
idea of doping kesterite material is mainly due to the secondary phases that occur during
the synthesis of kesterite materials, and the general champion efficiency of CZTSSe solar
cells is still 12.6%, resulting from the large “Voc deficit (E¢/g-Voc)” [61,98,121]. Some
important approaches to minimize the high Voc-deficit of kesterite absorber layer is by
either post-deposition or doping of alkali and other associated metals such as Na, K, Cs,
Rb, Li, etc, which can improve PCE by aiding in crystallization and decrease elemental
disorder. Na doped kesterites have shown to have an enhanced Voc and fill factor due to
increased hole density and shifting the acceptor level near to conduction. The electronic
properties of Na containing CZTSSe absorbers have been significantly modified with a
probability of tuning the doping levels and gradients in order to amplify the collection of
photogenerated carriers in thin film CZTSSe solar cells. The thermal activation energy is
also lowered while the Fermi level is pulled towards the valance band causing a potential
build up (Voc) within the structure due to Na doping. The carrier concentration and grain
size are also enhanced by Na doping [122-127]. Inspecting the structural, electronic and
optical properties of Na doped CZTS, using the “generalized gradient approximated
(GGA)” density functional as well as the “Hubbard U potential (GGA+U)”, it’s found that
the occupancy of interstitial sites is favourable. Doping the kesterite material with both Na
and Sb increases the power conversion efficiency up to 5.7% as well as reducing the
disorder present in specific lattice positions by influencing the Cu and Sn sites
[120,128,129]. When a kesterite superstrate solar cell is doped with lithium, its effective
bandgap is altered, comparing this to the “TNR_CZTS device (Li 0 without CdS)”, a
recognizable variation in their spectral profiles can be seen and this is effect is due to the
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integration of Cd into kesterite and the spontaneous formation of Cu2ZnxCd;-xSnS4 upon
unnealing. There is also a positive effect on the CZTS absorber quality and the associated
device performance due to Cd alloying [130,131]. Doping the kesterite material with Cd
through an appropriate Zn/Cd ratio will increase the power conversion efficiency from
5.30% to 9.24%. Similarly, the magnetic ions can be doped in order to acquire a larger
Seebeck coefficient, with a reduced thermal and improved electrical conductivity. Thus,
doping the CZTS/Se with cations can enhance the crystallinity and efficiency
[120,132,133]. It’s a challenge to produce a Cu2ZnSn(S,Se)s single phase, as it’s a true
quaternary crystal therefore various secondary phases exist. In the phase diagrams of
sulphide and selenide kesterites, its predicted that within 1-2% (absolute) deviation in the
composition, only a tiny existence region of single phase kesterite occurs, at growth
temperatures around 550 °C. In order to _minimize the cationic disorder in CZTSSe,
essentially the Cu-Zn anti-site defects, isoelectronic cation substitution with larger or
smaller ionic radius have been suggested [121,134]. A useful technique for enhancing the
properties of kesterite thin films and solar cells is via cation substitution, where extrinsic
ions can be used to substitute the Cu*, Zn?*, and Sn*" ions in Cu2ZnSnSa. Doping the
kesterite with Ag, leads to Ag occupying the Cu site in the Cu2ZnSnS, lattice reducing,
Cuzn anti-site and Vcy defects which cause damage as a result of the formation energy of
the Agzn defect being greater than the formation energy of the Cuz, defect. Ag doping is
also used to manipulate the band gap of kesterites. The kesterite absorption can also be
increased through the complete or partial substitution of Zn by Cd, Fe, Mn, Mg, or Co,
while reducing the “Cuzn anti-site defect and ZnS secondary phase”, and enhancing the
crystallinity and conversion efficiency of the Cu2ZnSnSs thin-film solar cell [132,135-
143]. Although for chalcopyrites, a Cu deficiency of 4% absolute at the growth
temperature is allowed when looking at their phase diagrams. The determination of the
stability region can be compared for chalcopyrites and kesterites based on total energy
calculations. Under Cu-rich conditions in the chemical potential mSn—-mZn diagram, the
stability region of Cu2.ZnSnS4 is about 1 eV long and 0.1 eV wide, while the stability
region of CulnSe> is about 1 eV long but 0.5 eV wide. From this data its shown that the
existence region of single phase kesterite compared to the chalcopyrites is much smaller
[144]. As it’s been shown that chalcogenides possess a greater percentage of single phases

than kesterites, it is hypothesized that doping the kesterite material with the chalcopyrite;
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cerium and iron oxyselenide, could potentially overcome the issue of secondary phases and
potentially tackle the issue of the point defects in the kesterite material.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

Chapter Overview

This chapter discusses the chemicals used in the design and synthetic process of the
Ce202Fe20Se», kesterite and doped kesterite nanoparticle production, followed by the
fabrication of pristine kesterite and doped kesterite solar cells. It further discusses a
description of the experimental techniques used for the characterisation of the synthesized
Ce;02Fe20Se», kesterite and doped kesterite nanoparticles as well as the pristine and

doped kesterite solar cells.
3.1 Introduction

The synthesis of the cerium and iron oxyselenide dopant is prepared under air and heated
in a furnace. The synthesis of the kesterite and doped kesterite nanoparticles is carried out
with the use of argon inert gas protection. All the analytical characterization was

performed in normal air conditions.
3.1.1 Materials

Cerium (IV) oxide (CeO2, 99.95%), carbonyl iron (Fe, >97%), selenium (Se, >99.5%),
aluminium (Al, 99.9%), copper (1) chloride (CuCl,, anhydrous, >98%), zinc chloride
(ZnCly, 97%), diethylene glycol (DEG, 99%) and tin (1) chloride (SnClz, anhydrous,

>98%) was obtained from Merck South Africa (Germiston, Johannesburg, South Africa).
3.1.2 Cerium and Iron Oxyselenide synthetic methodology

For Ce202Fe20Se;, a stoichiometric mixture of 2.88 g (16.72 x 10 mol) of CeO,, 0.93 g
(16.72 x 107 mol) of Fe and 1.32 g (16.72 x 10 mol) of Se is pulverized together into a

powder which was placed in a ceramic crucible with an oxygen-getter (Al powder in 10%
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excess). The crucible was then sealed, and slowly heated to 1000 °C. Once at the desired
temperature the crucible was kept at this temperature for 12 h. The crucible was then
quenched into a bucket of iced water [1]. This procedure was performed a second time

without the use of the oxygen getter.

3.1.3 Kesterite and doped Kesterite synthetic methodology

For the synthesis of the kesterite nanoparticles, 226 mg of CuCl, 150 mg of ZnCl,, 190
mg of SnCl> is added to a flask containing 60 ml of DEG. A small magnetized rod was
placed into the flask containing the mixture in order to allow continuous stirring which
dissolved and mixed these powder precursors, forming a homogeneous brownish-yellow
solution. The flask containing the solution was then placed into an oil bath and heated to
80 °C, once at this temperature 254.10 mg of NazSe dissolved in 4 ml of DEG was injected
into the solution, thus forming solution 2. Solution 2 was then heated to 190 °C and kept
for 30 min, then cooled to room temperature naturally. The final deep black suspension
was diluted with isopropanol and centrifuged in order to collect the kesterite nanoparticle
which were washed 3 times by repeated centrifugation in isopropanol [2]. This process is
repeated with the addition of 657.64 mg of Ce202Fe20Se:, in order to produce the doped
kesterite nanoparticles. - The synthetic process of the kesterite and doped kesterite

nanoparticles are highlighted in figure 3.1.3.
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Figure 3.1.3: A schematic of the synthesis route of the kesterite and doped kesterite

nanoparticles.

3.2 Fabrication of pristine kesterite and doped kesterite solar cells

3.2.1 Materials

The following materials were used for the fabrication process of the kesterite solar cell and
all the reagents were of analytical grade: Hellmanex Il1, isopropanol, Al-doped ZnO, ZnO,
cadmium nitrate tetrahydrate, thiourea and ITO coated glass was obtained from Merck

South Africa (Germiston, Johannesburg, South Africa).

3.2.2 Device fabrication layers

There are several different methods for the fabrication of kesterite based solar cells. A lot
of these involve deposition techniques which makes use of both “vacuum and non-
vacuum” deposition techniques. When analysing the “vacuum and non-vacuum” methods
that are used for the deposition as well as the fabrication of CZTS photovoltaics, the

vacuum routes involve the use of some techniques such as atomic beam sputtering, RF
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magnetron sputtering, thermal evaporation etc. These methods suffer major drawbacks
such as high input capita, low output and difficulties during deposition into large area-
based devices. All these limitations and shortcomings are hindering the ultimate goal of
maximal PCE of low cost, environmentally sustainable CZTS photovoltaics. As a result,
non-vacuum deposition techniques involving electrochemical deposition, spray pyrolysis,
SILAR method and sol gel method etc, are superior methods for fabrication of CZTS
photovoltaics [3-7]. This study made use of the non-vacuum deposition technique,
including an ink deposition method. This deposition process involved dissolving the
different layers in a suitable solvent and spin coating them over an ITO glass plate
following layer by layer process and subsequently heating the glass to evaporate the
solvent leaving behind the different layer on the glass used [8,9]. The fabrication of the

kesterite and doped kesterite solar cell followed this architecture.

3.2.2.1 ITO-coated glass preparation

The process involved in the cleaning of the ITO-coated glass before deposition is as
follows; The glass was sonicated for 5 min in a hot Hellmanex Il solution, after five
minutes, the glass was removed and rinsed twice in hot de-ionized water. Subsequently the
glass was sonicated for another 5 min in isopropanol after which it was rinsed thoroughly
twice in hot de-ionized water. Finally, the glass was dried using N2 gas gun and kept for
deposition.

3.2.2.2 Kesterite absorber layer preparation

The synthesized kesterite and doped kesterite nanoparticles were prepared into an ink for
use in the deposition process. The following procedure was observed in the preparation of
the kesterite absorber ink; 150 mg of the synthesized kesterite and doped kesterite
nanoparticles were weighed on a weighing balance and poured into glass vials and
properly labelled correctly. 1 ml of ethanol was added to each of the nanoparticles and was
sonicated for 35 min to allow for a homogenous dispersion of the nanoparticles in the

solvent. The final dark ink obtained was kept ready for deposition on the ITO-coated glass.

3.2.2.3 Cadmium sulfide buffer layer preparation

The procedure used for the preparation of the cadmium buffer layer is as follows; 0.1 M of
Cadmium nitrate tetrahydrate and 0.1 M thiourea was dissolved in methanol. The solution
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was stabilized with the addition of 1 ml of deionized water. The solution was stirred at
room temperature for 15 min until a clear transparent and homogeneous mixtures was

procured. The solution was kept and used for deposition of the layer.

3.2.2.4 Zinc oxide resistive layer preparation

The following procedure of the zinc oxide resistive layer preparation was observed in the
preparation of the kesterite absorber ink; 150 mg of the zinc oxide was dissolved 1 ml of
Isopropanol and then kept for deposition.

3.2.2.5 Aluminium doped zinc oxide window layer preparation

The window layer of Al: ZnO was prepared by sol-gel method which involved dissolving
6% aluminium dopant-ZnO nanoparticles in isopropanol. The sol-gel solution formed was
then kept for deposition.

3.3 Device layer deposition

During the deposition of the synthesised layers, all the layers of the device were spin
coated and dried on a hot plate to evaporate the solvents. Firstly, the Kesterite and doped
kesterite nanoparticles where dispersed and suspended in solution forming an ink, due to
nanoparticles not being very soluble. This ink was then deposited onto the cleaned ITO-
coated glass via spin coating at a speed of 1500 rpm for 30 secs, then dried on a hot plat for
5 mins at 200 °C. In order to obtain an adequate thickness for the absorber layer, this was
repeated a total of five times. Finally, the absorber layer was annealed for 1.5 h at 400 °C
in an inert condition. Once cooled the cadmium sulfide solution was spin coated onto the
absorber layer at 1000 rpm for 30 secs then annealed for 5 mins at 200 °C. This was
repeated 5 times to obtain a desirable thickness of the film. The Al- doped ZnO window
layer was spin-coated at 1000 rpm for 30 secs then dried at 250 °C for 5 mins in air using a
hot plate. Lastly the Ag cathode layer was deposited on the window layer of the device via
drawing it on [8,10] The final architecture of the prepared kesterite and doped kesterite

devices are shown in figure 3.3 below:
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Al: ZnO Window Layer Al: ZnO Window Layer

Glass Substrate | Glass Substrate

Figure 3.3: Device architecture of the prepared kesterite and doped kesterite PV cells.

3.4 Material characterisation techniques and instrumentation
3.4.1 Morphological and structural characterization

3.4.1.1 Fourier-Transform Infra-Red Spectroscopy (FTIR)

“FTIR spectroscopy” was used in this research, to confirm the functional groups that are
present in the Ce2O2FeOSe,, pristine and doped Kkesterite nanoparticles. This
characterization technique is a versatile analytical technique for non-destructive, chemical
characterization of various types of samples [11]. Each of the materials were mixed with
KBr to form a pellet in order to be analysed. 100mg of Ce>O.FeOSe, was mixed and
crushed with 10 mg of KBr, 100 mg of pristine kesterite was mixed and crushed with 50
mg of KBr due to the pristine kesterite being very dark and moisture absorbent, lastly 100
mg of the doped kesterite was mixed and crushed with 20 mg of KBr. Once formed, the
pellets were used to obtain the FTIR spectra. FTIR spectra were obtained using a “Perkin
Elmer Spectrum 100 series Attenuated Total Reflection (ATR) FTIR spectrometer (Perkin-
Elmer, Boston, MA, USA)”.
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3.4.1.2 X-ray Diffraction (XRD) Spectroscopy

XRD was used in this research, in order to obtain the “crystalline pattern, phase purity,
crystallite size and lattice parameters” of the Ce>O.FeOSe>, pristine and doped kesterite
nanoparticles. The x-rays used to analyse the samples are created by the use of
monochromatic radiation, collimated to concentrate, and directed toward the sample. This
monochromatic radiation was produced by a cathode ray tube [12]. 5 mg of each sample
was dried as much as possible then used in the XRD analysis. A “D8 Advanced
Multipurpose X-Ray Diffractometer (BRUKER AXS, Berlin, Germany)” using an “X-ray
tube with copper K-alpha radiation operated at 40 kV and 40 mA and a position sensitive
detector Vantec_1 which enables fast data acquisition” was used to acquire the XRD
measurements. “Measurements were taken in the 2-theta range of 0.5°- 130° with a step
size 0of 0.034°”,

3.4.1.3 Structural modelling of the nanoparticle samples

The XRD data provided the information required in order to model the structural data of
the Ce20O2FeOSe,, pristine and doped kesterite nanoparticles. When modelling the XRD
data to provide a structure, the following process was used: in Diamond 4, the crystal
structures cell parameters and space group information (from XRD data) was typed in,
followed by the different elements in each material as well as their atomic parameters were
typed in and then the structure was created for each sample. Diamond 4 (crystal-impact
software, http://www.crystalimpact.com/diamond/Default.htm) was used to simulate the

crystal structure of the synthesized nanoparticles from XRD data.

