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Abstract

SnOz2 has recently attracted a great deal of interest due to its many technological applications,
including in solar cells as it possesses advantageous optical and electrical characteristics,
outstanding chemical stability, and thermal stability. However, the photocatalytic activity and
charge carrier mobility are constrained by the large band gap. A cost-effective and efficient
method for reducing the SnO2 band gap and increasing the potential for photocatalytic
applications is doping with different elements. Examining how mono-doping and co-doping
impact the electronic, structural, electrical, and optical characteristics of the SnO2 supercell
structure, the current theoretical study used Density Functional Theory (DFT) calculations of
different metal and nonmetals (N, CI, In, and Sb) and (N-Cl and In-Sb) as dopants and co-
dopants, respectively. The results show that due to the band gap narrowing and the existence
of impurity levels in the band gap, all mono-doped and co-doped SnO2 exhibit some small
redshift. The results of the trials and the calculated optical characteristics, such as the
dielectric function, reflectivity, absorption coefficient, and energy-loss spectrum, are in good
agreement. According to the predicted absorption coefficient, doped SnO2 has a noticeable
band of absorption. Doped SnO:2 exhibits superior absorption in the visible area of the

electromagnetic spectrum than undoped, In-doped, Sb-doped, and In-Sb co-doped SnOo..

Keywords: SnO:2 supercell, Density Functional Theory, Doping, Co-doping Electronic,

Optical properties.
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1 CHAPTER ONE
In this chapter, we briefly introduced the energy crisis, implementation of comprehensive

strategies and embracing renewable and efficient energy solutions.

1.1 Introduction

There has been a growing demand for energy in the past two decades worldwide. The
problems of scarcity of energy, environmental pollution and ozone layer depletion are
associated with the use of conventional energy sources such as fossil fuels. Oil has the
biggest share of all energy sources (32.9%), followed by coal (30.1%) in the energy mix
matrix. The requirement for energy resources to conduct residential and economic activities
has increased due to high levels of pollution and the exponential growth of economies [1].
Fossil fuels will eventually run out if we keep using them without switching to sustainable
energy sources. Fossil fuel use increases CO2 emissions, which directly cause climate
change and the greenhouse effect. The world's sustainability is thought to be threatened by
the greenhouse effect and global warming. Additionally, these issues and the scarcity of fossil
fuels encourage the global community to change the energy strategy to include alternate
energy sources [2]. Energy policies have been modified to take renewable energy into
account as the new source of sustainable energy in order to meet the world's expanding

energy demand.

The ideal strategy for resolving the global energy dilemma will be to substitute ecologically
benign renewable energy sources for polluting fossil fuels. The future generation of energy
sources is expected to include a variety of sustainable energy sources like hydrogen, wind,
geothermal, tidal, and solar energy. Solar energy is the greatest contender among these
energy sources because it contributes significantly to global electricity generation and
accounts for roughly 0.7% of all electricity generation [3]. A current concern is how to

transform solar energy into usable energy.

Solar research strives to produce a cost-effective sustainable energy source by improving the
conversion efficiency at low cost [4]. An appealing tactic for this is to use Dye Sensitized
Solar Cell (DSSC), which are more affordable and environmentally friendly. Given the quantity

and diversity of natural dyes, it is crucial to fully comprehend their electrical structure and
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energy levels in order to assess their potential for performing light harvesting and sensitizing
functions in DSSC. Due to their poor light-harvesting capabilities, DSSC based on dye and
semiconductor have a high solar to electric power conversion efficiency that is already
exceeding 11% [5]. To improve their efficiency, the doping mechanism of metal and non-metal

has been proposed as a resourceful approach [1-6].

DSSC have some distinct advantages over silicon solar cells, such as simple fabrication
processes, low manufacturing costs, and compatibility with flexible substrates. The
engineering and production of devices that may satisfy the requirements of the photovoltaic

cells market for a variety of applications has received a large amount of research attention.

In this study, we investigated the effects of doping SnO2 with several dopants, including N, Cl,
Sb, and In. Using Density Functional Theory (DFT), this work explores the structural,
electrical, and optical characteristics of doped SnO2. The mechanisms of photocatalytic
reaction are affected by doping. This research has the potential to advance our understanding
of ongoing efforts to create modified semiconductor photocatalysts that are effective in visible

light. The objectives of the study were to:

» Calculate structural properties of the system by geometrically optimizing the SnO2

structure.

> Perform calculation of the electronic properties for the undoped and doped structures of

SnOo.

> Calculate optical properties for the SnO2 system, i.e., absorption, reflectivity, energy loss

function and dielectric function.
Outline of the thesis
There are five chapters that make up this thesis:

1. Chapter one is introduction that includes some background information, problem

statement and the purpose of the study.

Page | 2
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. The literature review is presented in Chapter two, and it is broken down into five main
sections. Description of DSSC, Electronic properties, band gap engineering, doping
and efficiency of DSSC are covered in this section.

. The computational methods are discussed in Chapter three, with the Density
Functional Theory serving as the primary point of emphasis. Also ,the computational
software: Biovia Material Studio and Cambridge Sequential Total Energy Package
(CASTEP), are discussed in Chapter three.

4. Chapter four present the details of results and discussion in full.

5. Chapter five is the conclusion and summary of all the work done in the whole thesis.

Page | 3
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2 CHAPTERTWO

In this chapter, we discussed what has been reported this far about our compounds of interest
with existing literature (information) gaps and the fundamental techniques such as band
engineering via doping and outline the working principle of dye sensitized solar cells (DSSC)
and shortly discuss the primary components of a DSSC. Additionally, we provided the
application of SnO2z in DSSC, factors affecting its light conversion efficiency and mention the

main aims of our current study.

21 Literature review.

2.1.1 Dye sensitized solar cells.

DSSC have garnered attention for their potential in various applications due to their unique
advantages over traditional silicon-based solar cell. DSSC are lightweight and flexible,
making them suitable for powering portable electronics such as smartphones, wearable
devices, and electronic gadgets. Their flexibility allows integration into various form factors,
enhancing the versatility of these device [6]. The DSSC are made up of five primary parts,

which are as follows:

1. Atransparent conducting oxide (TCO) coated on a glass.

2. Amesoporous oxide layer (typically TiO2) deposited on the anode to activate electronic
conduction.

3. Amonolayer of dye bonded on the surface of mesoporous oxide layer to enhance light
absorption.

4. Redox-active liquid electrolyte usually the iodide/tri-iodide couple(I~ /I3)

Page | 4
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Figure 1: Schematic illustration of the DSSC's operating system [6].

The working principle presented in Figure 1 work as follows:

First, the sun's light is absorbed by the dye molecules absorbed on the semiconductor photo-
anode. To create an electric current, excited electrons are introduced into the conduction band
(CB) of the semiconductor. The transparent conductive substrate of the counter electrode
then receives the electrical current after it has passed through the external wire. The redox

mechanism in the electrolyte solution restores the oxidized dye.
In the underneath sub-sections, we briefly discuss the primary constituents of a DSSC.