3.4.1.4 High-Resolution Scanning Electron Microscopy (HRSEM)

“High-Resolution Scanning Electron Microscopy” (HRSEM) was used in this study to
analyse the surface morphology and the elemental composition/ X-ray maps of the
Ce;02Fe0Se,, pristine and doped kesterite nanoparticles. HRSEM produces an image
resulting from the acquisition of signals generated from the electron beam and specimen
interactions. A real-time observation is provided by the electron beam scanning coils,
signal detection, and processing system as well as image recording of the specimen surface
[13]. 50 mg of each sample was taken and analysed. Each sample was held on a carbon
grid supported by alumina. The samples became conductive due to sputter coating with a
gold-palladium alloy for 30 min. “The ZEISS ULTRA Scanning Electron Microscope
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fitted with an Energy Dispersive X-ray Spectrometer (EDS) from Carl Zeiss Microscopy
GmbH (Jena, Germany)” was used to obtain these SEM images.

3.4.1.5 High-Resolution Transmission Electron Microscopy (HRTEM)

In this study, HRTEM was used to obtain the morphological aspects of the materials such
as the internal ultra-structure, crystallinity (lattice fringes) and the elemental composition
of the synthesized nanoparticles. In HRTEM, field-emission sources have provided an
increase in image resolution while promoting the development of computational techniques
that further extend image resolution and image interpretability [14]. HRTEM analysis was
performed by dispersing 40 mg the synthesized material in isopropanol and placed on a on
a copper-nickel grid for analysis, this was done for each sample. Analysis was performed
using a Field Electron and lon Company (FEI) Tecnai G2 F20 X-Twin MAT 200 kV Field
Emission Transmission Electron Microscope (Eindhoven, The Netherlands) equipped with
both EDS and selected area diffraction (SAED) capabilities.

3.4.1.6 Small Angle X-ray Scattering (SAXS) Spectroscopy

SAXS was performed in this study in order to determine and analyse the structural
characterization of the nanomaterials. The SAXS technigue is based on elastic scattering of
high energy photons by electrons of an irradiated sample. This technique is able to deliver
structural information of macromolecules between 5 and 25 nm, of repeat distances in
partially ordered systems of up to 150 nm [15,16]. The SAXS analysis was performed on
100 mg of solid samples coated between stick tap and measured with SAXspace P/N
100100 (Anton Paar GmbH, Graz, Austria), which was repeated for each of the

Ce202Fe0Se,, pristine and doped kesterite nanoparticles.
3.4.2 Optical characterization

3.4.2.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis was performed to ascertain the optical properties of the Ce.O2FeOSez, pristine
kesterite and doped kesterite nanoparticles such as the absorbance and optical band gap.
This absorption is often referred to as electronic spectroscopy, as the transition from low
electronic energy levels to higher electronic energy levels within the molecule result from
the absorption of ultraviolet or visible radiation by the molecule. Valuable structural

proposals can be obtained from combining the spectroscopy data with the IR spectral data
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[17]. UV-Vis analysis was performed by dispersing 100 mg of each material in
dichloromethane, ethanol and deionized water, respectively then placed in the chamber of
the “Varian Cary 300 UV-Vis-NIR Spectrometer (Agilent, Santa Clara, CA, USA)” at a

wavelength of 300 to 1100 nm at room temperature.

3.4.3 Electrochemical characterization

3.4.3.1 Cyclic Voltammetry (CV)

In this research, CV experiments were carried out using a “CH Instrument Electrochemical
Analyzer Model CHI 760E (CH Instrument, Houston, Texas, USA)”. CV is an accurate
application of potential functions and measurement of the resultant current can be obtained
from the use the three electrodes (working, auxiliary and reference) along with the
potentiostat instrument. All the voltammetric techniques are described as some function of
E, i, and t [18]. 2 mg of the sample was dissolved in in 1 mL of “N-methyl-z-pyrrolidine”.
Then 1.5 pL of this mixture was drop coated onto the electrode. A traditional 10 mL
electrochemical cell constituting a three-electrode arrangement was used. The working
electrode was a glassy carbon electrode, the counter electrode was a platinum wire while
the reference electrode consisted of an Ag/AgCl electrode that was stored in 3 M NacCl,
with a phosphate-buffered saline (BPS) electrolyte.

3.4.3.2 Electrochemical Impedance Spectroscopy (EIS)

EIS was especially useful in this research in order to identify and study the electron
transfer kinetics/dynamics, while establishing the diffusive processes occurring at the
electrode/electrolyte interfaces of the Ce2O.FeOSe», pristine kesterite and doped kesterite
nanoparticles. In EIS, information about the interface, its structure and reactions are found
during the analysis of the systems response, resulting from an electrical perturbation
applied to an electrical circuit. The potential-current dependencies of electrochemical
systems in general are non-linear [19,20]. 2 mg of the sample was dissolved in in 1 mL of
“N-methyl-z-pyrrolidine”. Then 1.5 uL of this mixture was drop coated onto the electrode.
A traditional 10 mL electrochemical cell constituting a three-electrode arrangement was
used. The working electrode was a glassy carbon electrode, the counter electrode was a
platinum wire while the reference electrode consisted of an Ag/AgCI electrode that was

stored in 3 M NaCl, with a phosphate-buffered saline (BPS) electrolyte. EIS experiments
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were carried out using a “CH Instrument Electrochemical Analyzer Model CHI 760E (CH
Instrument, Houston, Texas, USA)”.

3.4.3.3 Current-Voltage Curve (I-V curve)

In this study, IV-curves were utilized to determine electrochemical efficiencies of the
Cex02Fe20Sey, pristine kesterite and doped kesterite nanoparticles. Then the IV-curves
were utilized to determine electrochemical efficiencies of the fabricated pristine kesterite
and doped kesterite solar cells. For the 1VV-curve analysis of the materials 2 mg of the
sample was dissolved in 1 mL of “N-methyl-z-pyrrolidine”. Then 1.5 uL of this mixture
was drop coated onto the electrode. A traditional 10 mL electrochemical cell constituting a
three-electrode arrangement was used. The working electrode was a glassy carbon
electrode, the counter electrode was a platinum wire while the reference electrode
consisted of an Ag/AgCl electrode that was stored in 3 M NaCl, with a phosphate-buffered
saline (BPS) electrolyte. IV-curve experiments were carried out using a “CH Instrument
Electrochemical Analyzer Model CHI 760E (CH Instrument, Houston, Texas, USA)”. For
the 1V-curve measurements of the fabricated solar cells, each cell was fabricated using the
method stated in 3.3 then left to settle overnight. The solar cells were then attached to the
Sciencetech SS1.0kW-UV 1000W UV Solar Simulator (Sciencetech, Inc., London, ON,
Canada) and analysed using the Ossila Solar Cell 1V 1.0.40 software.
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CHAPTER 4
RESULTS AND DISCUSSION

Chapter overview

This chapter examines and describes the characterisation of cerium and iron oxyselenide
[Ce202Fe20Sez], kesterite [Cu2ZnSnSes] and doped kesterite [(Cu,Ce)2(Zn,Fe)SnSes]
nanoparticles by “microscopic (HRSEM and HRTEM), and spectroscopic (FTIR, XRD,
UV-Vis Spectroscopy and TGA) techniques”. The various characterizations help determine

the various properties exhibited by these synthesized nanoparticles.
4.1 Structural Characterization

411 FTIR

The nature of bonds and functional groups present in the synthesized nanoparticles was
analysed through Fourier transform infra-red spectroscopy (FTIR). A Perkin-Elmer
spectrometer was used to record the FTIR spectra of Ce;O2Fe;OSe, with and without an

oxygen getter in the range of 4000 to 400 cm™ as shown in figure 4.1.1.1.
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Figure 4.1.1.1: FTIR of the Ce202Fe,QSe> nanoparticles with and without an oxygen
getter.

When looking at the Ce,O2Fe>OSe> without an oxygen getter, the broad stretch at 1957.57
cm? is a result of the stretching vibration of Se-O. The vibrational band at 540.18 cm™ is
ascribed to the Ce-O stretching mode of vibration. The vibrational band at 470.75 cm™ is a
result of the Fe-O stretching mode of vibration. When looking at the Ce;O2Fe;OSe, with
an oxygen getter, the broad stretch at 2036.69 cm™ is a result of the stretching vibration of
Se-O. The vibrational band at 544.98 cm™ is ascribed to the Ce-O stretching mode of
vibration. The vibrational band at 469.95 cm™ is a result of the Fe-O stretching mode of
vibration. Thus, its seen that the oxygen getter makes very little difference in the FTIR
results of the Ce>02Fe.OSe», therefore when comparing the Ce.O2Fe>OSe> nanoparticles to

the kesterite and doped kesterite nanoparticles, the Ce,O,Fe>OSe> without an oxygen getter
result can be used [1].
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Figure 4.1.1.3: FTIR of the doped kesterite nanoparticles.
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A Perkin-Elmer spectrometer was used to record the FTIR spectra of the kesterite
[Cu2ZnSnSes] and doped kesterite [(Cu,Ce)2(Zn,Fe)SnSes] material in the range of 400 —
4000 cm™* as shown in Fig 4.1.1.2 and Fig 4.1.1.3. The FTIR of the kesterite in Fig 4.1.1.2,
shows several different characteristic vibrational bands, including v(O-H) (3367.83 cm™),
v(C-H) (2878.76 cm™), v(C-H2) (1643.64 — 1353.59 cm™), v(C-0) (1121.82 — 1060.70 cm’
1, and bands (898.65 — 857.17 cm™) are due to the resonance interaction between
vibrational modes of selenide ions in the crystal. The FTIR of the doped kesterite in Fig
4.1.1.3, shows several different characteristic vibrational bands, including v(O-H) (3400.26
cm?), v(C-H) (2930.38 — 2877.26 cm™), v(C-H2) (1644.14 — 1354.77 cm’), v(C-0)
(1123.78 — 1057.45 cm™), and bands (903.98 — 812.04 cm™) are due to the resonance
interaction between vibrational modes of selenide ions in the crystal. The peak at 524.97
cm? is ascribed to the Ce-O stretching mode of vibration. The peak at 432.56 cm™ is a

result of the Fe-O stretching made of vibration [2-4].

4.1.2 XRD

The phase composition of the kesterite nanoparticles was authenticated by XRD Fig.
4.1.2.1. These XRD patterns displays broad Bragg peaks ascribed to the small particle size.
The results of the XRD were obtained at room temperature, using Cu-Ka radiation
(AKa1=1.5406A) with a LynxEye (Position sensitive detector).
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Figure 4.1.2.1: XRD patterns of the kesterite nanoparticles.

From the XRD patterns in Fig 4.1.2.1; the kesterite has peaks (200) which are broad Bragg
thus assumed to belong to a second phase. This peak at (200) could also suggest a possible
structural fault in the kesterite sample.. The peaks sharpen and increase dramatically
indicating an increase in the crystallization. A further increase in peak sharpness can be
seen at (111). The peaks observed at (011), (200) and (211) are peaks in the secondary
phase of CuzSe suggesting the kesterite was prepared with a high Cu/(Zn+Se) ratio. The
most intense peak of the kesterite is at (111). There are some small extra peaks observed
that are compatible with that of kesterite reflections [5-8]. The phase composition and
appearance of the tetragonal kesterite phase is evident. The diffraction peaks for the
kesterite observed at 20 = 27.77, 29.18, 32.72, 33.13, 33.93 and 35.94 correspond to (011),
(200), (211), (111), (120) and (211) crystal planes respectfully, confirming the kesterite
phase in the CZTSe sample.
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Figure 4.1.2.3: XRD patterns of the doped kesterite nanoparticles.
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The phase composition of the cerium and iron oxyselenide and doped Kkesterite
nanoparticles was validated by XRD (Fig. 4.1.2.2 and Fig. 4.1.2.3). The results of the XRD
were obtained at room temperature, using Cu-Ka radiation (AKal=1.5406A) with a
LynxEye (Position sensitive detector). From the XRD patterns in Fig. 4.1.2.2; the cerium
and iron oxyselenides had peaks (111), (200), (220), (311), (331) and (420) which are due
to the cerium oxide (CeO) formation, with the tallest peak being (111). The peaks (104),
(211) and (223) are due to the hematite (Fe.O3) formation, while the peaks (101) and (321)
are due to the formation of tin oxide (SnO). The peaks sharpen, increase steadily then
decrease indicating stability in the crystallization. The most intense peak of the cerium and
iron oxyselenides is at (111). The doped kesterite seems to be heavily influenced by the
cerium and iron oxyselenide dopant as the doped kesterite follows the general trend of the
cerium and iron oxyselenide dopants, suggesting the doped kesterite was prepared with a
high Ce/(Zn,Fe+Se) ratio [9,10]. The phase composition and occurrence of the tetragonal
doped kesterite phase was observed as it also followed the trends of the kesterite. The
diffraction peaks for the doped kesterite observed at 26 = 28.56, 33.15, 47.48, 56.15, 76.70
and 78.71 correspond to (111), (104), (220), (211), (331) and (321) crystal planes
respectfully, confirming the kesterite phase in the doped CZTS sample.
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4.2 Composition analysis
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Figure 4.2.1: EDS spectrum of Ce20.Fe>OSez nanoparticles.
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Figure 4.2.2: EDS spectrum of kesterite nanoparticles.
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Figure 4.2.3: EDS spectrum of doped kesterite nanoparticles.

Table 4.2.1: Elemental composition of kesterite and doped kesterite nanoparticles with

respect to weight percentage.

Cu Conc. In
solution (mM)

Zn Conc. In
solution (mM)

SnConc. In
solution (mM)

Dopant Conc. In
solution (mM)

Kesterite

0.84

0.55

0.50

Doped Kesterite

0.84

0.55

0.50

0.55

Table 4.2.2: Elemental ratio of kesterite and doped kesterite nanoparticles with copper and

dopant concentration.
Ratio | Ratio | Ratio Cu/ Ratio Sn/ Ratio Zn/ Cez02Fe20Se,/
Sn/Cu | Zn/Cu | Zn/Sn | (Zn+Sn) | Ce02Fe20Se, | Ce202Fe20Se: (Zn+Sn)
Kesterite | 0.60 | 0.65 1.10 0.80 - - -
Doped | 0.60 | 0.65 1.10 0.80 0.91 1.00 0.52
Kesterite
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4.3 Morphology Characterization

4.3.1 High Resolution Scanning Electron Microscopy

The surface morphology of the cerium and iron oxyselenide, kesterite and doped kesterite
nanoparticles were shown by the HRSEM images in Fig. 4.3.1. The instrument used for
this analysis is “ZEISS ULTRA scanning electron microscope” with acceleration voltage
of 5.0 kV.

12 Aug 2020 ZEIXS|
Pael Size = 11,16 am
. b o

Signal A= Intem Dete 12 Aug 2020 - Signal A= inters Date 42 Aug 2020 ZEIxS
Neg= 2000KX Pheel See = 5.582 om — - Mag= 1000% X Phesd Size = 11.16 nm
s -

Figure 4.3.1: HRSEM images of Ce202Fe20Sez (A1, A2), kesterite (B1, B2) and doped
kesterite (C1, C2) nanocrystals.
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Looking at the cerium and iron oxyselenide nanoparticles (A1, A2) the SEM images shows
grain growth structures which do not possess uniform surface features over the entire area.
These grain boundaries are irregular and possess intense aggregation delineating an
inhomogeneous composition. The particles are quite agglomerated with some extended
aggregation and the film is shown to be non-porous with no gaps in consideration to the
particle size. The kesterite nanoparticles (B1, B2) SEM images shows grain growth
structures which possess uniform surface features over the entire area. These grain
boundaries are regular and possess minimal aggregation delineating a homogeneous
composition. The average shape of the kesterite particles is a general rod shape, suggesting
nanostructured morphology. The particles show mild agglomeration with no extended
aggregation and the film is shown to be porous with small to average sized gaps in
consideration to the particle size. The doped kesterite nanoparticles (C1, C2) SEM images
shows grain growth structures which possess a mix of both uniform and non-uniform
surface features over the entire area. These grain boundaries are irregular and possess
general aggregation delineating an inhomogeneous composition. The average shape of the
doped kesterite particles is a general rod shape, suggesting nanostructured morphology.
The particles show intense agglomeration with some extended aggregation and the film is
shown to be porous with large gaps in consideration to the particle size [11-14].
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4.3.2 High Resolution Transmission Electron Microscopy

The “High-resolution TEM” images of the interface region of the cerium and iron
oxyselenide, kesterite and doped kesterite nanoparticles were shown in Fig. 4.3.2 at the
back contact provides increased details about microstructure evolution and interfacial
reactions. The TEM instrument used for this analysis is the “TECNAI G2 F20 X-TWIN
MAT 200 kV field emission”.

Figure 4.3.2.1: HRTEM images of the Ce202Fe2OSe: (A1), kesterite (B1) and doped

kesterite (C1) nanocrystals.
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Figure 4.3.2.2: SAED micrograph of the Ce202Fe2OSe, nanoparticles confirming the hkl
miller index (planes) found in XRD.

Figure 4.3.2.3: SAED micrograph of the kesterite nanoparticles confirming the hkl miller
index (planes) found in XRD.
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Figure 4.3.2.4: SAED micrograph of the doped kesterite nanoparticles confirming the hkl
miller index (planes) found in XRD.

When looking at the cerium and iron oxyselenide nanoparticles (Al) the TEM images
shows the individual Ce2O2Fe>,OSe> nanoparticles having an irregular, highly agglomerated
spheres forming an L like shape and the selected area electron diffraction (SAED) image
(Fig. 4.3.2.2) shows Debye rings indicating the polycrystalline nature of the compound.
From these Debye rings, some d-spacing values are found which corresponds to (111),
(200) and (220) planes of CeO2 or (104), (211) and (223) planes of Fe>Os or (101) and
(321) planes of SnO2. Some of these phases have been detected from the XRD pattern of
the Ce.O2Fe-OSe> nanoparticles [15]. When looking at the kesterite nanoparticles (B1) the
TEM images shows the individual kesterite nanoparticles have more of an irregular rod
and spherical shape with some level of agglomeration, these nanocrystal agglomerates
possess an irregular shape. The SAED image (Fig. 4.3.2.3) shows Debye rings indicating
the polycrystalline nature of the compound. From these Debye rings, some d-spacing
values; 27.77, 29.18, 32.72, 33.13, 33.93 and 35.94 are found which corresponds to (011),
(200), (211), (111), (120) and (211) crystal planes respectfully. Some of these phases have
been detected from the XRD pattern of the kesterite nanoparticles [16,17]. When looking
at the doped kesterite nanoparticles (C1) the TEM images shows the individual doped

kesterite nanoparticles having a spherical shape with a high level of agglomeration, these
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nanocrystal agglomerates possess an irregular shape. The SAED image (Fig. 4.3.2.4)
shows Debye rings indicating the polycrystalline nature of the compound. From these
Debye rings, some d-spacing values; 28.56, 33.15, 47.48, 56.15, 76.70 and 78.71 are found
which corresponds to (111), (104), (220), (211), (331) and (321) crystal planes
respectfully. Some of these phases have been detected from the XRD pattern of the doped
kesterite nanoparticles [16—20].

The lattice fringe images obtained for the synthesized nanoparticles further confirms that
the nanoparticles were crystalline and the d-spacing value of the lattice fringes were
evaluated and assigned with the corresponding plane (miller index) as can be seen in the
tables bellow;

Table 4.3.2.1: The radii, d-spacing and miller indices of the Ce,O2Fe,OSe, nanoparticles.

S.No 1/2r (nm™Y) | 1r (hm™) r(nm) d-spacing A | (hkI)
1 7.467 e 0.267845185 | 2.678451855 | (012)
2 16.655 o D 0.120084059 | 1.200840588 | (006)
3 26.658 13.329 0.075024383 | 0.750243829 | (511)

Table 4.3.2.2: The radii, d-spacing and miller indices of the kesterite nanoparticles.

S.No 1/2r (nmY | 1r (nm?) r (nm) d-spacing A | (hkl)
1 6.299 3.1495 0.317510716 | 3.17510716 | (102)
2 10.144 5.072 0.197160883 | 1.971608833 | (110)
3 12.167 6.0835 0.164379058 | 1.643790581 | (011)
4 15.484 7.742 0.12916559 | 1.291655903 | (200)

Table 4.3.2.3: The radii, d-spacing and miller indices of the doped kesterite nanoparticles.

S.No 1/2r (nm™®) | Ur (nm™?) r (nm) d-spacing A | (hkl)
1 5.92 2.96 0.337837838 | 3.378378378 | (102)
2 9.769 4.8845 0.204729246 | 2.047292456 | (110)
3 11.521 5.7605 0.173596042 | 1.73596042 | (101)
4 14.115 7.0575 0.141693234 | 1.416932341 | (104)
5 17.245 8.6225 0.115975645 | 1.159756451 | (008)

The d-spacing was determined and calculated using Brags Law with the following

equation;

nA = 2dsind

http://etd.%c.ac.za/




Chapter 4: Results and discussion

“Where n is the diffraction order, A is the wavelength of light, d is the integer spacing and
0 is the incident angle of light”. The correct miller indices were obtained by comparing the
d-spacing to the radius of the individual crystal rings [21-25]. Therefore, these TEM

results agree with the XRD results.

4.3.3 Modelled nanoparticle structure

Figure 4.3.3.1: Diamond simulation of the XRD data of the synthesized Ce;O2Fe,OSe;
nanoparticles showing their tetragonal crystal structure.
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5,
¢

Figure 4.3.3.2: Diamond simulation of the XRD data of the synthesized kesterite
nanoparticles showing their tetragonal crystal structure.
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Figure 4.3.3.3: Diamond simulation of the XRD data of the synthesized doped kesterite

nanoparticles showing their tetragonal crystal structure.

The simulations of the crystal structure of the synthesized nanoparticles from XRD data
was achieved using the Diamond, crystal-impact software. The simulation obtained agreed
with the conventional tetragonal structure of the Ce>O.Fe.OSe;, kesterite and doped
kesterite phase. The parameters used in simulating the crystal structure for each of the

synthesized nanoparticles are shown in the following tables:
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Table 4.3.3.1: Phase data of the synthesized Ce>OFe>OSe> nanoparticles.

Phase data

Space-group

| 4/m m m (139) - tetragonal

Cell

a=4.0311 A ¢ = 18.1500 A

c/a=4.5025

V =294.93 A3

Table 4.3.3.2: Atomic parameters of the synthesized Ce2O2Fe2OSe; nanoparticles.

Atomic parameters

Atom Ox. Wyck. Site x/a y/b zlc
Cel 3 4e 4mm 1/2 1/2 0.18471
Fel 2 4c m m m. 1/2 0 0
Sel -2 4e 4mm 0 0 0.09755
01 -2 4d -4 m2 1/2 0 1/4
02 -2 2b 4/mmm_|1/2 1/2 0
Table 4.3.3.3 Phase data of the synthesized kesterite nanoparticles.

Phase data
Space-group | -4 2m (121) - tetragonal
Cell a=5.4464 A ¢ = 10.8000 A
c/a=1.9830
V =320.36 A®
Table 4.3.3.4 Atomic parameters of the synthesized kesterite nanoparticles.
Atomic parameters

Atom OX. Wyck. Site x/a y/b zlc
Snl 4 2b -42 m 0 0 1/2
Sel -2 8i .m 0.2587 0.2587 0.3714
Cul 1 4d -4.. 0 1/2 1/4
Znl 2 2a -42 m 0 0 0

Table 4.3.3.5 Phase data of the synthesized doped kesterite nanoparticles.

Phase data

Space-group

| -4 (82) - tetragonal

Cell

a=5.4270 A c=10.8710 A

c/a=2.0031

V =320.18 A3
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Table 4.3.3.6 Atomic parameters of the synthesized doped kesterite nanoparticles.

Atomic parameters

Atom Ox. Wyck. Site x/a y/b zlc

Snl 4 2b -4.. 0 0 1/2

Sel -2 8g 1 0.25870 0.25870 0.37140
Cul 1 2C -4.. 0 1/2 1/4

Znl 2 2a -4.. 0 0 0

Fel 2 2a -4.. 0 0 0

Cel 3 4e 2.. 1/2 1/2 0.18471

The Ce202Fe>OSe> nanoparticles have a I 4/m m m (139) — tetragonal structure with
respect to the following parameters; a = 4.0311 A, ¢ = 18.1500 A, c/a = 4.5025 and
V=294.93 A3. Some of these bond stretches are due to Ce-O and Fe-O fibrational bands
while the stronger bonds are due to the Se-O vibrational bands. While refining the
Ce202Fe20Se> structure, the Ln = Ce phases are in consensus with the nuclear structure.
The site occupancy refinement yielded occupancies near the stoichiometric
(Ce201.99Fe2.0000.99Se20). The predicted decrease in unit cell parameters of the Ln = Ce
phases, with decreasing Ln*" ionic radii is observed, followed by a sharp decline in the
amount of ¢ unit cell parameter is observed below TN, similarly to that of La,O2Fe2OSe;.
Additional Bragg reflections were seen for Ce;O2Fe;OSe; below TN [26-29]. The kesterite
structure consists of alternating cation layers of CuSn, CuzZn, CuSn and CuZn at z¥%0, 1/4,
1/2 and 3/4, respectively indicating that a Sigle copper ion occupies the 2a (0,1/2,1/4)
position with zinc and the remaining copper ordered at 2c (0/0/0) and 2d (0,0,0) resulting
in the space group 14-42m (121), with respects to the following parameters; a = 5.4464 A,
¢ = 10.8000 A, c/a = 1.9830 and V = 320.36 A3. These bond interactions can be greatly
attributed to different types of bonding, C-H, C-H2, O-H and C-O which are due to the
interactions of Cu-Sn, Cu-Se, Sn-Zn and Se-Zn and similar bonding interactions. The
anion lies on the (110) mirror plane at8g (x,y,z) for the kesterite structure, tetragonal
structural modifications of the kesterite type structure may be considered, belonging to the
space groups P4 2c, P4 21c and P2. Cyrillization in the kesterite structure describes an
ordered distribution of the cations. A disordered distribution of the cations may result in
vacancies and anti-site defects (point defects) influencing the electronic properties of the
material [30-34]. The doped kesterite structure is similar to the kesterite structure but the
Cu sites are shared with Ce and the Zn sites are shared with Fe thus, consists of alternating
cation layers of CuSn, Cuzn, CuFe, CeSn, CeZn and CeFe. The doped Kkesterite
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nanoparticles possesses a | -4 (82) — tetragonal structure with respects to the following
parameters; a = 5.4270 A, ¢ = 10.8710 A, c/a = 2.0031 and V = 320.18 A3. A lot of the
bonding is similar to that of the kesterites but it has major influences from the vibrational
bonding that takes place in the Ce2O2Fe>OSe, nanoparticles which result in new structural
bonds such as Ce-Cu, Zn-Fe, Ce-Sn, Fe-Cu.

4.3.4 SAXS prediction of internal structure and shape

The HRTEM technique could not fully describe the nanoparticle internal structure, thus
another characterization technique was performed known as “Small Angle X-ray
Scattering (SAXS)” in order to observe and better understand the nanoparticle internal

structure. The SAXS analysis was performed using SAXS Space by Anton Paar.

Ce,0,Fe,0Se,
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Figure 4.3.4.1: SAXS scattering spectra vs g of the Ce202Fe>OSe> nanoparticles.
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Figure 4.3.4.2: SAXS scattering spectra vs 2 theta of the Ce202Fe>OSe, nanoparticles.
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Figure 4.3.4.3: SAXS plot of the form factor of the Ce.O2Fe.OSe> nanoparticles.
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Ce,O,Fe,0S8e,

Figure 4.3.4.4: SAXS plot of the internal structure of the Ce202Fe2OSe; nanoparticles.
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Figure 4.3.4.5: SAXS scattering spectra vs g of the kesterite nanoparticles.
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Figure 4.3.4.6: SAXS scattering spectra vs 2 theta of the kesterite nanoparticles.
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Figure 4.3.4.7: SAXS plot of the form factor of the kesterite nanoparticles.
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Figure 4.3.4.8: SAXS plot of the internal structure of the kesterite nanoparticles.
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Figure 4.3.4.9: SAXS scattering spectra vs q of the doped kesterite nanoparticles.
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Figure 4.3.4.10: SAXS scattering spectra vs 2 theta of the doped kesterite nanoparticles.
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Figure 4.3.4.11: SAXS plot of the form factor of the doped kesterite nanoparticles.
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Figure 4.3.4.12: SAXS plot of the internal structure of the doped kesterite nanoparticles.
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Figure 4.3.4.13: SAXS plot of the internal structure of the Ce,O2Fe,OSe>, kesterite and

doped kesterite nanoparticles.
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Fig. 4.3.4.1, 4.3.4.5 and 4.3.4.9 provide the SAX scattering (intensity vs q) plots of the
Ce,0O2Fe20Se», kesterite and doped kesterite nanoparticles respectively. These plots of the
materials show that the samples all had different shapes along with their general overall
shape and different sizes which results from the different levels of particle agglomeration
in each sample as well as the occurrences of excess DEG in the kesterite and doped
kesterite sample. Fig. 4.3.4.2, 4.3.4.6 and 4.3.4.10 show the SAX scattering (intensity vs 2
theta) plots of the Ce.O2Fe2OSe», kesterite and doped kesterite nanoparticles respectively.
These plots relate the SAXS spectra to the XRD spectra of the materials, although the
SAXS intensity vs 2 theta plots contain overlapping intensity peaks due to the occurrence
of agglomeration amongst the nanoparticles, this occurs due to the fact that SAXS is a
small-angle scattering characterization technique while XRD is a wide-angle diffraction
technique. The shape analysis plots Fig. 4.3.4.1 — 4.3.4.9 reveals that the nanoparticles
were agglomerated and that synthesised nanoparticles had a core and a shell, with the core
being the nanoparticles themselves and the shell being attributed to the DEG solvent. The
Ce202Fe20Se», kesterite and doped kesterite nanoparticles all possess a mixed hollow
sphere and flat disk shape, with the Ce;02Fe2QSe; nanoparticles being non uniform and
highly agglomerated, this agglomeration is seen and further supported by the shoulder seen
in the SAXs plot of the Ce>O2Fe>OSe; nanoparticles. Both the kesterite and doped kesterite
nanoparticles posses’ spherical and rod like shapes with the shoulders in the SAXs plots of
the nanoparticles indicating high levels of agglomeration. The mix spherical like and rod/
flat disk like shapes obtained for the nanoparticles agrees with the morphology earlier
reported from the HRSEM and HRTEM results [35-38].
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4.3.5 Size Distribution