2.1.1.1 Dye sensitizer.

A dye sensitizer is a key component of DSSC. It plays a critical role in the photovoltaic
conversion process by absorbing sunlight and generating excited electrons. Its primary
function is to absorb photons from sunlight and convert their energy into electrical energy.
When a dye molecule absorbs a photon, it becomes excited, and an electron is promoted to
a higher energy level [7]. Dye sensitizers are carefully selected based on their absorption
spectra to match the solar spectrum, maximizing light absorption and the efficiency of the

DSSC. Dyes with broad absorption spectra and high molar extinction coefficients are

Page | 5
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preferred. It also consists of a light-absorbing chromophore, such as a porphyrin or metal
complex, attached to a molecular anchor group and a linker moiety. The anchor group
attaches the dye to the semiconductor surface, while the linker ensures efficient electron
injection into the semiconductor. After absorbing a photon and becoming excited, the dye
molecule transfers its excited electron to the conduction band of the semiconductor material
(e.g., Tin dioxide, SnO2) through a process called electron injection. This injection process is
facilitated by the favourable energy level alignment between the excited state of the dye and
the conduction band of the semiconductor. After injecting its excited electron into the
semiconductor, the dye molecule becomes oxidized. It needs to be regenerated by accepting
electrons from the redox couple in the electrolyte. This regeneration step completes the
electron transfer cycle and allows the dye sensitizer to continue absorbing photons and

generating excited electrons [8].

Dye sensitizers are chosen based on various factors, including their absorption properties,
stability, ease of synthesis, and compatibility with the electrolyte and semiconductor materials.
Each type of dye offers unique advantages and challenges, and ongoing research aims to

discover new sensitizers with enhanced performance.

Overall, the choice of dye sensitizer significantly influences the efficiency and performance of
DSSCs, making it a critical component in the development of next-generation solar cell

technologies.

2.1.1.2 Semiconductor.

A semiconductor is a type of material that has electrical conductivity between that of a
conductor and an insulator. These are fundamental to modern electronics and are used in a
wide range of electronic devices, including transistors, diodes, solar cells, and integrated
circuits. The electronic band structure of semiconductors is characterized by a valence band
and a conduction band separated by a band gap. The valence band is occupied by electrons
at low energy levels, while the conduction band is empty in the absence of external energy.
The band gap is the energy difference between the valence and conduction bands and
determines the conductivity of the material [9]. Semiconductors have intermediate
conductivity compared to conductors and insulators. At low temperatures, they behave like

Page | 6
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insulators because most electrons are bound in covalent bonds. However, as temperature
increases, electrons gain enough energy to jump to the conduction band, resulting in
increased conductivity. Semiconductors exhibit interesting optical properties, including
absorption, emission, and bandgap-related phenomena such as photoluminescence and
electroluminescence. These properties make semiconductors valuable in application of
DSSC. Wide band gap metal oxide, a semiconductor, is the perfect material for a DSSC
photoelectrode because it generates a significant surface cross-sectional area for the
anchoring light harvester. Strong surface area, good structural arrangement, strong electron
transport, chemical stability, low cost, and environmental friendliness should be the primary

characteristics of semiconductors [10].

To speed up charge transport and avoid recombination, a semiconductor has its
morphologies, porosity, and layer thickness altered. In the last several decades, there has
also been a lot of activity in the area of interfacial electron transport between semiconductor

nanoparticles and molecular adsorbates [8].

2.1.1.3 A counter electrode regenerates the redox system.

The counter electrode is typically made of a conductive material, such as platinum (Pt) or a
conductive carbon material, to facilitate the electrochemical reactions involved in the
regeneration of the redox system. It acts as a catalyst for the reduction reaction, enabling

efficient electron transfer kinetics and ensuring the continuous operation of the DSSC [6].

The counter electrode in DSSC catalyses the reduction of triiodide ions in the electrolyte.
Optimizing the counter electrode material and structure can enhance electron transfer kinetics
and improve overall device performance. The overall device architecture, including the
arrangement of components and interfaces, affects the efficiency of charge collection and

extraction.

2.1.2 Application of DSSC.

DSSC can be integrated into building materials such as windows, facades, or roofing tiles,
enabling the generation of electricity without compromising the aesthetics of the building. This
application is particularly attractive for green buildings and sustainable architecture. It can

also be used in remote or off-grid areas where access to conventional power sources is

Page | 7

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

limited, DSSC can provide an alternative solution for electricity generation. These cells can
be deployed in rural areas, disaster-stricken regions, or in outdoor signage and lighting
systems. This is also applicable in military applications such as powering remote surveillance
equipment, communication devices, and portable power packs for soldiers in the field. Their
lightweight and portable nature make them advantageous in such scenarios. DSSC can be
integrated into the body panels or windows of vehicles to harness solar energy for auxiliary
power, reducing the load on the vehicle's primary electrical system and improving fuel
efficiency in hybrid or electric vehicles. These applications demonstrate the versatility and
potential of dye-sensitized solar cells across various industries and fields, contributing to the

advancement of renewable energy technologies and sustainable development.

2.1.3 Factors affecting conversion efficiency of DSSC.

The conversion efficiency of DSSC is a crucial parameter that measures how effectively they
convert incident sunlight into electrical energy. DSSC utilize a photosensitive dye to absorb
sunlight. The efficiency of light absorption depends on the spectral response of the dye and
its coverage over the surface area of the electrode. After absorbing photons, the dye
molecules generate electron-hole pairs. Efficient charge separation and transport
mechanisms are essential to prevent recombination of these charges, which can reduce
overall efficiency. This process heavily relies on the design of the electrode materials and the
electrolyte. The electrode structure, typically consisting of a porous layer of nanoparticles
coated with the dye, plays a significant role in facilitating efficient charge transport and
maximizing the surface area available for light absorption. The electrolyte in DSSCs serves
as a medium for ion transport and also affects charge recombination rates. Different types of
electrolytes, such as liquid, solid-state, or quasi-solid-state, can impact the device's efficiency.
The choice of dye sensitizer greatly influences the spectral response and efficiency of the
DSSC [11].

The current state-of-the-art DSSC achieve conversion efficiencies of over 14-15% in
laboratory settings. However, commercial DSSC typically have lower efficiencies, often
around 10%, due to factors such as stability, absorptivity, and scalability [12]. Ongoing
research aims to improve the efficiency and stability of DSSC for practical applications in

Page | 8
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renewable energy generation By considering the following formula, one may comprehend the
effectiveness of the DSSC:

It provides solar cells' power conversion efficiency. Here, FF stands for fill factor, Jsc for short
circuit current, Vo for solar cell open circuit voltage, and Pi, for incident light power, which is
calculated as brightness times cell area. It is well known that while Jsc is inversely proportional
to the band gap, Voc is proportional to the band gap. The Shockley-Quessier asserts that
reducing a band gap of 1.5 eV results in improved efficiency. It would be preferable to

minimize the band gap, which is 3.6 eV [7].

Four parameters determine the total conversion efficiency of a DSSC: the intensity of the
incident light (/s), the photocurrent density at short circuit (/,x), the open circuit voltage (Voc),
and the fill factor (ff). Therefore, to improve efficiency, the product of Vo and I,n should be
optimized. In a photovoltaic device, the photoanode is perhaps one of the most important
components, which directly determines the photocurrent, Voc, and cycling performance of the
cell, hence materials now are mainly composed of SnO2 due to its good stability against
photo-corrosion and excellent electronic properties. Since some of the materials have
drawbacks, such as electron recombination and slow electron diffusion, SnO2 can be used
as an alternative semiconductor to TiO2 due to its advantages [7]. To obtain higher efficiency,
considerable effort has been made to tune the morphology of SnO2 and cause electron

migration from the VB to the CB, since this also affects the optical absorption of the DSSC.

Lachhab et al. focused on how the properties of the SnO2 structure are affected by the layer
to improve performance. They obtained a fill factor of roughly 85.56% and an efficiency of
31.41% measured at 1.37 V for the short circuit voltage and 25.86 mA/cm? for the short circuit
current density, their analysis showed a considerable improvement in the structure's
performance. A comparison with measurements taken on the same structure, which reveals

an increase of 6.62% based on the components that were detected, validates these findings

[8].
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According to Basu et al. SnO2 particles with an average size of 20 nm were used in the
creation and testing of DSSC. They discovered that the modification improved the open-circuit
voltage, fill factor, and short circuit current, resulting in an almost two-fold increase in power
conversion efficiency, from 1.48% with no treatment to 2.85% with TiCl4 treatment. According
to electrochemical impedance spectroscopy (EIS) performed in the dark, the longer electron
lifespan and decrease in recombination of electron to the electrolyte are what cause the
greater photovoltaic performance of the DSSCs. Their research shows that titania

modification of the SnO2 and FTO anodes can greatly boost photo conversion efficiency [10].