06d 2.9nm
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Figure 4.3.5.1: SAXS plot of the size distribution by number of the Ce;O2Fe;OSe>

nanoparticles.
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Figure 4.3.5.2: SAXS plot of the size distribution by volume of the Ce2O2Fe>OSe;

nanoparticles.
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Figure 4.3.5.3: SAXS plot of the size distribution by number of the kesterite nanoparticles.
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Figure 4.3.5.4: SAXS plot of the size distribution by volume of the kesterite nanoparticles.
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2.8 nm Doped Kesterite

Figure 4.3.5.5: SAXS plot of the size distribution by number of the doped kesterite

nanoparticles.
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Figure 4.3.5.6: SAXS plot of the size distribution by volume of the doped kesterite

nanoparticles.
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The size distribution of the nanoparticles was analysed using SAXs for the particle size and
XRD for the crystal size. Fig. 4.3.5.1 and Fig. 4.3.5.2 shows the size distribution by
number and volume of the Ce2O.Fe>OSe> nanoparticles respectively, which shows a mean
particle size of 2,8/ 2,9 nm, as well as a massive particle size of 21,8 nm, shown in the
distribution by volume plot. This is due to intense agglomeration of the nanoparticles.
Further looking at the distribution by volume plot, the peaks at 8,4 nm, 12,5 nm and 16,1
nm are due to the presence of CeO, FeO and SeO which did not attach strongly to the
Ce202Fe20Se2 nanoparticles. Fig. 4.3.5.3 and Fig. 4.3.5.4 shows the size distribution by
number and volume of the Kesterite nanoparticles respectively, which shows a mean
particle size of 2,6/ 2,7 nm, the particle size of 21,8 nm, shown in the distribution by
volume plot is due to agglomeration of the nanoparticles. Further looking at the
distribution by volume plot, the peaks at 8,0 nm, 12,4 nm and 17,3 nm are due to the
presence of the DEG solvent and loosely attached Cu, Sn and Se. Fig. 4.3.5.5 and Fig.
4.3.5.6 shows the size distribution by number and volume of the Doped Kesterite
nanoparticles respectively, which shows a mean particle size of 2,8/ 2,9 nm, the big
particle size of 20.2 nm, shown in the distribution by volume plot is due to agglomeration
of the nanoparticles. Further looking at the distribution by volume plot, the peaks at 9,7 nm
and 14.4 nm are due to the presence of the DEG solvent and loosely attached Cu/ Ce and
Se [39-41].

Together with SAXS analysis, XRD is also a very useful tool for size analysis. The XRD
pattern was used in order to determine the crystal size of nanoparticles (D), through the use

of the Scherrer equation:

B 0.9
~ BcosB (4.1)

“Where A is the wavelength which has a value of 1.5406 nm, B is the full width at half
maximum (FWHM) and 6 is the Bragg angle, k is Scherrer constant which can take values
from 0.9 to 1, where 0.9 was chosen”. The FWHM value is converted to radians. The plane
calculated was the (112) which had the most intense peak [7,42-47].
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Gaussian Fit for Ce,O,Fe,OSe, (111) plane
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Figure 4.3.5.7: Gaussian fit of the Ce>0.Fe-OSe; nanoparticles (111) plane.
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Figure 4.3.5.8: Gaussian fit of the kesterite nanoparticles (111) plane.
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Figure 4.3.5.9: Gaussian fit of the doped kesterite nanoparticles (111) plane.

Table 4.3.5: Parameters for the Gaussian plots of the nanoparticles.

20 ® FWHM | FWHM K A Crystal
@) | ®ady | | Rap) (m | m)
Cex02Fe20Se, | 28.55 | 0.4983 0.1532 0.0026 0.9 1.5406 9.34
Kesterite 32.73 | 0.5712 0.1494 0.0026 0.9 1.5406 9.67
Doped kesterite | 28.55 | 0.4983 0.1670 0.0029 0.9 1.5406 8.57

The sizes of the cerium and iron oxyselenide, kesterite and doped kesterite nanoparticles

are 9.34 nm, 9.67 nm and 8.57 nm respectively. The SAXs shows an individual particle

size of 2.8 nm, 2.7 nm and 2.9 nm for the cerium and iron oxyselenide, kesterite and doped

kesterite nanoparticles respectively while showing sizes between 8.5 to 12.4 nm for the

Ce;02Fe20Se2, 8 to 12.4 nm for the kesterite and 9.7 to 14.4 nm for the doped kesterite.

These sizes are due to use of small angle scattering rays across the nanoparticles in order to

obtain the sizes while the sizes of the nanoparticles obtained from XRD are in the range of
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8 to 10 nm which are obtained using wide angle rays, thus the SAXs and XRD data present
different particle sizes [48,49].

4.4 Thermogravimetric analysis

The “thermal stability” of the synthesized nanoparticles was analysed by
“thermogravimetry analysis”. The instrument used for the analysis is a PerkinElmer Pyriss
simultaneous TGA/DTA Analyzer (TG-4000). The temperature range used for the analysis

is from 30 °C to 650 °C under nitrogen gas atmosphere at a heating rate of 10 °C min™.
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Figure 4.4.1: TGA curve of the Ce2O.Fe>OSe> nanoparticles without an oxygen getter.
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Figure 4.4.2: TGA curve of the Ce202Fe>OSe> nanoparticles with an oxygen getter.
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Figure 4.4.3: TGA curve of the kesterite nanoparticles.
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Figure 4.4.4: TGA curve of the doped kesterite nanoparticles.
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Figure 4.4.5: TGA curve of the Ce202Fe>OSe, nanoparticles with and without an oxygen

getter, kesterite nanoparticles and doped kesterite nanoparticles.
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Fig. 4.4.1 shows the TGA curve for the Ce202Fe,OSe2 nanoparticles without an oxygen
getter, and the initial 0.025% increase in the weight percent between 30 — 280 °C is due to
the fact that this material was basically synthesized via calcination at high temperatures so
the increase in temperature seems to have produced more of the sample, which was not
expected at all. The loss of 0.5% between 281 — 465 °C is caused by the loss of any
moisture still contained within the sample. The further loss of 1% between 466 — 650 °C is
due to any impurities being burnt away from the sample. Therefore, there is a total of 1.5%
that is lost from the Ce,O.Fe>OSe> nanoparticles without an oxygen getter. Fig. 4.4.2
shows the TGA curve for the Ce202Fe20Sez nanoparticles with an oxygen getter. This
getter seems to make a difference during the heating of the sample. Similar to the sample
without a getter, there is an initial 0.025% increase in the weight percent, but this time
between 30 — 360 °C, this is because the getter makes the synthesis of the sample more
efficient. The loss of 0.5% between 361 — 650 °C is caused by the loss of any moisture still
contained within the sample. And there is no further loss of weight percent as there is
minimal impurities in this sample due to the better synthesis efficiency resulting from the
getter. Fig. 4.4.3 shows the TGA curve for the kesterite nanoparticles, the initial loss of
10% at 100 °C is caused by the evaporation of water. The drastic loss of 32% from 100 —
200 °C is attributed to the loss of Isopropanol or DEG from the nanoparticles. The loss of
10% from 200 — 360 °C results from the loss of chalcogens that where not actually
incorporated into the lattice of the nanoparticles. The further loss of 2% between 360 — 650
°C is due to the loss of Sn through the sublimation of SnSe. Fig. 4.6.4 shows the TGA
curve for the doped kesterite nanoparticles, the initial loss of 4% at 100 °C is caused by the
evaporation of water. The drastic loss of 23% from 100 — 200 °C is attributed to the loss of
Isopropanol or DEG from the nanoparticles. The loss of 11% from 200 — 300 °C results
from the loss of chalcogens that where not actually incorporated into the lattice of the
nanoparticles. The further loss of 1% between 300 — 650 °C is due to the loss of Sn
through the sublimation of SnSe. Thus, the doped kesterite follows the same trend as the
kesterite but to a much lesser extent, this is due to the cerium and iron oxyselenide in the
doped kesterite which drastically improves the thermal stability of the Kkesterite

nanoparticles [50-53].
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4.5 Optical Characterization

4.5.1 UV-Vis Spectroscopy

The optical properties of the Ce.O2Fe20Se;, Kesterite and doped Kesterite nanoparticles
were determined by UV-Vis spectroscopy (Fig. 4.5.1.1 — 4.5.1.15). The UV-Vis
experiment was performed three times using different solvents which were

dichloromethane, ethanol, and deionized water respectfully.
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Figure 4.5.1.1: UV-Vis spectrum of dichloromethane.
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Figure 4.5.1.2: UV-Vis spectrum of the Ce202Fe>OSe; nanoparticles in dichloromethane.
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Figure 4.5.1.3: UV-Vis spectrum of the kesterite nanoparticles in dichloromethane.
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Figure 4.5.1.4: UV-Vis spectrum of the doped kesterite nanoparticles in dichloromethane.
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Figure 4.5.1.5: UV-Vis spectrum of the Ce202Fe20Se>, kesterite and doped kesterite

nanoparticles in dichloromethane.
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Figure 4.5.1.6: UV-Vis spectrum of ethanol.
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Figure 4.5.1.7: UV-Vis spectrum of the Ce,O2Fe>0Se2 nanoparticles in ethanol.
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Figure 4.5.1.8: UV-Vis spectrum of the kesterite nanoparticles in ethanol.
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Figure 4.5.1.9: UV-Vis spectrum of the doped kesterite nanoparticles in ethanol.
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Figure 4.5.1.10: UV-Vis spectrum of the Ce,O2Fe>OSe>, kesterite and doped kesterite

nanoparticles in ethanol.
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Figure 4.5.1.11: UV-Vis spectrum of deionized water.
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Figure 4.5.1.12: UV-Vis spectrum of the Ce>O.Fe>OSe, nanoparticles in deionized water.
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Figure 4.5.1.13: UV-Vis spectrum of the kesterite nanoparticles in deionized water.
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Figure 4.5.1.14: UV-Vis spectrum of the doped kesterite nanoparticles in deionized water.
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Figure 4.5.1.15: UV-Vis spectrum of the Ce202Fe,OSe;, kesterite and doped kesterite

nanoparticles in deionized water.
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Looking at Fig. 4.5.1.1 — Fig. 4.5.1.5, with the dichloromethane solvent, when comparing
the wavelengths of light absorbance, it shows the absorption wavelength of the cerium and
iron oxyselenide dopant increase steadily from 400 nm to 900 nm in Fig. 4.5.1.2 and the
absorption wavelength of the kesterite stabilizes around 650 nm then starts increasing from
750 nm in Fig. 4.5.1.3. This could result from things such as the occurrence of multiple
phases and morphology of the films, which is in accordance to previous findings which
states that the onset for light absorption of the material gradually shifts to longer
wavelengths as the duration of the absorption increases [54]. Overall Fig. 4.5.1.3, shows
that the kesterite sample has a slightly greater absorbance than that of the doped kesterite
sample (Fig. 4.5.1.4), whereas the doped kesterite sample has the broadest and widest
absorption indicating is superiority for use in photovoltaics. Fig. 4.5.1.6 — Fig. 4.5.1.10,
with the ethanol solvent closely follows the same trend as the samples in the
dichloromethane solvent except with ethanol, the samples have far greater absorbances.
Overall, the doped kesterite nanoparticles in ethanol (Fig. 4.5.1.9), has a similar trend to
the doped kesterite sample in dichloromethane (Fig. 4.5.1.4). Looking at Fig. 4.5.1.11 —
Fig 4.5.1.15, with the deionized water solvent, the plots in this graph follow the same
trends and patterns of those with the first two solvents, except for the doped kesterite
which was the weakest absorber while using the first two solvents, now it’s the strongest
absorber while using deionized water as a solvent. Fig. 4.5.1.14, shows that the doped
kesterite sample has a greater absorbance. This indicates that the solvent makes a
difference as the samples dissolved best in ethanol, dissolved well in dichloromethane and
dissolved poorly in deionized water. Overall, from these UV-Vis graphs its seen that the
doped kesterite would be better suited for photovoltaic applications, due to it having the
broadest and widest absorption [2,11,54-56]. A perfect semiconductor would possess a
square root like behaviour of the density of states near the valence band maximum and the
conduction band minimum with energy. A direct semiconductor translates this directly into
a square root like behaviour of the “absorption coefficient a as a function of energy E”.
Therefore, the bandgap Eg, as the abscissa intercept, is obtained from a Tauc plot of o?E?

vs. E. This produces the bandgap of extended states [57].
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Figure 4.5.1.16: Tauc plot of the Ce;O2Fe>OSe> nanoparticles in dichloromethane.
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Figure 4.5.1.17: Tauc plot of the kesterite nanoparticles in dichloromethane.
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Figure 4.5.1.18: Tauc plot of the doped kesterite nanoparticles in dichloromethane.
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Figure 4.5.1.19: Tauc plot of the Ce202Fe20Se> nanoparticles in ethanol.
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Figure 4.5.1.20: Tauc plot of the kesterite nanoparticles in ethanol.
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Figure 4.5.1.21: Tauc plot of the doped kesterite nanoparticles in ethanol
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Figure 4.5.1.22: Tauc plot of the Ce,O2Fe,OSe, nanoparticles in deionized water.
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Figure 4.5.1.23: Tauc plot of the kesterite nanoparticles in deionized water.
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Figure 4.5.1.24: Tauc plot of the doped kesterite nanoparticles in deionized water.

Fig. 4.5.1.16 — 4.5.1.24 shows the tauc plots for all samples in the following solvents:
dichloromethane, ethanol, and deionized water respectively. Fig. 4.5.1.16 and Fig.
4.5.1.18, the Tauc plots of the Ce202Fe2OSe; and doped kesterite nanoparticles in
dichloromethane, shows optical band gaps of 1.43 eV and 2.30 eV for the Ce202Fe>0OSe;
and doped kesterite nanoparticles respectively. Fig 4.5.1.17, the Tauc plot of the kesterite
nanoparticles in dichloromethane, shows an optical band gap of 2.40 eV. The band gap
was obtained via extrapolation of the straight line to zero absorption for the synthesized
nanoparticles. Fig. 4.5.1.19 and Fig. 4.5.1.21, the Tauc plots of the Ce,O,Fe>OSe> and
doped kesterite nanoparticles in ethanol, shows optical band gaps of 1.63 eV and 2.56 eV
for the Ce2O.Fe20OSe, and doped kesterite nanoparticles respectively. Fig 4.5.1.20, the
Tauc plot of the kesterite nanoparticles in ethanol, shows an optical band gap of 2.44 eV.
The band gap was obtained via extrapolation of the straight line to zero absorption for the
synthesized nanoparticles. Fig. 4.5.1.22 and Fig. 4.5.1.23, the Tauc plots of the
Ce,02Fe;0Se> and kesterite nanoparticles in deionized water, shows optical band gaps of
1.92 eV and 2.39 eV for the Ce202Fe20Se; and kesterite nanoparticles respectively. Fig
4.5.1.24, the Tauc plot of the doped kesterite nanoparticles in deionized water, shows an

optical band gap of 2.38 eV. The band gap was obtained via extrapolation of the straight
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line to zero absorption for the synthesized nanoparticles. From these Tauc plots, despite the
samples having slightly different optical band gaps based on the solvent used, its seen that
doping the kesterite with cerium and iron oxyselenides reduces the optical band gap in
some cases but the band gap in general is not really influenced. The obtained optical
bandgaps for the samples are in correlation with previous findings, although the kesterite
nanoparticles have an Eq that greatly exceeds that of literature as reported by Xiao et al
[58]. This could possibly be due to the Zn/Cu ratio, which is 0.65 for the kesterite
nanoparticles. From the Tauc plots its seen that the kesterite nanoparticles and the doped
kesterite nanoparticles have a similar optical band gap, and the changes to this bandgap is
due to the presence of the cerium and iron oxyselenide dopant. The Ce>O2Fe>OSe, dopant
results in the manipulation of the bandgap as it only has a Ce,O2Fe,OSe/ (Zn+Sn) ratio of
only 0.50 and the kesterite nanoparticles not having a Ce;O2Fe>OSez/ (Zn+Sn) ratio. It has
also been found that a high amount of Sulphur content in kesterite increases the band-gap
value which can affect the PCE of the solar cell [58-63]. The values of the bandgap
obtained from the Tauc plot are verging on the optimum value of semiconductor band gap

necessary for highly efficient solar cell.

Table 4.5.1: The optical band gap values of the as-prepared nanoparticles.

Solvent Band gap value (eV) | Average band gap value (eV)

Cerium and iron Dichloromethane 1.43 1.66
oxyselenide Ethanol 1.63
Deionized water 1.92

Kesterite Dichloromethane 2.40 2.41
Ethanol 2.44
Deionized water 2.39

Doped Kesterite Dichloromethane 2.30 2.41
Ethanol 2.56
Deionized water 2.38
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4.5.2 Solid State UV-Vis Spectroscopy
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Figure 4.5.2.1: Solid State UV-Vis spectrum of the Ce,O2Fe,OSe> nanoparticles on ITO

glass.
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Figure 4.5.2.2: Solid State UV-Vis spectrum of the kesterite nanoparticles on ITO glass.
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Figure 4.5.2.3: Solid State UV-Vis spectrum of the doped kesterite nanoparticles on ITO

glass.
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Figure 4.5.2.4: Solid State UV-Vis spectrum of the Ce.O2Fe,OSe>, kesterite and doped

kesterite nanoparticles on ITO glass.
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The optical properties of the Ce202Fe20Se;, kesterite and doped kesterite nanoparticles
were further analysed by Solid State UV-Vis spectroscopy. Looking at Fig. 4.5.2.4, when
comparing the maximum wavelength of the cerium and iron oxyselenide dopant, A(max) =
1000 nm, the kesterite, A(max) = 380 nm, and the doped kesterite, A(max) = 380 nm, as
well as the overall broadness of the curves, its seen that the kesterite would be better suited
for photovoltaic applications, due to it having the greatest and broadest absorption. When
comparing the curves of the liquid state UV-Vis and solid-state UV-Vis, its seen that the
samples possess greater absorbances when in a liquid form compared to a solid form, and

both liquid and solid-state UV-Vis suggests that the doped kesterite nanoparticles are best
suited for photovoltaic applications [54-56].
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Figure 4.5.2.5: Tauc plot of the Ce.O2Fe2OSe, nanoparticles on ITO glass.
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Figure 4.5.2.6: Tauc plot of the kesterite nanoparticles on ITO glass
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Figure 4.5.2.7: Tauc plot of the doped kesterite nanoparticles on ITO glass.
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Fig. 4.5.2.5—4.5.2.7 shows the tauc plots for all samples on ITO glass plates. According to
Fig. 4.5.2.5, the Ce>02Fe>OSe, nanoparticles have a solid-state optical band gap of 2.12
eV. Fig 4.7.2.6, shows that the kesterite nanoparticles have a solid-state optical band gap of
2.34 eV. Fig 4.5.2.7, shows that the doped kesterite nanoparticles have a solid-state optical
band gap of 2.29 eV. From these Tauc plots, its seen that doping the kesterite with cerium
and iron oxyselenides reduces the optical band gap, thus making them more efficient for
photovoltaic applications, these results are in agreement with the liquid state UV-Vis
results [58-63].

4.6 Electrochemical Characterization

4.6.1 Cyclic Voltammetry

In order to estimate the band structure parameters, electrochemical band gap and electron
affinity of Ce2O2Fe2OSe;, kesterite and doped kesterite nanoparticles, cyclic voltammetry
(CV) measurements were carried out and recorded with a “glassy carbon working electrode
(WE)”, “platinum counter electrode (CE)” and a “Ag/AgCl reference electrode (RE)” in a
bath consisting of Cez, Fe and S precursors for the Ce202Fe2QSe, sample and Cu, Zn, Sn
and S precursors for the kesterite and doped kesterite sample. The cyclic voltammetry
(CV) runs where performed at room temperature (25 °C) in an argon saturated phosphate-
buffered saline (PBS) electrolyte.
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Figure 4.6.1.1: Cyclic voltammogram of cerium (Ce) (20 mV/s).
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Figure 4.6.1.2: Cyclic voltammogram of copper (Cu) (20 mV/s).
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Figure 4.6.1.3: Cyclic voltammogram of iron (Fe) (20 mV/s).
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Figure 4.6.1.4: Cyclic voltammogram of selenium (Se) (20 mV/s).
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Figure 4.6.1.5: Cyclic voltammogram of tin (Sn) (20 mV/s).
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Figure 4.6.1.6: Cyclic voltammogram of zinc (Zn) (20 mV/s).
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For all samples, a phosphate-buffered saline (PBS) electrolyte was used. For the forward
curve, the potential is scanned negatively and thus is anodic while the reverse curve,
potential is scanned positively and thus is cathodic, within a “potential range of -1.2 V to
0.8 V”. Looking at Fig. 4.6.1.1; during the forward anodic scan for the cerium, the
following redox reactions took place:

Oxidation:

e A:Cey — Ce?ag + 26
During the reverse cathodic scan, the following redox reactions took place:
Reduction:

o Al Ce? (5 + 26" — Cegy)

o A% Ce? (5 + 26 — Ceg)

o A¥Ce? (g + 26" — Ce)

At peak A (0.04V) the current increased as the cerium was oxidized: Ce) — Ce?*(aq) + 26
Peak A' (0.05V), A? (-0.26V), and A% (-0.64V) shows that the current increased,

suggesting maximum precursor deposition and reduction of cerium: Ce?*(aq) + 26" — Ceg).

Looking at Fig. 4.6.1.2; during the forward anodic scan for the copper, the following redox
reactions took place:

Oxidation:

e B! Cug — Cu® g + 26

e B2 Cui — Cu® g + 26
During the reverse cathodic scan, the following redox reactions took place:
Reduction:

e B! Cu?*(q) + 26 — Cug)
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e BZ:Cu% (g + 26— Cug
o B?: Cu?(a) + 26" — Cuy
e B*: Cu?(a) + 26" — Cu

At peak B! (-0.07V) the current increased substantially due to the oxidation of copper and
peak B? (0.09V) is due to the further oxidation of copper: Cu) — Cu?'(aq) + 2¢". Peak BY (-
0.21V), B? (-0.28V), and B* (-0.63V) shows that the current increased, suggesting
maximum precursor deposition and reduction of copper, peak B* (-1.09V) is due to the

further reduction of copper: Cu?*(q) + 26" — Cuyy).

Looking at Fig. 4.6.1.3; during the forward anodic scan for the iron, the following redox

reactions took place:
Oxidation:
e CliFer — Fe?'(aq) + 2¢
e C2Z Fey — Fe?ag) + 2¢°
During the reverse cathodic scan, the following redox reactions took place:
Reduction:
o Cl:Fe? (g +2e — Feg
o C?:Fe* (g + 2 — Feg

At peak C! (-0.67V) the current increased substantially due to the oxidation of iron and
peak C? (0.01V) is due to the further oxidation of copper: Fei) — Fe?*(aq) + 2€". Peak CY' (-
0.33V) and C? (-0.66V) shows that the current increased, suggesting maximum precursor

deposition and reduction of copper: Fe?* g + 26" — Fegs).
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Looking at Fig 4.6.1.4; during the forward anodic scan for the selenium, the following
redox reactions took place:

Oxidation:

e D:Ser — Se* g + 2€°
During the reverse cathodic scan, the following redox reactions took place:
Reduction:

o D" Se?(a) + 26" — Se)

At peak D (0.01V) the current increased substantially due to the oxidation of selenium:
Se) — Se®'@g) + 2¢. Peak D’ (-0.59V) shows that the current increased, suggesting

maximum precursor deposition and reduction of selenium: Se?*(q) + 26" — Ses).

Looking at Fig 4.6.1.5; during the forward anodic scan for the tin, the following redox

reactions took place:
Oxidation:
e E:Sng — Sn¥ g + 28
During the reverse cathodic scan, the following redox reactions took place:
Reduction:
o EY:Sn% (g + 26— Sngy
e E?:Sn%* () + 26— Sng

At peak E (0.05V) the current increased as the tin was oxidized: Sni) — Sn?*(aq) + 26
Peak E' (-0.29V) and E? (-0.75V) shows that the current increased, suggesting maximum

precursor deposition and reduction of tin: Sn?*(yq) + 26" — Sny).
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Looking at Fig. 4.6.1.6; during the forward anodic scan for the zinc, the following redox
reactions took place:

Oxidation:
o F:Zng — Zn*(aq) + 2¢°

During the reverse cathodic scan, the following redox reactions took place:

Reduction:
o FY:Zn% (g + 26" — Zng)
o F2:Zn%"(aq) + 26" — Zng)

At peak F (-0.97V) the current increased as the zinc was oxidized: Zng) — Zn?*(aq) + 26"

Peak F'' (-0.65V) and F? (-1.04V) shows that the current increased, suggesting maximum
precursor deposition and reduction of zinc: Zn% g + 26" — Zn).
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Figure 4.6.1.7: Cyclic voltammogram of the Ce>O2Fe>OSe, nanoparticles (20 mV/s).
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Figure 4.6.1.8: Cyclic voltammogram of the kesterite nanoparticles (20 mV/s).
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Figure 4.6.1.9: Cyclic voltammogram of the doped kesterite nanoparticles (20 mV/s).
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Figure 4.6.1.10: Cyclic voltammogram of all sample nanoparticles (20 mV/s).

For the cerium and iron oxyselenide sample, the electrolyte solution contained Ce?*, Fe?*
and Se ions while for the kesterite and doped kesterite samples, the electrolyte solution
contained Cu?*, Zn?* and Sn*' ions. Fig. 4.6.1.10 shows the CV for all the sample
nanoparticles at a “scan rate of 20 mV/s”. The co-deposition of Cu, Zn, Sn and S is
difficult as the redox potential of these elements is different [64,65]. Looking at Fig.

4.6.1.7; during the forward anodic scan for the Ce202Fe20Se2 nanoparticles, the following
redox reactions took place:

Oxidation:
o A:Fes — Fe¥'q + 26
e B:Cey — Ce?'(aq) + 26
During the reverse cathodic scan, the following redox reactions took place:

Reduction:

o A Fe* g +2e — Feg)
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o B’ Ce®(ag) + 26 — Ceg)

At peak A (- 0.97V) the current slightly increased as a small amount of iron was oxidized:
Fes) — Fe?*(aq) + 2e”. The current then further increased to a maximum of 0.003 mA (-
0.14V), which forms peak B, suggesting the oxidation of cerium: Ces) — Ce®*aq) + 26
Peak B’ (-0.62V) shows that current increased, suggesting maximum precursor deposition
ideally due to the reduction and metallic deposition of cerium: Ce* g + 26~ — Cey). at
peak A’ (-1.08V) the current slightly increased as iron was reduced and deposited: Fe?*(xq)

+ 2e” — Fe(s). The electrochemical bandgap was determined using the equations:
e Enomo=—¢ (Eonsetox + 4.5) eV
o Erumo=—¢ (Eonsetred + 4.5) eV
e Ey=ELumo - EHomo
Where the oxidation peak is: -0.14 V and the reduction peak is -0.62 V, thus:
e Enomo=—¢(-0.14 +4.5) eV = - 434 eV
e Elumo=-¢(-0.62+4.5)eV =-3.86eV
o Eg=-386eV+434eV=048¢eV

Therefore, the electrochemical bandgap (Eg) for the cerium and iron oxyselenide
nanoparticles is 0.48 eV [66-68].

Looking at Fig. 4.6.1.8; during the forward anodic scan for the kesterite nanoparticles, the

following redox reactions took place:
Oxidation:

e C:Zng — Zn® (o) + 2€°

e D:Cui — Cu®* () + 2€°

e E:Sew — Se¥ g + 28

e F:Sne — Sn?'(aq) + 2€°
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During the reverse cathodic scan, the following redox reactions took place:
Reduction:

o C'Zn%(aq) + 26" — Zng)

e D" Cu?(aq) + 26" — Cu

o E" Se* @) + 26 — Seg)

e FSn%* g + 26— Sngy

At peak C (- 0.97V) the current slightly increased as a small amount of zinc was oxidized:
Zne) — Zn?**aq) + 2e7. The current then greatly increased to (-0.11V), which forms peak D,
suggesting the oxidation of copper: Cu — Cu?*@aq + 2e". The current increased further
forming peaks E (0.13V) and peaks F (0.19V) which are due to the oxidation of selenium:
Se?* ag) + 26" — Se(s) and tin: Sn?*(aq) + 26" — Snys), respectively. Peak F’ (-0.18V) is due to
an increase in current resulting from the reduction and deposition of tin: Sn?* g + 26” —
Sn(). Peak E’ (-0.47V) is due to the reduction and deposition of selenium: Se* g + 26" —
Sei). Peak D' (-0.78V) shows that current increased, suggesting maximum precursor
deposition ideally due to the reduction and metallic deposition of copper: Cu?* g + 26” —
Cugs). At peak C’ (-1.07V) the current slightly increased as zinc was reduced and deposited:
Zn*"qg) + 260 — Zngs) [64,65]. The electrochemical bandgap was determined using the

equations:
e Enomo=—¢ (Eonsetox + 4.5) eV
e ELumo=—¢ (Eonsetred + 4.5) eV
e Ey=ELumo - EHomo
Where the oxidation peak is: -0.11 V and the reduction peak is -0.78 V, thus:
e Enomo=—¢(-0.11 +4.5) eV =-4.39 eV
e ELumo=—¢(-0.78 +45) eV =-3.72 eV

e Eg=-3.72+439eV =0.67¢eV
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Therefore, the electrochemical bandgap (Eg) for the kesterite nanoparticles is 0.67 eV [66—
68].