Since the DSSC needs a large surface area for light collection and a densely packed
microstructure for faster electron transport. Instead of focusing only on the surface area of

the material, it is best to examine how the atoms are arranged within the structure [9].

O O

hv

g
—— e — | —
v

0O <

Figure 2: Depiction of electron recombination [12].

In solid-state physics of semiconductors, charge recombination is the process by which
mobile charge carriers are created and eliminated. The charge recombination process is
fundamental to the operation of many optoelectronic semiconductor devices such light
emitting diodes (LED) and DSSC. Most studies presented theoretical work to comprehend
and suppress charge recombination, using first principles-based approaches within the

context of time-dependent DFT (TD-DFT) for metal-free organic dyes [12-13].
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Based on the results of the charge recombination kinetics calculations of 2020 by Samantha
et al. the addition of a thiophene unit between the acceptor unit and the bridge effectively
slows down the recombination process. The investigation revealed that, using anticipated
electron injection and hopping durations, the key factors affecting the performance of the
DSSC device exhibit a linear connection with computed cold electron injection efficiency [13].
Subsequently, the combined approach using rate theory applications and electronic structure
calculations could assist in the design of efficient DSSC sensitizers by optimizing photo-

induced charge transfer and energy transfer processes.

2.1.4 SnO:2semiconductor.

SnOz2 is a semiconductor with a wide band gap [10]. Its outstanding chemical and thermal
stability, exceptional optical and electrical qualities, and other characteristics all contribute to
this. TiO2's Isostructural rutile phase is more frequently utilized in DSSC as a semiconductor
than SnOz2's rutile phase, which is thermodynamically stable and advantageous for solar cell

applications [14].

Figure 3: SnOz2 crystal structure.

SnO:2 has at least two advantages over other semiconductors applied in DSSC, i.e., it has

higher electron mobility (~100-200 cm2V-'s*') and faster diffusion transport of photoinduced
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electron as reported by Tran et al. [15,17]. Additionally, it enables incredibly efficient electron
injections from the absorbed dye molecule. Due to these advantages, it is frequently used in
numerous applications, such as DSSC and other applications [18]. An effective photo-anode
for DSSC should have characteristics like high dye molecule loading, advantageous band
alignments, and good electron transport efficiency. As described by Ma et al. they further
confirmed that the high charge mobility of SnO2 accelerated the transport of electrons and
that the highly crystalline NCs prevented photo-electron recombination. Due to the impacts
of quantum size, CBM of the SnO2 NCs was elevated [18]. Consequently, its wider band gap
of 3.6 eV, which results in fewer oxidation holes in the valence band (VB), the DSSC's
extended stability is made possible. Furthermore, even though SnO:2 has a lower fill factor, its
employment in DSSC has a significant impact on the current density (Jsc) value and photo-

conversion efficiency.

2.1.5 Band gap engineering.

Band gap engineering refers to the deliberate manipulation of the electronic band gap in
semiconductor materials to tailor their optical and electrical properties for specific
applications. This concept is widely used in semiconductor device design, including solar
cells, light-emitting diodes (LEDs), and transistors. Introducing impurities into the
semiconductor crystal lattice to modify its electronic properties. Doping can be used to shift
the Fermi level, alter the band structure, and change the band gap of the material. Forecasting
the photo-physical and photochemical properties of semiconductors requires an accurate

estimation of the band gap energy.
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Figure 4: Energy difference between the CB and the top of the VB [12].

Li et al. used both the augmented spherical wave supercell band structure approach and the
self-consistent scatter wave molecular orbital cluster approach to compute the electronic
structure and related parameters of Sb doped SnO2. A semiconducting behaviour with a
relaxation process moved to higher frequencies, typical of the doping mechanism of charge
carriers, was discovered to be indicated by the thermal change of electrical conductivity [19].
It was further stated that the main drawback was caused by the SnO2 conduction band edge's
300 mV positive shift, which causes fast electron recombination. This is illustrated in Figure
3 where the grey circles represent electrons, and the white circles represent electrons.
According to Dissanayake et al., the fastback-electron transfer rate of SnO:2 is due to the
material's low conduction band edge value, which speeds up electron recombination and

reduces electron trapping density [12].

Consequently, the low wavelength threshold encompasses practically the whole solar
spectrum that reaches the Earth's surface, the optimal band gap has been variably estimated
to range from about 1.0 eV up to about 1.5 eV (depending on various assumptions). Wide
band gap photovoltaics are a crucial component for collecting the portion of the spectrum
beyond the infrared. Creating DSSC that more efficiently gathers light from diverse spectrum

regions is a key area of research in solar energy. The larger band gap of SnO2 (3.6 €V)
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compared to anatase TiO2 (3.2 eV) is advantageous since it would lead to a reduction of

oxidative holes in the valence band, assisting in the prolonged stability of DSSC.

Pazouki et al. used a hydrothermal method and SnO2 nanostructures were produced. It was
stated that the samples' band gaps, at standard temperature, were about 3.46 eV, which is
less than the band gap of pure tin oxide. However, the bulk band gap of the material and the
samples produced at higher temperatures were identical. This suggests that the ultrafine

SnO2 nanoparticles exhibited a band gap contraction [20].

Sol-gel production of nickel-doped tin oxide nanoparticles (sub-5 nm size) with strong
fluorescence emission characteristics was demonstrated by Lin et al. The structural and
compositional study has been conducted using XRD, TEM, FESEM, and EDAX. The band
gap narrowing effect is visible in the optical absorbance spectra, and it was shown to become
more pronounced as nickel content increased. The SnOz2 alloying effect can be attributed to
the band gap shrinking; however, at higher doping levels, it may result from the creation of

defect sub-bands below the conduction band [21].

Zhou et al. fully explored experimentally and theoretically the impact of mismatched stress on
the structural, electrical, and optical properties of SnOz2 thin epitaxial films. They found that
when the thickness of the epitaxial sample increases, the tensile strain in thin films decreases.
While the tensile strain increases at the BC location, the optical band gap substantially

contracts. To change the band gap of SnOz, biaxial strain is preferred to uniaxial strain [22].

2.1.6 Dopants.

A dopant, also known as a doping agent, is a small amount of an impurity element that is
added to a chemical substance to change the chemical material's original electrical or optical
properties. A very small amount of dopant is normally required to produce changes. The
dopant atoms are integrated into the crystal lattice of the crystalline substance when doped.
The choice of an optical species as a dopant in semiconductors is influenced by a few
important parameters, such as the understanding of the activation limit and the diffusivity
dependent on the dopant incorporation method [23]. The material's bond strength is one of

the major factors in choosing an atom since it affects implant tools and the temperature-
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dependent amorphization threshold. Furthermore, the structure of the tin oxide may be altered

because of bond length disorder.

The most persuasive proof that Group 4 doping can be employed as n and p type dopants
comes from experiments using Molecular Beam Epitaxy (MBE) [24]. Common dopants used
in this work include Nitrogen (N), Chlorine (Cl), Indium (In) and Antimony (Sb). In
semiconductors, charge carriers are electrons and holes. Electrons are negatively charged
and move in the conduction band, while holes, which represent the absence of electrons in
the valence band, behave as positively charged carriers. The mobility of charge carriers
determines the material's properties. In this work SnO2 was doped with different dopants so
that defects can be created, and this will alter the electronic properties and charge mobility

will also be improved.

2.1.7 Doping of SnO:2

Doping is a process used in semiconductor technology to intentionally introduce impurities
into a semiconductor crystal lattice to modify its electrical properties. By adding specific types
and concentrations of dopants, semiconductor materials can be tailored for various
applications. Doping is primarily used to alter the conductivity, carrier concentration, and other
electronic properties of semiconductor materials. It allows engineers to control the behaviour
of charge carriers (electrons or holes) within the material, enabling the design of
semiconductor devices with desired characteristics. Donor dopants introduce additional free
electrons into the semiconductor crystal lattice, thereby increasing the concentration of
negative charge carriers (electrons). Common donor dopants include elements from Group
V of the periodic table, such as phosphorus (P), arsenic (As), and antimony (Sb). Doping is
fundamental to the fabrication of various semiconductor devices, including diodes, transistors,
solar cells, and integrated circuits. It enables the design of materials with specific electrical
properties tailored for different applications, such as high-speed transistors, low-noise

amplifiers, and photodetectors.

Overall, doping plays a crucial role in semiconductor technology, allowing for the precise
control and manipulation of semiconductor materials to meet the requirements of modern

electronic devices The first use of semiconducting materials and the subsequent
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technological advance of manipulating their electrical properties through doping establish the

foundation for the vast array of electronic devices that permeate today's information society.

Doping an inorganic semiconductor entail shifting the electronic bands' energy alignment in
relation to those of metal contacts and other doped semiconductors. In contrast to the non-
metal ions, which are employed as anionic dopants to replace the O anion, metal ions are

utilized as cationic dopants to replace the Sn** cation of SnOz2 [25].

To alter the optical and photo-electrochemical characteristics of metal oxide semiconductors,
several metal dopants have been added. According to Afify et al. when Sn is replaced with
Co?* when doping SnO2, the lattice cell contracts due to the minor change in the dopant's
radius, lowering or contracting the band gap [26]. Another study showed that substitution of
Sn with Zr** atom results in an increased band gap [27]. The findings reported that if the 2p
state of oxygen remains unchanged, the shifting band gap is mostly caused by a shift in the

conduction band minimum.

A thorough investigation was conducted on how Pb doping on SnO:2 affected how large its
band gap was. The findings exhibited that 15% Pb doping significantly reduced the band gap
to aslow as 0.8 eV (3.64 eV-2.87 eV). According to Zheng et al., the band gap tunability seen
with Pb addition offers an easy and practical way to successfully tune the band gap and is
likely to open potential in the development of oxide opto-electronic and energy applications
[28].

According to Filippatos et al. structural modifications and their effects on the electrical
characteristics of halogen (F, Cl, Br, and |) doped SnO2 were investigated using DFT
simulations. They evaluated how intercalated atoms affected the electrical structure and
optical characteristics of the doped SnOz2 at either interstitial or substitutional sites. Each time,
gap states were produced, and the band gap value was considerably decreased. These
dopants were also employed to make a single acceptor and donor by placing them in the
appropriate interstitial and substitutional regions. This may also be seen in the density of
state, where gap states would appear right above or right below the valence band,
respectively. The optical and electrical properties of SnO2 could be considerably changed by

these gap states [29].
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Oshima et al. used GGA to analyse the electronic structures of SnO2 doped with Cl and Sb.
First-principles calculations were successful in examining the effects of the dopant in SnOx.
They discovered that the antibonding Sn-5s and O-2p orbitals that make up the CBM of SnOz2
are different from the non-bonding O-2p orbitals that make up the VBM of SnO2. The
calculated results for Cl and Sb doped SnO2 show that the impurities behave as n-type

dopants and exhibit shallow donors’ levels in the conduction band [30].

To investigate the structure, surface, and electrical properties of a variety of indium-doped (In-
SnO2) thin films, Bhatia et al. adopted the spray-pyrolysis method. On the characteristics of
SnOz2, the impacts of indium filler content (between 0 and 15 weight percent) have been
investigated. According to structural analysis, the integration of indium after a particular
optimal value leads in structural deformation, which causes the film to expand in the c-axis
direction. The ideal value for transitioning from n- to p-type is revealed in the electrical study
extract, and more evidence is provided by Hall measurement. The most effective transition
from n-type to p-type conductivity is known to occur at a 6 wt% shift. It has been demonstrated

that this mechanism is best suited for the low temperature range [31].

Duan et al. effectively altered nitrogen-doped graphene nanosheets (NGNS) electrode using
the dip coating and sol-gel processes. Comparing the NGNS-modified electrode to other
electrodes, they find that it has a smaller unite crystalline volume (71.11 vs. 71.32), lower
charge transfer resistance (10.91 vs. 21.01), and lower electrical resistivity (13 m vs. 34 m).
The accelerated lifetime of the electrode is 4.45 times greater than that of the pure SnO:
electrode. They demonstrate that the electrocatalytic efficiency can be increased by adding
NGNS to the active coating by voltametric charge analysis and Xray photoelectron

spectroscopy tests [32].

Filippatos et al. published theoretical DFT-based research that examines the impact of doping
on SnOz2, mainly at substitutional positions 16—24, in addition to their experimental work. The
band gap was shown to be the location of single donor states, notably for halogen
substitutional doping; nonetheless, the community typically disregards the effect of interstitials
[33].

Page | 17

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

DFT were utilized to assess the results of Carbon and Nitrogen doping on the band edges
doped VOg, according to Wang et al. They discovered that the band gaps of N-doped VO:
were lower than those of pure VO2 which is 0.78 eV. Since the C-doped VO2 had the smallest
band gap (0.43 eV), it may be assumed that this material has the greatest potential for
developing effective thermochromic energy-saving properties. These findings will make it

possible to create a novel method of regulating the VO2 phase transition [34].

Iwakura et al. examined the chemical and physical aspects of anodic development for oxygen
and chlorine on SnO2 film electrodes doped with foreign metals. Electrodes doped with noble
metals often exhibit much superior anodic characteristics compared to electrodes doped with
base metals. Every characteristic of the noble metal doped electrodes was replicated in the
oxygen evolution process, which served as the reaction's active core. It was shown that the
kind of noble metals doped in such electrodes has no effect on the chlorine evolution reaction,
and a plausible mechanism for this reaction was proposed that involves the overflow of ClI

radical from noble metal to Sn sites hence it will be doped on the O site [35].

Deyu et al produced pure and SnO2 coatings doped with chlorine using the spray pyrolysis
method. It was examined and compared to the effects of other types of doping to see how
chlorine doping affects the electrical and optical properties of SnO2. The allowed direct and
indirect transitions are considered throughout the analysis and interpretation of the absorption
coefficient data vs. photon energy. The figure of merit is highest, and the electrical resistance
is minimal for SnO2 doped with 0.4 wt% CI [36].

On silica glass substrates, Wang et al. created pure and Sb-SnO:2 using a chemical spray
approach. The produced films were characterized using X-ray diffraction (XRD), atomic force
microscopy (AFM), ultraviolet-visible spectroscopy studies. According to the XRD data, all
films had a tetragonal cassiterite SnO2 structure. The Sb inclusion in the cassiterite lattice
decreased the transparency in this region, which was greater than 70% in the Sb-doped films.
An electrochemical photocurrent test revealed that a 4% doping level resulted in the highest

rising current under UV light [37].