Looking at Fig. 4.6.1.9; during the forward anodic scan for the doped kesterite

nanoparticles, the following redox reactions took place:

Oxidation:

G: Znw) — Zn?*(aq) + 2€7; Fes) — Fe?*(aq) + 26

H: Cei) — Ce aq) + 26

I: Cug) — Cu?*(aq) + 26

J: Se(s) — Se?*(ag) + 26

K: Sn(s) — Sn? ag) + 26°
During the reverse cathodic scan, the following redox reactions took place:
Reduction:

o G Zn%* ) + 26— Zn(s); Fe?'(ag) + 26— Feg)

o H'" Ce? (g + 26 — Cep

o I Cu? (s + 26" — Cu

o J:Se?(q) + 26 — Sey

K’ Sn2+(aq) +2e — Sn(s)

At peak G (-0.96V) the current increased rapidly as both zinc and iron was oxidized: Zng)
— Zn?*(aq) + 2€7, Fe) — Fe?*(aq) + 2¢7. Peak H (-0.11V) indicates the oxidation of cerium:
Ceis) — Ce* g + 2e. The current further increased to 0.064 mA(-0.01V), which forms
peak |, indicating the oxidation of copper: Cus — Cu?(aq + 2€". Peaks J (0.10V) and
Peaks K (0.16V) are due to the oxidation of selenium: Se?* (g + 26~ — Se(s) and tin: Sn?*(xq)
+ 2e” — Sng), respectively. Peak K’ (-0.23V) is due to the reduction and deposition of tin:

Sn%* (g + 26" — Sng). Peak J', 1" and H’ (-0.47V) shows a massive increase in current and is
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due to the added combination of the reduction and deposition of selenium: Se?*q) + 26" —
Sei), the maximum precursor deposition ideally due to the reduction and metallic
deposition of copper: Cu?*(q) + 26" — Cug) and cerium: Ce?*(q) + 26” — Ces). Peak G’ (-
0.82V) shows that current increased, indicating the reduction and deposition of both zinc:
Zn** aq) + 26" — Zng) and iron: Fe?* g + 26" — Fegs) [64,65]. The electrochemical bandgap

was determined using the equations:
e Enomo=—¢ (Eonsetox + 4.5) eV
e Erumo=—¢ (Eonsetred + 4.5) eV
e Ey=ELumo - EHomo
Where the oxidation peak is: -0.01 V and the reduction peak is -0.47 V, thus:
e Enomo=—¢ (-0.11+ 45) eV = -4.49 eV
e Eiumo=-¢(-0.47 +45)eV =-4.03eV
o E;=-403eV+4.49eV =0.46¢eV

Therefore, the electrochemical bandgap (Eg) for the doped kesterite nanoparticles is 0.46
eV [66-68].
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Figure 4.6.1.11: Cyclic voltammogram of the Ce2O2Fe-OSe> nanoparticles (10 — 50
mV/s).

0.005 4

___0.000 A
<C
£
@ -0.005 4
S
Q
- —— 60 mV/s
-0.010 —— 70 mV/s
—80 mV/s
—900 mV/s
-0.015 - — 100 mV/s
1 I 1 I
-1.0 -05 0.0 0.5 1.0

Potential (V)

Figure 4.6.1.12: Cyclic voltammogram of the Ce.O2Fe>OSe> nanoparticles (60 — 100
mV/s).
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Table 4.6.1.1: Redox parameters obtained from the cyclic voltammograms of the
Ce202Fe20Sez nanoparticles from 10 — 100 mV/s. (The values were taken from Fig.

4.6.1.11 and Fig. 4.6.1.12).

Ce202Fe20Sez2 | lpa(MA) Ipc (MA) Epa (V) Epc (V) AEp E’ (mV)
(mV)
10 0.0002 -0.0013 -0.3038 -0.6012 145 -452.50
20 0.0003 -0.0017 0.4013 -0.8022 145 -200.45
30 0.0003 -0.0019 0.5100 -0.9076 145 -198.80
40 0.0004 -0.0022 0.5870 -0.9851 145 -199.05
50 0.0004 -0.0025 0.617/8 -1.0158 145 -199.00
60 0.0005 -0.0028 0.6149 -1.0096 145 -197.35
70 0.0005 -0.0031 0.6645 -1.0591 14,5 -197.30
80 0.0006 -0.0035 0.6674 -1.0654 145 -199.00
90 0.0006 -0.0039 0.6861 -1.0808 145 -197.35
100 0.0007 -0.0043 0.0983 -0.6257 145 -263.70
0.001
0.000 - Pl Il b LT
S5 TS [ AT T T
Residual SimorSquar| 386089 T T
AN
“‘_%; -0.002 -
-0.003 -
-0.004 -
®
3 4 5 6 7 8 9 10
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Figure 4.6.1.13: Randles—Sev¢ik plots of the CVs of Ce202Fe,0Se2 nanoparticles. (lp
values were taken from Table 4.6.1.1).

http://etd.ligyéc.ac.za/



Chapter 4: Results and discussion

0.004 -
0.002 1
0.000 A
”a )
é -0.002 A
= J
L -0.004 -
5 — 10 mV/s
] — 30 mV/s
-0.008 40 mV/s
l 50 mV/s
-0.010
-0.012 i . I : i . 0 '
-1.0 -0.5 0.0 05 1.0

Potential (V)

Figure 4.6.1.14: Cyclic voltammogram of the kesterite nanoparticles (10 — 50 mV/s).
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Figure 4.6.1.15: Cyclic voltammogram of the kesterite nanoparticles (60 — 100 mV/s).
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Table 4.6.1.2: Redox parameters obtained from the cyclic voltammograms of the kesterite
nanoparticles from 10 — 100 mV/s. (The values were taken from Fig. 4.6.1.14 and Fig.
4.6.1.15).

Kesterite Ipa (MA) Ipc (MA) Epa (V) Epc (V) AEp E' (mV)
(mV)
10 0.0029 -0.0001 -0.1153 -0.8546 7.25 -484.95
20 0.0024 -0.0004 -0.0378 -0.9817 7.25 -509.75
30 0.0023 -0.0005 -0.2668 -0.8239 7.25 -545.35
40 0.0020 -0.0005 -0.2172 -0.8427 7.25 -529.95
50 0.0017 -0.0006 -0.0845 -0.9663 7.25 -525.40
60 0.0015 -0.0006 -0.0783 -0.9817 7.25 -530.00
70 0.0012 -0.0006 -0.0908 -0.9691 7.25 -529.95
80 0.0010 -0.0005 -0.0908 -0.9970 7.25 -543.90
90 0.0008 -0.0005 -0.0748 -1.0249 7.25 -549.85
100 0.0007 -0.0005 -0.0908 -1.0375 7.25 -564.15
0.0030 -
0.0025 -
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—2 0.0010 - Equaion e
Intercept 000399 = BT56ITES
0.0005 - T N—— L PR EE S BRI
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Figure 4.6.1.16: Randles—Sev¢ik plots of the CVs of kesterite nanoparticles. (I, values
were taken from Table 4.6.1.2).
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Figure 4.6.1.17: Cyclic voltammogram of the doped kesterite nanoparticles (10 — 50

mV/s).
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Figure 4.6.1.18: Cyclic voltammogram of the doped kesterite nanoparticles (60 — 100
mV/s).
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Table 4.6.1.3: Redox parameters obtained from the cyclic voltammograms of the doped
kesterite nanoparticles from 10 — 100 mV/s. (The values were taken from Fig. 4.6.1.17 and

Fig. 4.6.1.18).

Doped Ipa (mA) Ipc (mA) Epa (V) Epc (V) AEp E’ (mV)
Kesterite (mV)
10 0.0089 -0.0005 -0.1181 -0.7094 4.80 -413.75
20 0.0096 -0.0008 0.0208 -0.8489 4.80 -414.05
30 0.0139 -0.0023 0.0117 -0.8979 4.80 -443.10
40 0.0198 -0.0036 0.0516 -0.9200 4.80 -434.20
50 0.0286 -0.0060 0.0670 -0.9258 4.80 -429.40
60 0.0690 -0.0085 -0.2300 -1.0779 4.80 -653.95
70 0.0560 -0.0130 -0.1090 -0.8267 4.80 -467.85
80 0.0630 -0.0020 0.0271 -0.9817 4.80 -477.30
90 0.0710 -0.0090 0.0579 -0.7897 4.80 -365.90
100 0.0780 -0.0110 0.0613 -0.7994 4.80 -369.05
0.08 =
|= o= z
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Figure 4.6.1.19: Randles—Sev¢ik plots of the CVs of doped kesterite nanoparticles. (lp
values were taken from Table 4.6.1.3).

From the tables and graphs above, its seen that the Ce2O2Fe2OSe; nanoparticles are the
most conductive as its anodic and cathodic peak current values are the greatest, along with
having the highest AE, (mV) and E° (mV) values. It’s also seen that doping the kesterite

nanoparticles with the Ce,O,Fe>OSe> nanoparticles improves their conductivity as the
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anodic and cathodic peak current values are the greater for the doped Kkesterite
nanoparticles than the normal kesterite nanoparticles. It’s seen that a “linear relationship
with the square root of the scan rate is indicated by the peak current”, thus further confirms
the fact that the peak current is directly proportional to the concentration of the ions in the
majority of the material. Thus, the electrochemical process occurring at the surface of these
electrodes is diffusion controlled.

Table 4.6.1.4: Electrochemical and Optical band gap of the cerium and iron oxyselenide,
kesterite and doped kesterite nanoparticles.

Sample Electrochemical band gap Optical band gap (eV)
(eV)
Ce,0,Fe,08Se; 0.48 1.66
Kesterite 0.67 241
Doped kesterite 0.46 241

Table 4.6.1.2 shows a difference between the electrochemical and optical bandgap for all
samples; therefore, the electrochemical and optical bandgaps are not in agreement with
each other. From the table, it seen the doped kesterite has the lowest electrochemical band
gap and its optical band gap is in line with the kesterites optical band gap. From the results,
the doped kesterite nanoparticles are better suited for use in PV applications due to their
lower electrochemical band gap, thus, indicating that doping the kesterite nanoparticles

with cerium and iron oxyselenide does in fact reduce the kesterite electrochemical band
gap.

4.6.2 Electrochemical Impedance Spectroscopy

“Electrochemical impedance spectroscopy (EIS)” is a “measurement of the response of an
electrode to a sinusoidal potential modulation at different frequencies”, with one of the
modules being superimposed either onto an applied anodic, cathodic or an open circuit
potential. EIS is also used to study and determine the “resistance of the solution Rs, double
layer capacitance Ca, charge transfer resistance Rt and Warburg impedance” which helps
in evaluating the Warburg diffusion value. Essentially Warburg is constant phase element
with a constant phase shift of 45° and its impedance can be defined by resolving Fick’s
law. The mathematical approach of electrochemical impedance data is based on Ohm’s
law, “where the linear interdependency is between potential perturbation and current
response or vice versa”. Keep in mind, that the potential-current dependencies of
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electrochemical systems in general are non-linear [69—-73]. Zview software was used to fit
the EIS data in order to obtain the resistance values, Warburg diffusion coefficient and
double layer capacitance values, from this fitting the equivalent circuit of the EIS spectra
can be obtained. EIS was performed on the cerium and iron oxyselenide dopant, kesterite
and doped kesterite nanoparticles to see the effect of the dopant on the interface resistance,
which yielded two different spectra, Bode plot and Nyquist plot. Nyquist plot shows the
relation between the imaginary impedance and real impedance and Bode plot is the plot of
total Impedance against frequency both as logarithm values as well as phase angle against

frequency where frequency is in logarithm form.
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Figure 4.6.2.1: Fitted Nyquist plot of the Ce20O2Fe.,OSe, nanoparticles with inset of the

equivalent circuit simulated using ZView.
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Figure 4.6.2.2: Fitted Nyquist plot of the kesterite nanoparticles with inset of the

equivalent circuit simulated using ZView.
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Figure 4.6.2.3: Fitted Nyquist plot of the doped kesterite nanoparticles with inset of the

equivalent circuit simulated using ZView.
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The fitted equivalent circuit for the Ce,O2Fe>OSe, nanoparticles:

Rs CPE1
AN
Rect
The fitted equivalent circuit for the kesterite nanoparticles:
Rs CPE1
VA
Ret

The fitted equivalent circuit for the doped kesterite nanoparticles:

Rs CPE1
AN >>

To compare the spectra of the three nanoparticles, fitted and unfitted plots were obtained.
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Figure 4.6.2.4: Nyquist plot comparing the Ce202Fe.OSe;, kesterite and doped kesterite

nanoparticles.
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Table 4.6.2: Fitted equivalent circuit values for the as-synthesized nanoparticles.

Rs (Q) CPE1-P (°) Ret (Q)
CeZOzFEZOsez 1285 0.74215 84.64
Kesterite 57.84 0.78603 625
Doped Kesterite 105.6 0.81771 91.44

Fig. 4.6.2.1 — 4.6.2.3 shows the fitted nyquist plots for the Ce>O.Fe>OSe,, kesterite and
doped kesterite nanoparticles respectively along with the inset equivalent circuits, while
table 4.6.2 summarizes the equivalent circuit parameters obtained by best fitting the
impedance data. Rs, CPE1-P and Rt make up the equivalent circuit elements, with Rs
being the ohmic series resistance of the electrode system, contributing to the electrical
contact of the electrode-electrolyte and resistivity of electrolyte solution. CPE1-P stands
for the chemical capacitance at the electrode-electrolyte inter-face with values ranging
from 0 - 1. Where 1 describes ideal capacitive behaviour while O describes pure resistive
character and Rt represents recombination charge transfer resistance. Looking at table
4.6.2, its seen that the cerium and iron oxyselenide nanoparticles have the lowest Rt =
84.64 Q, the kesterite nanoparticles have the greatest Ret = 625 Q while the doped kesterite
nanoparticles have the second lowest R¢t = 91.44 Q. The cerium and iron oxyselenide and
doped kesterite nanoparticles with the lowest Rct values indicates that they are the most
conductive while the kesterite nanoparticles with the greatest Ret value indicates that it is
the least conductive. This shows that doping the kesterite nanoparticles with the cerium
and iron oxyselenides does greatly reduce the charge transfer resistance making the
nanoparticles far more conductive which is ideal for photovoltaic applications. It’s also
known that doped kesterite nanoparticles with reduced/lower R values, show good
catalytic activity. The fitted equivalent circuit of all the nanoparticles didn’t fit with a
Warburg, this is supported by the bode plots where the phase angles of the nanoparticles
did not start or end at 45° which is a constant phase parameter for a Warburg diffusion [74—
79]. The Bode plot offers several advantages over the Nyquist plot such as; the individual
charge transfer processes are resolvable; the frequency is explicit and small impedances in

presence of large impedances can be identified easily.
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Figure 4.6.2.5: EIS Bode plot of the Ce»O2Fe>OSe, nanoparticles.
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Figure 4.6.2.6: EIS Bode plot of the kesterite nanoparticles.

http://etd.lﬂ\éc.ac.za/



Chapter 4: Results and discussion

2
200 —m— Magnitude
_I-—l—l—-l-—.._..__.._-. —m—Phase angle Lo
—— PE— e -
R N N Doped Kesterite
180 ~u
u - -2
. .\\
L 4 T©
160 \\ \ 4 2
G 7]
< \ | 5 ©
= Jd
o 140 \
2 / L s B
\ L 10
120 \
.\ -/./ [
L -14
100 L) LI} ll L L L L] LENLEN I l L) L] L] L] LB II T T L] L] LB LIS
10 100 1000 10000

log Frequency (Hz)

Figure 4.6.2.7: EIS Bode plot of the doped kesterite nanoparticles.