Boomashri et al. presented Sb doping's effects on the gas-sensing system of SnOz thin films

made by utilizing a nebulizer-assisted spray pyrolysis technique. Fundamental properties of
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the transparent conducting oxide were found to be improved after 0 to 5 wt% Sb-doping. At
room temperature, ammonia concentrations between 50 and 250 ppm could be detected
using the deposited films. The characteristics of the Sb-doped SnO:2 films were analysed
using a variety of analytical techniques. In particular, a significant grain size was seen in the
morphological pictures, which exhibited spherical grains in pure SnO: films and their change

to a trigonal structure after Sb doping [38].

Despite the high electrochemical activity of antimony doped tin oxide (Sb-SnO2) based
electrodes, stability is still a significant issue, claim Zhang et al. [39]. Therefore, it is vitally
necessary to develop techniques for preventing electrode materials from becoming inactive
during the electrochemical oxidation process (EOP). They provided information on a workable

technique for prolonging electrode lifetime without lowering electrochemical activity.

This research focused on analysing the structural, electronic and optical properties of SnO2
doped with N, CI, Sb. The characteristics of this doped SnO:2 for usage in DSSC have not
received much attention. Understanding the theoretical component is crucial to improving the

experimental investigation of the subject.
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3 CHAPTER THREE
Here, we provided the theoretical framework from which this study was based on, starting
from the Schrodinger equation and Density Functional Theory formalisms all the way to basic

computational simulations.

3.1 Theoretical framework
3.1.1 Schrodinger equation
This is a fundamental physics equation that describes a system’s quantum mechanical
behaviour. It is a partial differential equation that describes how a physical system’s wave
function evolves over time. The following is the time dependent one-dimensional Schrodinger

equation:

(D = HW(, £). ) (2)

where 1 is the Planck’s constant divided by 2w and m is the mass of the electron, ¢ is a wave
function, r is the position, t is the time whereas V2 is the Laplace operator and V is the
potential energy. When the Hamiltonian operates on a wave function, it gives the energy of

the wave function.

(% V2 4 V(r)) W) = B K) oo, 4)

To determine a crystalline solid's band structure, or the energy-momentum [E (k)] connection,

the Schrodinger equation of a rough one-electron issue is typically solved [40].

3.1.2 Density Functional Theory

Density Functional Theory (DFT), a computational quantum mechanical modelling method, is
used to study the ground-state electron density of many-body systems as well as the
electronic structure of atoms and molecules. Using functionals, in this example the spatial-
dependent electron density, the DFT can be utilized to ascertain the characteristics of a many-

electron system. DFT is computationally versatile and has also been expanded to include
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these topics [41]. As a result, DFT is frequently used in first principles computations to

describe and predict properties of molecular and condensed matter systems [42].

3.1.3 First principle calculation
A wave function in quantum mechanics describes the quantum state of a set of particles in an
isolated system. The ground state for a collection of atoms can be obtained by solving the

Schrodinger equation [43].

Knowledge from the Born Oppenheimer approximation that indicates that the dynamics of

atomic nuclei and electrons can be separated is using,
Muyuciei > T R O T T T T (6)

where mnuclei is the mass of the nuclei and m. is the mass of the electron. The nuclei are
heavy and slow while the electron is small and fast. The dynamics of nuclei and electrons are

decoupled into two wave functions:

WL, (R} = Wy (Ry) % W (1)) (7)

For many-particle problems in the solid state, the Schrodinger equation is solved for electrons

in the form:
qui(rl, T, 13 TN) = Ellui(rl, T, 13 TN) .......................................... (8)

The electron Hamiltonian consists of terms that include electrons, and it has three important

terms as presented in equation (9) below:
h2
H= _%z’je V2 4+ 20 Vore (1) + 20, N U, 1) e (9)

where the first term is the kinetic energy term, the second term is the potential energy term
indicating the electrons interacting with the nuclei and the third term is the electron-electron

repulsion term, whereas Vex: is the external potential [44].

For the DFT, it is possible to move from the wave functions to electron density. The electron

density is defined by the expression:
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Only three dimensions exist in electron density. The many-electron problem is reduced to
numerous one-electron difficulties by treating one electron as a point charge in the field of

all the other electrons.

‘P(rl,rz,r& ...rN) =W(r) « W) s POy * e P(ry) oo, (11)
Equation (11) is known as the Hartree product.
Now the electron density is defined in terms of the individual electron wave functions as:
NI) = 23N W) * W) e (12)

3.1.4 Hohenberg and Kohn theorems
The Kohn-Sham DFT is built on the theorems. The core tenet of DFT is that one may precisely
infer from the ground state density both the excited and ground state features of a many-

electron system in the presence of an external field. Two fundamental theorems exist [45].
Theorem 1:
The electron density's special functional, E[n], which is given by:

E[n] =Tl + U]+ [V)RE)A3T i, (13)

is the source of the ground state energy [57] :

Thus, the electron density is all that is required to define the total ground state energy.
Theorem 2:

The genuine ground state electron density is the one that reduces the overall functional's
energy. This theorem reveals how to locate the ground state energy indicated by the following

expression:

E[N(r)] > Eg[Mg(1)] eeeerereeieeie e seesesieeses s esessesesss e st ses s esesansans (15)
The energy functionality consists of two main parts, the known and the unknown energy.
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The known energy term is given by:

n(r)n(r

Exnown{¥i}] = Z’V (W 72W,d3r + [V(r)n(r)d3r + = f () 43, g3, +Eippe.n.... (17)

The unknown energy term Exc[{¥:}] is called the exchange correlation functional and it takes
care of all the quantum mechanical interactions between electrons. It includes all quantum

mechanical terms, and it is not known but needs to be approximated.

3.1.5 Exchange correlation functionals

The single variable that influences the local density approximation, which is based on the
local electron density, is density. The exchange-correlation(XC) functional is presumed to be
known in the formulation above. Most recent density functional computations use the LDA
since numerical XC potentials have now only been established for a small number of
straightforward model systems. The LDA reduces the complexity of the XC functional to a
straightforward function of density at any location r. The value of this function is the XC energy

per electron in an electron density n(r) that is uniform and

homogeneous. The LDA expression for Exc[n(r)] is given by

Exc[n(M] = [ Exc(n(m)n@)dr...cccooooviiiiiiiinen, (18)

The generalized gradient approximation (GGA) method was created as a result of the fact
that the LDA method only considers the electron density n(r) at point r for the purpose of
approximating the XC energy; the gradient of the density n(r) is not used in this process. The
projected binding and dissociation energies are improved by the GGA, particularly for
systems containing hydrogen. Although there are many GGAs, Perdew, Burke, and
Ezernhof's (PBE) GGA is one of the most popular [45]. The standard exchange correlation
functional is GGA-PBE given by

EFEE = ZEfF + 2EPPE 4 EEBE e, (19)

Where EFFis the Hatree-fock exact exchange functional, is the PBE exchange functional and
EFBE s the PBE correlation [69].
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It is advised, particularly for research on molecules interacting with metal surfaces, however,
bulk computations can further be trusted to be accurate. Compared to LDA functionals, the

GGA technique provides a better overall description.

3.1.6 The Kohn-Sham Scheme
Kohn and Sham introduced a method based on the Hohenberg-Kohn theorem that enables
one to minimize the functional E[n(r)] by varying n(r) overall densities containing N electrons

[45]. This constraint is introduced by the Lagrange multiplier u chosen so that [ n(r)dr = N

5n(r)[ M) = [n()dr] = 0. (20)
U= 5‘;5;(:)” ............................................................... (21)

Kohn and Sham chose to separate E[n(r)] into three parts, so that E[n(r)] becomes:
E[n()] = Ty[n(r)] + f"(””(r Ydrdr' + Exe[n()] + [ )Wt (AT e (22)

where Ts[n(r)] is defined as the kinetic energy of a non-interacting electron gas with density

n(r) and is given by,
T [n(r)] = ——Z A I A () L A 17 oSS (23)

Equation (16) also acts as a definition for the exchange-correlation energy functional Exc[n(r)].

We can rewrite equation (15) in terms of an effective potential Vss(r) as follows:

8Ts[n(r)]
on(r)

+ Veff(r) Sl T, (24)
where

) r
Veps (1) = Ve () + [ 2 nlr )d D) (25)

Now, if one considers a system that really contained non-interacting electrons moving in an
external potential equal to Vesf(r) as defined in equation (24), then the same analysis would
lead to the same equation. Therefore, to find the ground state energy and density, Eo and

no(r), all one must do is to solve the one electron equations using the relation:
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As the electron density is constructed according to the expression:
T = Y W12 et et b e et st s e (27)
These equations must be solved with self-consistency scheme [46].

3.1.7 Self-consistency scheme
The Self-consistency scheme is shown in Figure 4. This scheme determines the electron

density, it consist of 4 steps and are summarized as follows:
Step 1: Guess the electron density - trial n(r).

Step 2: Solve the Kohn-Sham equations with n(r), to obtain single electron wave function
Yi(r).

Step 3: Calculate the electron density based on the single-electron wave functions given by

equation (12):

Step 4. Compare the new electron density n(r) with the initially approximated electron density

n(r) from step 1.
There are two conditions to consider before concluding about the electron density, namely:

If the new density is different from the approximated density, begin with the new electron

density as the approximated and repeat the whole procedure from step 1.

If they are both the same, then that means true ground state electron density has been

obtained.
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Figure 5: A general self-consistent scheme to solve the Kohn—Sham equation [46].

3.2 Computational software

3.2.1 Material studio

A complete modelling and simulation environment called Material Studio was created to help
researchers in various fields forecast and comprehend the connections between a material's
atomic and molecular structure and its properties and behaviour. Using material studio,
researchers are creating a variety of materials with improved performance . We can use the
Density Functional Theory for computations, thanks to the Cambridge Serial Total Energy

Package (CASTEP), a feature of the material studio application.

CASTEP provides first-principles calculations of the electrical characteristics of crystalline
solids, surfaces, molecules, liquids, and amorphous materials using Density Functional
Theory and a plane wave basis set. The only restriction is the restricted speed and memory

Page | 26

© University of Venda



()

*. University of Venda
Creating Future Leaders
@)

of the computers being used, which makes it possible to calculate the properties of any

substance that can be conceived of as an assembly of nuclei and electrons.

Common applications include analysing optical properties, band structure, density of states,
and surface chemistry. Additionally, CASTEP can be used efficiently to research the
properties of both point and extended defects, such as grain boundaries and dislocations, in

semiconductors and other materials [47].

3.2.2 Computational simulation

First-principles calculation can help us comprehend the dye or semiconductor contact that is
at the core of DSSC better. To enhance performance and reduction of the band gap, we
simulated the DSSC system's components using computer simulation in this study. The
impact of antimony, chlorine, nitrogen, and indium elements on the supercell structure of SnO2
was examined using Density Functional Theory. The SnO2 structure was doped with one or
two elements using the substitution method, and then the structural, electrical, and optical

properties were computed.

First-principle DFT calculations were performed using the CASTEP code [46], which employs
a Vanderbilt-type ultra-soft pseudopotential and a plane wave expansion of wave functions.
We used the GGA with the Perdew-Burke form (PBE) to represent the exchange and
correlation potential [45]. The electron configurations represented by the pseudopotentials for
the Sn and O atoms are 5s?5p? and 2s22p*, respectively. The integration across the first
Brillouin zone was conducted using the Monkhorst-Pack approach with k-point sampling [46].
The bulk structure was taken into consideration as the reference for examining the impact of
doping SnO2 with various components. At 650 eV, the energy cutoff for plane waves was
established. For the 7x7x8 k-point integration, we chose a grid tolerance that was 5.0x10-7
eV/atom for the self-consistency field, 5.0x10® eV/atom for the maximum force, 1.0x10-3
eV/atom for the maximum displacement, and 0.05 eV, respectively, for the maximum stress.

The band structure, DOS and optical properties.
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4 CHAPTER FOUR

In this chapter, we presented the results of our simulations of various attributes along with
their analyses. The molecular structures of the undoped and doped SnO2, geometric
optimization, and electronic and optical properties were studied using DFT with GGA,

resulting in a method with better performance for use in DSSC.

4.1 Structural properties of SnO:2 that is both pure and doped.

4.1.1 Pure bulk and supercell structure.

Rutile, a tetragonal system structure with symmetry of D4hly, is present in SnOz crystals. SnO2
crystals have the following lattice parameters: B=y=a=90°, a=4.74 and ¢=3.19 A for unit cells,
and a=9.48 A and ¢=6.37 A for supercells. Two molecules with tin and oxygen atoms are
present in both the atomic cell and the supercell. Figure 6(a) and (b) respectively depict a unit

cell and a 2x2x2 supercell.

Figure 6: The tetragonal unit cell of SnO2 (a) and 2x2x2 supercell (b).

Table 1 below shows contrast of the structure of SnO2 supercells with bulk SnO2. The
outcomes support the approach taken in determining the structure's attributes. The calculated
lattice parameters is in close agreement with the experimental findings of Batzil et al [48].

This demonstrates that the technique was sound.
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Table 1:Lattice parameters for bulk and undoped supercell structure of SnOo..

Lattice Literature[10-13] Experimental This work | % Deviation
parameters [65]
Bulk a(A) |4.74 4.74 4.68 1.20

b(A) |4.74 4.74 4.68 1.20

c (A) 3.19 3.19 3.19 0.30
Supercell |[a(A) |9.48 9.47 9.36 1.20

b(A) |9.48 9.47 9.36 1.20

c (A) 6.37 6.37 6.37 0.30

4.1.2 Doping mechanism.

The variation in the lattice can be ascribed to ionic radii of N, Cl, In and Sb. Where the ionic
radii of N, Cl, In and Sb are 73 A, 73 A, 100 A and 140 A respectively. The atomic radius of
oxygen is 73 A and that of the Sn is 167 A. When the substitutional doping was performed,
the atomic radius was taken into consideration, O atom was substituted by N and/or CI
whereas Sn was substituted by In and/or Sb since they are radius related. This substitutional
doping causes a little change in parameters b and c, and they maintain the morphology of the
structure. Geometry optimizations were done for all scenarios, including both undoped and
doped SnOz2, and the self-consistent courses ended when the force per atom was less than
0.03 eV/atom . Figures 8 and 9 below depict the doped SnO:2 structures. Table 2 lists the

outcomes for undoped and doped structures.

4.1.3 Anionic doping of SnO2 with N and Cl and co-doping.

In case of N and Cl substituted into the SnOz2, they constitute to be the donor. Anionic doping
was performed when oxygen was substituted with N and Cl. Non-metal doping affects the
morphology of the structure by increasing or decreasing the lattice parameters. Figure 8(a),

(b) and (c) show the substitutional doping of N, Cl and N-ClI into SnO2 supercell. The lattice
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parameters alter just a little of SnO2. The lattice parameter contracts as a result of the large
ionic radius of Cl, which is 100pm, and that of oxygen, which is 73pm. The results of lattice

parameter are summarized in Table 2 below.

Table 2: Summarized results of undoped, doped, and co-doped SnOa.