When looking at the bode plots, Fig. 4.6.2.5 shows the Bode plot of the Ce2O2Fe.OSe;
nanoparticles measured with the frequency range 9 kHz to 100 Hz and a potential of -1.9
V. The phase angle starts off low at -1.4° and increases along with a magnitude of 211.21
Q that decreases slightly at the lower frequency range (0 — 60 Hz), suggesting some
electron transfer resistance from CE to electrolyte and thus possesses electrical
conductivity due to a low phase shift. From low-frequency range to the mid-frequency
range there is a rapid increase in the phase angle while the magnitude decreases rapidly. At
the mid-frequency range (100 — 1000 Hz), the phase angle reaches a maximum of -9.5° and
begins levelling off then decreases while the magnitude continues to rapidly decrease from
178.07 Q to 152.83 Q. As the phase angle decreases from -7° to -2° while the magnitude
continues to decrease from 137.85 Q to 130.94 Q in the higher frequency range (1050 —
10000 Hz) the electrical conductivity remains constant. The low phase angle and
conductivity of the CexO.Fe>OSe, nanoparticles is due to their low electrochemical
reactivity [69,70,80,81]. Fig. 4.6.2.6 shows the bode plot of the kesterite nanoparticles
measured with the frequency range 9 kHz to 100 Hz and a potential of -1.9 V. The phase
angle starts off at 9.7° then rapidly increases along with a magnitude of 633.28 Q which

decreases at the lower frequency range (0 — 60 Hz), suggesting a small electron
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transferring resistance from CE to electrolyte resulting in electrical conductivity. From
low-frequency range to the mid-frequency range, the trend in the phase angle continues
along with a rapid decrease in magnitude. At the mid-frequency range (100 — 1000 Hz), the
phase angle reaches a maximum of 43° then starts decreasing while the magnitude
continues to decrease from 264.29 Q to 95.92 Q. As the phase angle begins rapidly
decreasing to 7° while the magnitude starts levelling off to 61.95 Q in the higher frequency
range (1050 — 10000 Hz) the electrical conductivity increases [69,70,80,81]. Fig. 4.6.2.7
shows the bode plot of the doped kesterite nanoparticles measured with the frequency
range 9 kHz to 100 Hz and a potential of -1.85 V. The phase angle starts off at 0.3° then
slightly increases along with a stable magnitude of 196.24 Q at the lower frequency range
(0 — 60 Hz), suggesting some electron transferring resistance from CE to electrolyte and
thus indicating electrical conductivity due to a low phase shift. From low-frequency range
to the mid-frequency range there is a slight increase in the phase angle along with a stable
magnitude. In the mid-frequency range (100 — 1000 Hz), the phase angle increases rapidly
from -2.7° to -12.2° while the magnitude decreases rapidly from 189.05 Q to 162.45 Q. At
the high-frequency range (1050 — 10000 Hz), the phase angle reaches a maximum of -13°
then decreases to -7° while the magnitude decreases slowly from 139.85Q then levels off
to 113.03 Q suggesting a constant electrical conductivity [69,70,80,81]. Thus, doping the
kesterite with Ce,O2Fe,OSe, nanoparticles increases its conductivity.

4.6.3 Electrochemical Efficiencies

With solar energy being one of the most prominent and sought-after renewable energy
sources, extensive investment, research and development has been done in this field in
order to maximize efficiency and output power from solar cells (at device-level) and solar
farms (at system-level). Kesterite solar cells are of major interest possessing a world record
efficiency of 12.6%. In order to characterize the performance and efficiencies of solar
cells, certain parameters must be determined. These parameters are; “peak power (Pmax),
short-circuit current density (Jsc), open circuit voltage (Voc) and the fill factor (FF)”, once
these parameters are known the conversion efficiency (1) can be determined. “The current
that flows through the external circuit when the electrodes of the solar cell are short
circuited is termed the short circuit current (Isc) and depends on the photon flux incident on
the solar cell”. The Isc depends on the area of the solar cell and to remove this dependence,

the short-circuit current density is used to describe the maximum current delivered by a
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solar cell. The major performance gap between CZTS and CIGS solar cells is the large
open circuit voltage deficit. Thus, the “Voc deficit is the key limiting factor” for highly
efficient CZTS solar cells. The open-circuit voltage is the maximum voltage that a solar
cell can deliver, and is the voltage at which no current flows through the external circuit.
The ratio between the “maximum power (Pmax = JmppVmpp)”” Of & solar cell and the product
of Voc with Jsc is known as the fill factor. The ratio between the maximal generated power

and the incident power is calculated to determine the conversion efficiency [82-86].
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Figure 4.6.3.1: I-V curve of the Ce202Fe,OSe; nanoparticles at a scan rate of 100 mVs.
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Figure 4.6.3.2: 1-V curve of the kesterite nanoparticles at a scan rate of 100 mVs.
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Figure 4.6.3.3: 1-V curve of the doped kesterite nanoparticles at a scan rate of 100 mVs.

Table 4.6.3.1 shows the electrochemical efficiencies of the Ce;O2Fe,OSe> nanoparticles at
different scan rates. It is seen that at the scan rate of 100 mV/s the nanoparticles show very
good parameters: lsc = 5.547 UA/ cm?, Eqc = 0.433 V, Pt = 2.405 umW, Pmax = 17.238
umW, FF = 7.17 % and an efficiency of 1 = 8.62 %. As the scan rate decreases the
parameters greatly diminish with the results of the scan rate of 10 mV/s being the worst: Isc
= 0.477 pA/ cm?, Eqc = 0.451 V, Pt = 0.215 umW, Pmax = 4.320 pmW, FF = 20.08 % and
an efficiency of 1= 2.16 %. This efficiency is very good due to the parameters, with the FF
fluctuating as the scan rate increases from 10 to 100 mV/s. The overall efficiency of the
Ce;02Fe20Se2 dopant nanoparticles is 11 = 8.62 %, which is very good. Fig 4.6.3.1, shows
the I-V curve of the Ce,O2Fe,OSe> nanoparticles at a scan rate of 100 mVs, the scan rate
with the best results and the highest efficiency of n = 8.62 %, which shows that the open
circuit voltage 0.433 V of the nanoparticles is lower than the bandgap 0.11 eV. The low FF
of 7.17 % can be attributed to a high series resistance resulting from the back contact
electrical characteristics [87—-95]. Table 4.6.3.2 shows the electrochemical efficiencies of
the kesterite nanoparticles at different scan rates. It shows that at the scan rate 10 mV/s the
nanoparticles show very poor parameters: lsc = 0.887 WA/ cm?, Eoc = 0.253 V, Pt = 0.224
uMW, Pmax = 2.060 pumW, FF = 9.19 % and an efficiency of n = 1.03 %. This efficiency is
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incredibly low due to the poor parameters, whereas, at the scan rate 100 mV/s the
parameters greatly improve: lsc = 0.300 HA cm?, Eqc = 0.030 V, Pt = 0.009 pmW, Pmax =
6.521 umW, FF = 72.46 % and an efficiency of 1 =3.26 %. The values of the Eqc fluctuate
while the scan rate increases indicating a potential fault in the characterization run or
human error during the synthesis of the kesterite nanoparticles. The overall efficiency of
the kesterite nanoparticles is 1 = 3.26 % which is good. Fig 4.6.3.2, shows the 1-V curve of
the kesterite nanoparticles at a scan rate of 100 mVs, the scan rate with the best results and
the highest efficiency of n = 3.26 %, which shows that the open circuit voltage 0.030 V of
the nanoparticles is lower than the bandgap 0.10 eV. This is a problem known as Vo
deficit. This problem occurs in solar cells for example at the CdS/ CZTS interface due to
dominant recombination [87-95]. Table 4.6.3.3 shows the electrochemical efficiencies of
the doped kesterite nanoparticles at different scan rates. It is seen that at the scan rate 10
mV/s the nanoparticles show very poor parameters: lsc = 0.816 LA/ cm?, Eqc = 0.348 V, Pr
= 0.284 umW, Pmax = 1.524 umW, FF = 5.36 % and an efficiency of n = 0.762 %.
Whereas, at the scan rate 100 mV/s the parameters greatly improve: I = 1.603 pA cm?,
Eoc = 0.022 V, Pt = 0.036 umW, Pmax = 11.581 umW, FF = 32.84 % and an efficiency of n
=5.79 %. The values of the Eqc decrease while the scan rate increases which is unusual and
should not happen as the other parameters improved with a greater scan rate. The overall
efficiency of the doped kesterite nanoparticles is 1 = 5.79 %. Fig 4.6.3.3, shows the I-V
curve of the doped kesterite nanoparticles at a scan rate of 100 mVs, the scan rate with the
best results and the highest efficiency of n = 5.79 %, which shows that the open circuit
voltage 0.022 V of the nanoparticles is lower than the bandgap 0.36 eV, indicating a Voc
deficit. When comparing the electrochemical properties of the kesterite and doped
kesterite, its seen that the doped kesterites electrochemical properties are greatly improved
with an overall electrochemical efficiency of n = 5.79 %, which is far greater than the
overall electrochemical efficiency of the kesterite nanoparticles 1 = 3.26 %.Therefore,
doping the kesterite material with Ce.O2Fe>OSe> nanoparticles does improve the materials
electrochemical properties, making the doped kesterite material better suited for use in
photovoltaic applications. It is known that high recombination losses are a probable cause
for the low efficiency of CZTS cells. This possibly results from the carrier trap producing
deep defect levels or by interface states. Knowing about the absorber surface properties
and defect structure, could lead to possible improvements of the electrical properties of the
CZTS material by modifying the surface composition [87-95].
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CHAPTER 5

KESTERITE AND DOPED KESTERITE DEVICE RESULTS
AND DISCUSSION

Chapter overview

This chapter describes the fabrication process of the kesterite and doped kesterite solar
cells, followed by an analysis of their photovoltaic and electrochemical properties. The
various characterizations help determine the various properties exhibited by these

fabricated solar cells.

5.1 Fabricated device structure

".!-"i": = T‘:";:]""
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Glass Substrate Glass Substrate

Figure 5.1: Device architecture of the prepared kesterite and doped kesterite PV cells.
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5.2 Device efficiency measurement

The kesterite and doped kesterite device power conversion efficiencies were obtained by I-
V curve diode measurement. In order to characterize the performance and efficiencies of
solar cells, certain parameters must be determined. These parameters are; “peak power
(Pmax), short-circuit current density (Jsc), open circuit voltage (Voc) and the fill factor (FF)”,
once these parameters are known the conversion efficiency () can be determined. The
major performance gap between CZTS and CIGS solar cells is the large open circuit
voltage deficit. Thus, the “Vo deficit is the key limiting factor” for highly efficient CZTS
solar cells. The open-circuit voltage is the maximum voltage that a solar cell can deliver,
and is the voltage at which no current flows through the external circuit. The ratio between
the “maximum power (Pmax = JmppVmpp)”” OF & solar cell and the product of Voc with Jsc iS
known as the fill factor. The ratio between the maximal generated power and the incident

power is calculated to determine the conversion efficiency [1-5].

Table 5.2.1: Electrochemical efficiencies of the kesterite solar cell at the different pixels

on the cell.
Pixel PCE FF (%) Jse (MA.cm?) | Voc (V) | MP (W) Rshunt Rseries
(%) (Ohm.cm?) | (Ohm.cm?)
1-1 0.003 33.496 -0.732 0.011 0.003 15.134 15.101
1-2 0.003 29.265 -0.763 0.013 0.003 16.469 16.454
1-3 0.003 11.686 -0.627 0.004 0.003 7.032 7.048
1-4 0.003 12.977 -0.637 0.004 0.003 6.455 6.450
1-5 0.003 53.870 -0.706 0.008 0.003 11.018 11.017
1-6 0.008 24.816 -0.813 0.043 -0.009 52.569 52.112
1-7 0.481 59.459 -0.900 0.900 -0.481 3501.523 112.302
1-8 0.003 35.071 -0.755 0.011 0.003 14.402 14.351

Table 5.2.1 shows the electrochemical efficiencies of the different cells in the kesterite
photovoltaic cell. The electrochemical performance of the photovoltaic cell is low across
the eight cells. Cell 7 has the best electrochemical performance with the greatest efficiency
of 0.48%, Jsc of -0.90 mA/cm?, Ve of 0.90 V and an FF of 59.46.
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Figure 5.2.1: J-V Curve showing the power conversion efficiency of the kesterite 1-1

photovoltaic cell.
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Figure 5.2.2: J-V Curve showing the power conversion efficiency of the kesterite 1-2

photovoltaic cell.
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Figure 5.2.3: J-V Curve showing the power conversion efficiency of the kesterite 1-3

photovoltaic cell.
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Figure 5.2.4: J-V Curve showing the power conversion efficiency of the kesterite 1-4

photovoltaic cell.
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Figure 5.2.5: J-V Curve showing the power conversion efficiency of the kesterite 1-5
photovoltaic cell.

30

Kesterite 1-6

J.. = -0.81 mA/cm? |
V, =0.04V

N
[&)]

n = 0.008%

- - N
(&) [e] (&) o

Current density (mA/cm?)

o

. . —
-0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 5.2.6: J-V Curve showing the power conversion efficiency of the kesterite 1-6

photovoltaic cell.
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Figure 5.2.7: J-V Curve showing the power conversion efficiency of the kesterite 1-7

photovoltaic cell.
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Figure 5.2.8: J-V Curve showing the power conversion efficiency of the kesterite 1-8
photovoltaic cell.
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Figure 5.2.9: J-V Curve showing the power conversion efficiency of all the kesterite
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photovoltaic cells.

Table 5.2.2: Electrochemical efficiencies of the doped kesterite solar cell at the different

cells.
Pixel PCE FF (%) Jsc (mA.cm'Z) Voc (V) MP (W) Rshunt Rseries
(%) (Ohm.cm?) | (Ohm.cm?)

Devicel-1 | 0.004 7.719 -0.158 0.0003 0.004 2.319 2.319
Devicel1-2 | 0.004 1.683 -0.107 0.0002 0.004 2.305 2.305
Device1-3 | 0.003 9.604 -0.327 0.0010 0.003 3.241 3.241
Devicel-4 | 0.003 31.014 -0.467 0.0019 0.003 4,281 4.284
Device1-5 | 0.003 65.609 -0.955 0.0042 0.003 6.800 6.881
Device1-6 | 0.003 21.304 -0.585 0.0023 0.003 4.629 4.643
Device1-7 | 0.003 13.937 -0.540 0.0034 0.003 6.149 6.148
Device1-8 | 0.003 22.126 -0.495 0.0025 0.003 4.875 4.870

Table 5.2.2 shows the electrochemical efficiencies of the different cells in the doped

kesterite photovoltaic cell. The electrochemical performance of the photovoltaic cell is low

across the eight cells. Cell 5 has the best electrochemical performance with an efficiency of
0.003%, Jsc of -0.96 mA/cm?, Vo of 0.004 V and an FF of 65.61.

http://etd.li%c.ac.za/




Chapter 5: Fabrication of device

800

J  =-0158 mA/cm?2 ‘— Doped Kesterite 1-1
sC :

V. =0.0003V

n=0.004%

600

N B
o o
o o
1 1

-400 -~

Current density (mA/cm?)