Lattice |a(A)|cA) | The band gap (eV) | Electronegativity

parameters

N-SnOz2 9.08 |6.07 |3.22

CI-SnO2 9.78 | 6.52 |3.03

N-CI-SnO2 | 9.27 | 6.02 1.93

In-SnO2 9.67 |6.48 |3.70

Sb-SnO:2 9.33 |6.08 |3.18

In-Sb-SnO2 | 9.35 | 6.05 |3.44

ionic radius(pm)

O 73 3.50
N 73 3.00
Cl 100 3.00
Sn 140 1.80
Sb 140 1.90
In 167 1.70

Depending on the type of dopant, we can find the band variation. The band gap narrows when

the anion is substituted inside the SnO2. Similar to this, the band gap decreases when cationic
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doping is applied. The co-doping method, whether cationic or ionic, produces the narrowest

band gap except for In-SnOa.

N and CI ionic radii are summarized in Table 2 above. Substitutional doping affects the
coulomb interaction between two ions since the force of attraction between molecules will
either increase or decrease depending on the ionic radius. Large ionic radius results in an
increase in the force of attraction or repulsion since they will be close to each other according

to Coulomb’s law, this result was evident by Colic et al [56].

Figure 7: SnO2 supercell doped and co-doped with (a) N, (b) Cl and (c) N-ClI.
4.1.4 Cationic doping of In and Sb and the co-doping.

The ions that make up metal doping are known as cationic doping. Figure 8 (a), (b), and (c)
below shows the substitution of In and Sb, which replaced the Sn atom. The band gap is
greatly influenced by cationic doping, which also has an impact on the CB of the structure.

According to Li et al. the conduction band is altered by cationic dopants, which are typically

Page | 31

© University of Venda



3

o]

g University of Venda
\. ) Creating Future Leaders

metal-type dopants. They further stated that because the dye molecules are bound to the
cations, changing one cation with another often impacts the amount of dye that is anchored
because the binding strengths of the dye molecules and the new cation elements are different
[50]. There is a Coulomb attraction between Sn, In, and Sb when the Sn atom is replaced
with either an In or Sb atom. The lattice parameter and volume are altered as a result. This is

explained by a discrepancy in the polarity and ionic radius of the molecules [51].

Figure 8: SnO2 supercell doped and co-doped with (a) In, (b) Sb and (c) In-Sb.
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Figure 9: The angle between the (a) O-N, O-Cl and (b) O-In, O-Sb.
Figure 9 (a) and (b) above show the angle between O-N, O-Cl and (b) O-In, O-Sb when they

are introduced to the SnO:2 structure. The bonding angles for N and Cl doping were discovered
to be 25,501° and 39,062°, respectively. It is demonstrated that when In and Sb are used to
replace Sn, the resulting angles are 45.068° and 39.062°, respectively. This is caused by the

variation in ionic radius between our dopants.
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4.2 Electronic properties of SnO:2 that is both pure and doped.
4.2.1 Pure unit cell and supercell of SnO2.

Both the band structure and partial density of state were investigated and reported in

Figures 10(a) and (b), Figure 11 and Figure 12 below, respectively, to help in understanding

of the electrical characteristics of the undoped SnO2 bulk and SnO2 supercell structures.

30w T 1 T T T 1 o

20 X

15}~ Nl ~ i

10 »:\ S > \,_"—'.’ e

Energy(eV)
Energy(eV)

_l()z{ | i i i A i

Figure 10: Band structure of SnO2 unit (a) and (b) 2x2x2 supercell.

We looked at the estimated electronic properties of the undoped systems. The undoped
structure was examined using the Perdew-Burke Ezrnzehof (PBE) technique, which allows
the supercell parameters and atoms to relax until the forces on all atoms are covered. The
band structures are defined along the high symmetry Brillouin zone path G-F-Q-Z, with the

Fermi level set at 0 eV.

In the unit cell and 2x2x2 supercell, the VB and CB are both discernible, demonstrating that
the devices are direct band gap semiconductors. The expected energy band gap discovered
to be 3.6 eV and 3.57 eV, respectively, for the unit cell and supercell architectures. The
calculated band gap coincides with the experimental band gap reported by Scheife et al. [52].

The states that are around the Fermi level were considered for computing the partial density
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of state (PDOS). The CB is formed by the hybridization of O 2p and Sn 5s, which make up

the majority of the valence band.
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Figure 11: Partial Density of state of SnOz2 unit cell.
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Figure 12: Partial density of state of SnO2 supercell.

4.2.2 Calculated electronic properties of anionic doping of SnO2 with N and Cl and
the co-doping.

4.2.2.1 Mono-doping of N-SnO2.

A band gap reduction of up to 0.4 (3.6-3.22 eV) is depicted in Figure 13 below. The estimated
band gap energy is 3.22 eV. Since both the CB and VB are located near the G point, it is
obvious that N doped SnOz: is a direct band gap semiconductor. Valence band is considerably
altered by the addition of an anion to the structure. The conduction and valence bands'

downward movement are what causes the n-type semiconductor [53].
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Figure 13: Band structure of N doped SnO..

The estimated partial density of states in Figure 14 below shows that the VB consists mostly
of O 2p, Sn 5s, and N 2p orbitals, whereas the CB consists of orbitals with mixed Sn 5s and
N 2p. The contribution of N 2p is represented by the peak at the Fermi level. It was also
discovered by Luo et al. that gap state formation at the Fermi level may contribute to the

electrical and optical properties of SnO2, making it appropriate for PV and photocatalytic
devices[53].
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Figure 14: Partial density of state of N-SnOa.
4.2.2.2 Mono-doping of CI-SnO:s..

Figure 15 below shows the calculated band gap for CI-SnO2.The results show that the
calculated band gap was 3.03 eV. The VBM and CBM are situated at G point. This also shows
that straight band gap semiconductors are produced by SnO:2 doped with Cl. Strong

interactions between Cl, Sn, and O can be attributed to shallow impurities within the band

gap.
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Figure 15: Band structure of Cl doped SnOa.

According to Figure 16 below computed partial density of state, the VB is primarily made up
of O 2p, Cl 3p, and Sn 5s, while the CB is a hybrid of the s and p states of O, CI, and Sn. ClI

3p and O 2p interact with one another on the p-p level.
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Figure 16: Partial density of state of CI-SnOo..
4.2.2.3 Co-doping of N and Cl SnOs..

Figure 17 below illustrates the band gap for the N-Cl SnO2 co-doping, which was determined
to be 1.93 eV. According to a reduced band gap value of the doped systems compared to
mono and undoped SnOz2, the band narrows as the ion concentration increases. When N and
Cl were co-doped, the band gap was determined to be the smallest. The impurity energy
levels (IELs), which are produced by hybridizing with O 2p states, Cl 3s and Sn 5s states,
cause the co-doped SnO:2 to narrow its band gap. The IELs assist in the migration of
photoexcited carriers and the photocatalytic process by aiding in the separation of
photogenerated electron-hole pairs. Underneath the CB and overlapping with the VB are the
impurity energy levels. These IELs may operate as photoexcited hole trap centres, slowing
the rate of recombination. According to Dima et al. [54], co-doping and N-doping had the

same outcomes.
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Figure 17: Band structure of N and Cl co-doped SnO..

Figures 18 below depicts the co-doped N and Cl SnO:2 system's anticipated density of state
(PDOS). The partial density of states (PDOS) demonstrated that co-doping has little effect on
the band gap of SnO2 and that N and Cl cause impurities to exist within it. Figure 17
demonstrates that the band gap is 1.67 eV smaller than it was for SnO:2 that is not doped.
These findings provide a justification for the experimental phenomenon that Yang et al [55],
covered in their research. The band gap narrows when SnO: is doped, improving the

material's photocatalytic properties.
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Figure 18: Partial density of state of N and Cl co-doped SnOo..
Due to anionic doping, the N 2p and CI 3s orbitals enhance the hybridization with the O

2s and Sn 5s states, however, to a considerably lesser extent than the O 2p state. At the G
point, the VBM completely matches up with the conduction band minimum despite being
slightly pushed downward at the same time. These results show that the gap state, which is
at or in the Fermi level, introduced by doping SnO2 with nonmetal, significantly affects the

band gap there.