-600 -~

-800 T T T ) T : T ! T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Voltage (V)

Figure 5.2.10: J-V Curve showing the power conversion efficiency of the doped kesterite

1-1 photovoltaic cell.
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Figure 5.2.11: J-V Curve showing the power conversion efficiency of the doped kesterite

1-2 photovoltaic cell.

http://etd.li\;\éc.ac.za/



Chapter 5: Fabrication of device

8004 J_ =-0.327 mA/lcm? Doped Kesterite 1-3

1 v..=0001V
n = 0.003%

[o2]

(@]

o
1

400 +

200

o
M 1 M

R
]
)
1

-400 4

Current density (mA/cm?)

-600 -

-800 T T T Y T - T f T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Voltage (V)

Figure 5.2.12: J-V Curve showing the power conversion efficiency of the doped kesterite

1-3 photovoltaic cell.
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Figure 5.2.13: J-V Curve showing the power conversion efficiency of the doped kesterite

1-4 photovoltaic cell.
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Figure 5.2.14: J-V Curve showing the power conversion efficiency of the doped kesterite

1-5 photovoltaic cell.
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Figure 5.2.15: J-V Curve showing the power conversion efficiency of the doped kesterite

1-6 photovoltaic cell.
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Figure 5.2.16: J-V Curve showing the power conversion efficiency of the doped kesterite

1-7 photovoltaic cell.
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Figure 5.2.17: J-V Curve showing the power conversion efficiency of the doped kesterite

1-8 photovoltaic cell.
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Figure 5.2.18: J-V Curve showing the power conversion efficiency of all the doped
kesterite photovoltaic cells.

While analyzing the kesterite solar cells, eight 1\VV-curve characterizations were performed
on the eight fabricated kesterite cells. Of these cells only one cell provided a good
efficiency. Table 5.2.1 and Fig. 5.2.1 — Fig 5.2.9, presents the electrochemical results for
these eight kesterite cells. The kesterite cells 1-1 to 1-6 and the device 1-8, had very poor
electrochemical properties such as fill factors (FF) that are very low, the Vo of these
devices are not adequate either. This is a problem known as Vo deficit. This problem
occurs in solar cells for example at the CdS/ CZTS interface due to dominant
recombination. Kesterite cell 1-1, had poor electrochemical properties such as a low FF of
33.495%, Jsc of -0.732 mA/cm?, a poor Vo of 0.011 V and a lackluster efficiency of
0.003%. Kesterite cell 1-2, had poor electrochemical properties such as a low FF of
29.265%, Jsc of -0.763 mA/cm?, a poor Vo of 0.013 V and a low efficiency of 0.003%.
Kesterite cell 1-3, had poor electrochemical properties such as a low FF of 11.686%, Jsc of
-0.627 mA/cm?, a poor Voc of 0.004 V and a poor efficiency of 0.003%. Kesterite cell 1-4,
had poor electrochemical properties such as a low FF of 12.977%, Js of -0.637 mA/cm?, a
poor Vo of 0.004 V and a lackluster efficiency of 0.003%. Kesterite cell 1-5, had poor

electrochemical properties with an average FF of 53.870%, Jsc of -0.706 mA/cm?, a poor
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Voc Of 0.008 V and a low efficiency of 0.003%. Kesterite cell 1-6, had poor
electrochemical properties such as a poor FF of 24.816%, Js; of -0.813 mA/cm?, a poor V.
of 0.043 V and a low efficiency of 0.008%. Kesterite cell 1-7 had the greatest efficiency of
0.48%, Jsc of -0.90 mA/cm?, Vo of 0.90 V and an FF of 59.46%. Kesterite cell 1-8, had
poor electrochemical properties such as a low FF of 35.071%, Jsc of -0.755 mA/cm?, a poor
Voc 0f 0.011 V and a lackluster efficiency of 0.003% [6-15]. Analyzing the doped kesterite
solar cells, eight IV-curve characterizations were performed on the eight fabricated doped
kesterite cells. Table 5.2.2 and Fig. 5.2.10 — Fig 5.2.18, presents the electrochemical results
for these eight kesterite cells. The doped kesterite cells 1-1 to 1-4 and the cells 1-6 to 1-8,
had very poor electrochemical properties such as poor FFs, the Vo of these devices are not
adequate either. Doped kesterite cell 1-1, had poor electrochemical properties such as a
low FF of 7.719%, Jsc of -0.158 mA/cm?, a Ve of 0.0003 V and an efficiency of 0.004%.
Doped kesterite cell 1-2, had poor electrochemical properties such as a low FF of 1.683%,
Jsc 0f -0.107 mA/cm?, a Vo 0of 0.0002 V and an efficiency of 0.004%. Doped kesterite cell
1-3, had poor electrochemical properties such as a low FF of 9.604%, Jsc of -0.327
mA/cm?, a Vo of 0.001 V and an efficiency of 0.003%. Doped kesterite cell 1-4, had poor
electrochemical properties such as a low FF of 31.014%, Jsc of -0.467 mA/cm?, a Voc of
0.002 V and an efficiency of 0.003%. Doped kesterite cell 1-5 had the greatest
electrochemical properties with an efficiency of 0.003%, Js. of -0.955 mA/cm?, Vo of
0.004 V and an FF of 65.61%. Doped kesterite cell 1-6, had poor electrochemical
properties such as a low FF of 21.304%, Jsc of -0.585 mA/cm?, a Vo of 0.002 V and an
efficiency of 0.003%. Doped kesterite cell 1-7, had poor electrochemical properties such as
a low FF of 13.937%, Jsc of -0.540 mA/cm?, a Vo of 0.003 V and an efficiency of 0.003%.
Doped kesterite cell 1-8, had poor electrochemical properties such as a low FF of 22.126%,
Jsc Of -0.495 mA/cm?, a Voc of 0.003 V and an efficiency of 0.003% [6-15]. When
comparing the electrochemical properties of the kesterite and doped kesterite cells, its seen
that the kesterite cell electrochemical properties are greater than those of the doped
kesterite cell, suggesting that doping the kesterite with cerium and iron oxyselenides has
reduced the photovoltaic applications of the kesterite cell as the efficiency is reduced from
0.48% in the kesterite cell to 0.003% in the doped kesterite cell, this trend can be seen
amongst almost all of the eight kesterite cells and doped kesterite cells. There are many
factors that are influencing these results, including lack of optimization of the photovoltaic
devices. Furthermore, major issues such as a large open-circuit voltage (Voc) deficit; the
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presence of the secondary, mid-gap states and band tails are all playing a pivotal role in
heavily reducing or hindering the improvements and advancements in CZTS solar cell
PCEs [16-19]. Improvements on these low efficiencies can be obtained via various
optimization techniques accompanied by further and more advanced research techniques
and strategies. For example, a CZTS device with a power conversion efficiency of over
10% was fabricated by Hao, et al. in 2018, by using a heterojunction heating treatment
process to reduce heterojunction recombination [20]. It is known that high recombination
losses are a probable cause for the low efficiency of CZTS cells. This possibly results from
deep defect levels that act as carrier traps or by interface states [21-24]. Having knowledge
about the absorber surface properties and defect structure, could lead to possible
improvements of the electrical properties of the CZTS material by changing the surface
composition [6-13]. Another aspect resulting in the poor electrochemical properties is that
the conventional kesterite photovoltaic devices are fabricated on molybdenum coated solar
lime glass, but during the fabrication of our device, ITO glass was only available for use in
the fabrication which ultimately reduced the electrochemical properties as the molybdenum
coated solar lime glass has major advantages over the 1TO glass for the cell integration of
kesterite solar cells [25,26]. Another factor influencing the performance of these devices is
the conduction band of set (CBO) between the absorber and buffer layers (p-CZTS and n-
CdS). S. E. Maklavani and S. Mohammadnejad found that the maximum efficiency is
obtained with a conduction band offset of + 0.4 eV after optimizing the absorber and buffer
layers’ thickness and doping concentration [27]. There would also be a 9% reduction in
efficiency resulting from the increase in conduction band offset from 0.4 to 0.7 eV [27—
29]. A major drawback of kesterite devices is that they suffer from cation-disordering
defects and defect clusters, causing severe potential fluctuation, low minority carrier
lifetime as well as unsatisfactory performance. J. Le, et al, have found that an effective
way for suppressing detrimental intrinsic defects and activating desirable shallow acceptor
Cu vacancies can be obtained by controlling the oxidation states of cations and modifying
the local chemical composition, resulting in a confirmed 12.5% device efficiency [30].
From these major negative aspects of the kesterite material, when doping the kesterite
material the negative aspects of the material are also influenced and in the case of the
Ce202Fe20Se2, the negative aspects of the kesterite material are enhanced which results in

the reduced electrochemical and photovoltaic efficiencies of the solar cell.
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Kesterite (CZTS) materials have been studied and analyzed for use in photovoltaics in
order to harness solar energy and enable the world to lean more towards the use of
renewable energy. In this study, selenide kesterites were doped with nanoscopic cerium
and iron oxyselenide (Ce.O2Fe>OSez) as a means to improve the photovoltaic and
electrochemical efficiencies of the kesterite material. The pristine kesterite and doped
kesterite materials were synthesized via a polyol method, with various calcination steps for
the Ce.O2Fe-,OSe> prior to doping the kesterite material. These materials underwent
various characterization studies. The FTIR studies showed that the doped kesterite material
consisted of the same general vibration stretches across v(O-H), v(C-H), v(C-H2) and v(C-
0) as found in the pristine kesterite material. This doped kesterite also possessed similar
Ce-0 and Fe-O stretching modes of vibration as seen in the Ce,O2Fe>0Se», confirming the
complete incorporation of the Ce:O2Fe20Se; into the kesterite framework. XRD studies
conducted on these materials showed crystalline patterns and indicated the existence of
secondary phases in the kesterite material. The crystalinity of the materials shown by XRD
was supported by the SAX results. The HRSEM and HRTEM analysis of the materials
highlighted important characteristics of the materials. These investigations presented
highly agglomerated spheres with a non-porous, inhomogeneous composition, forming an
L like shape with a polycrystalline nature of the Ce2O.Fe>OSe, nanoparticles. The kesterite
nanoparticles possessed an irregular rod and spherical polycrystalline shape with a porous
and homogeneous composition with some level of agglomeration. The doped kesterite
nanoparticles consists of a porous inhomogeneous composition forming a spherical shape
with a high level of agglomeration and polycrystalline in nature. The HRSEM and
HRTEM results agree with the SAXs data together with the XRD data, indicating crystal
sizes of 10.30 nm, 11.03 nm and 9.45 nm for the Ce>O2Fe.OSe;, kesterite and doped
kesterite nanoparticles respectively. The optical analysis from UV-Vis showed the optical
band gaps of the Ce.O2Fe>OSe>, kesterite and doped kesterite nanoparticles to be 1.59 eV,
2.25 eV and 2.20 eV respectfully, thus indicating the doped kesterite nanoparticles
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superiority over the pristine kesterite nanoparticles for light absorption as well as for
photovoltaic applications. According to the electrochemical analysis, the doped kesterite
nanoparticles outperformed the pristine kesterite nanoparticles as seen from the various
electrochemical characterization techniques performed. According to the CV, both the
pristine and doped kesterite nanoparticles had a high peak current in both the forward and
reverse reactions but although high, the doped kesterite nanoparticles had lower peak
currents than the pristine kesterite nanoparticles. From the CV data, the electrochemical
band gaps were obtained being, 0.48 V, 0.67 V, 0.46 V for the Ce;O2Fe 0Se>, kesterite
and doped kesterite nanoparticles respectively. EIS studies produced both Nyquist and
Bode plots for all the materials, and from these its shown that the Ce2O.Fe,OSe>, kesterite
and doped kesterite nanoparticles have a Rct of 84.64 Q, 625 Q and 91.44 Q respectively,
suggesting that doping the pristine kesterite material with Ce;O2Fe>OSe> does significantly
reduce the resistance of the kesterite material which proves that the doped kesterite is less
resistive thus a better conductor than the pristine kesterite material. The 1-V curves of the
materials indicated that the Ce;02Fe20Se,, kesterite and doped kesterite nanoparticles have
efficiencies (n) of 8.62%, 3.26% and 5.79%, respectively. Thus, indicating that the doped
kesterite has a greater electrochemical efficiency than the pristine kesterite material and
would be best suited for photovoltaic applications. At this point of the study the doped
kesterite nanoparticles have proven to be better suited over the pristine kesterite materials
for use in photovoltaics. The next section of this study is the fabrication of a pristine and
doped kesterite solar cell. The two solar cells were fabricated via a spin coating method.
Electrochemical characterization techniques were performed on the cells and the pristine
kesterite cell had an efficiency of 0.48% while the doped kesterite cell had an efficiency of
0.003%. These efficiencies were not expected as it contradicts the findings of the materials
in their nanoparticle form. A major reason for the obtained efficiencies is due to the poor
choice in fabrication methods, as spin coating using nanoparticles does not work due to the
nanoparticles being insoluble and rather being suspended in solution. A second reason for
the unexpected results is due to the fact that there was no optimization carried out during
device fabrication. This study has added invaluable knowledge and importance to the study
and use of kesterite materials for use in photovoltaics and/or other electrochemical fields.
This work has shown that there is possibility in improving kesterite materials by doping

them with nanoscopic cerium and iron oxyselenides or materials of the same family.
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6.2 Recommendations

In future works, fabrication methods of the kesterite solar cell should take into
consideration the chemistry of nanoparticles and that they are not soluble. Another method
of improving kesterite solar cell fabrication is the inclusion of optimization studies which
should be done during fabrication as to obtain improved PCE for the novel nanoparticles.
This could be achieved by varying the ratio of the materials used, since it’s known that
kesterite solar cells with slight high zinc ratio perform better. Taking account of various
temperature parameters, the kesterite solar cell can be improved as these temperatures will
help determine the best temperature that yield an optimal device. Layer thickness can
influence the cell as adequate volume of the layers available for absorbing and converting
light to useful energy can significantly enhance the efficiency. A fabrication method that
would work well is vacuum deposition as it can deliver better results and the process
through sputtering of the constituent metals reduces the presence of secondary phase
formation in the PV cell. Kesterite nanomaterials have a known phase problem. A method
of minimizing the occurrence of secondary phases in the kesterite material is ensuring that
the chalcogen being used is in powder form and is correctly reduced in order to be
incorporated well into the kesterite phase. Methods for further reducing or preventing
secondary phases include the incorporation of chemical bath etching of the kesterite
absorber layer.
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Figure 1.1.1: A comparison of PV capacity projections between IRENA 2019 and WEO

2019 scenarios.
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Appendix

Figure 2.4.1: Kesterite, Cu2ZnSn(S,Se)s, elemental structure
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Figure 2.4.2: Calculated defect states in CZTS (Red numbers correspond to charge of
defect)
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