4.2.2.4 Cationic doping of In, Sb and the co-doping.

The substitution of metal ions in the structure is known as cationic doping. Metal doping is
said to have a significant impact on the valence band. To alter the optical and
photoelectrochemical characteristics of metal oxide semiconductors, several metal dopants
have been added. According to S. Chayoukhi et al. doping SnO2 with Co results in a minor
change in the radius of Sn, which causes the lattice cell to contract and/or reduce the band
gap [26]. Another study revealed that the band gap is reduced when an In atom replaces a Zr

atom [27]. The findings of this study demonstrated that maintaining the valence maximum

Page | 42

© University of Venda



()

- A
University of Venda

potential while altering the band gap is primarily due to a conduction band minimum shift,

which may be accomplished by doping In and Sb as cationic doping substitution.

4.2.2.5 Mono-doping of In-SnOs.
Figure 19 below illustrates the calculated band gap value of indium doped SnO:2 as 3.70 eV.
The conduction band decreased as it approached the Fermi level. This could result from in

impurities forming a brand-new state in the band gap.
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Figure 19: Band structure of In doped SnOo..
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Figure 20: Partial density of state of In-SnO-.

According to the computed partial density of state shown in Figure 20 above, In 5p makes a
small but significant contribution to the conduction band. Since the treatment of In 4d
electrons causes the hyper-deep band to lie very distant from the Fermi level, it was not
considered. The peak that results from the hybridization of the states of In, Sn, and O is
created from the overall density of states. Most of the In 5p states are located in the
conduction band, with a little amount fading into the valance band. Thus, the conduction band
contains only In-5p states. The outcomes showed that adding In considerably changed the
electrical characteristics of SnOz2. By doping Sn with substituted elements, a novel state close

to the Fermi level has been discovered.

4.2.2.6 Mono-doping of Sb-SnOs2.

The estimated band gap was discovered to be 3.18 eV, as shown in Figure 22. The n-type
semiconductor is now visible thanks to a downward shift in the CB. The band gap is
narrowing, which is favourable for electron mobility. The photoanode will accelerate more

ejected electrons, which will slow down the rate at which electrons from CB and VB
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recombine. Reduced band gap is beneficial for use in DSSC, this was determined by

comparing the findings to those of Ma et al [56] .

22 ' — | ' '
20

18
16
14
12
10 =

Energy(eV)

Eg=3.18 eV

G F Q z G

Figure 21: Band structure of Sb doped SnO:a.
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Figure 22: Partial density of state of Sb-SnO..

The predicted band structure and PDOS of Sb-doped SnOz2 are displayed in Figures 21 and
22. Tran et al. suggested that doped SnO: represents direct band gap [16], and the computed
findings demonstrate a gap of 3.18 eV. Sb 5s are responsible for the states that are introduced
within the band gap; by looking at the total density of states, we can easily understand how
each of these states contributes. The hybridization of Sb 5s and Sn 5s states with a little
amount of O 2p states results in peaks that are close to the Fermi level. The band gap was
reduced as a result of the strong Coulomb force produced by the interaction between Sn 5s
and Sb 5s, which caused the state of Sn to migrate down to the Fermi level. The Sb impurity-
introduced carrier has a significant localization feature and is stuck in the acceptor level

towards the top of the VB. Furthermore, around the Fermi level, the Sb states contribute more.

4.2.2.7 Co-doping of In-Sb-SnOx.

Figure 23 below shows a gap of 3.44 eV for co-doping of In and Sb on SnO2. According to
Filippatos et al. [33], both the CBM and the VBM are found near the G point. With the
exception of where the Fermi level is located, the total DOS of SnO2 varies only slightly when

Sn and In are substituted in the supercell. The effect of this extra electron, which also exposes
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an n-type semiconductor, is confirmed by the fact that Fermi level is at the top of the valence
band. The summits, though, melt together. The resulting VB-DOS is a little more complicated
than a pure supercell in terms of its properties. Keep in mind that the uppermost valence band
of the pure supercell has a relatively modest dispersion. The resulting effective band gap
agrees well with the experimental findings that have been published. The outcomes

presented by Ammari et al. [57] also support this.

Energy(eV)

Figure 23: Band structure of In and Sb co-doped SnO..

When Sn is replaced by In and Sb, the concentration of the Sn cation is lowered, as seen
below in Figure 24 below which consolidates the contribution of the In 5p and Sb 5s states.
The novel state contributed by In 5p and Sb 5s is introduced when these two ions are co-

doped, and this is consistent with other electrical features noted by Ammairi et al. [57].
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Figure 24: Partial density of state of In and Sb co-doped SnO..

In summary, the electronic properties were calculated. Subsequently, it was found that anionic
p and s states and cationic p and s states, generate VBM and CBM respectively .The d states
in cationic doping were not considered because they are deep or very far from the Fermi
level. The p states naturally have a smaller slope than the d states close to the extrema as
well. Surface-reaching electrons are more likely to arise under light irradiation than surface-
reaching holes because of the significantly larger mobility of electrons in the VB compared to
holes in the CB . Our results show that increased activity is governed by electrons, which will
improve the performance of the devices because the majority of photocatalytic activities are
controlled by holes involved in oxidizing half processes . Additionally, Yang et al [55] showed
that the band gap width and electron mobility are fundamentally associated, the higher the
mobility of electrons, the smaller the band gap. The effective hole transmission and charge
separation that are promoted by expanding the VB width have a direct impact on the

unbalanced mobility of holes and electrons.
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4.3 Calculated optical properties of SnO:2 that is both pure and doped.

4.3.1 Mono doping and co-doping N, Cl, In, and Sb.

4.3.1.1 Absorption.

The absorption coefficient reveals the material's capacity to transform solar energy, as well
as the depth to which light of a particular frequency may travel before it is absorbed. The
disparity between the energy levels of an electronic transition can be used to describe the
energy and wavelength of absorption. The absorption coefficient A is related to the extinction

coefficient k, by the formular:

Where 1 is the wavelength, if is nm, multiply by 107 to get the absorption coefficient in the unit
of cm™'.The optical absorption spectra of doped and undoped materials were computed to
examine the absorption properties, and the results are displayed below in Figure 25 below.
Knowing that the band orientation of SnO: is affected by the presence of N, Cl, In, Sb, and

N-Cl impurities. Analysing how dopant’s impurities impact optical characteristics is important.
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Figure 25: Calculated optical absorption for doped and undoped SnOa.
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Figure 26: Calculated optical absorption for doped and undoped SnOa.

There is a noticeable migration from the lowest frequency to the highest frequency on the
optical absorption side. According to this, the optical band gap of doped SnO: altered
somewhat in contrast to an undoped SnO2 system, even though the band gap of SnOz2 shrank

after doping.

The data presented above in Figure 26 and 27 showed that the maximum values of the
absorption coefficient increase in the mono-doped of N compared to Cl, and in the mono-
doping of In compared to Sb structures within the range of 400 nm to 800 nm. The absorption
peaks shift to higher energy and show a slight red shift as shown in Figure 26 and 27. Similar
results were previously presented by Luo et al. [53]. This phenomenon means that the doped
SnO:2 absorption increases when mono-doping was employed as there is a slight increase in
the absorption coefficient and during co-doping the absorption activities are higher than the

undoped SnO2. While the co-doping of In and Sb shows only a very rise to higher than N and
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Cl doping wavelengths, the mono-doping and co-doping of N and CI has boosted the
absorption to a higher wavelength but with the smallest absorption coefficient. Therefore, the
absorption increases when mono-doping is employed better relative to co-doping in the case
of cationic doping. The calculation of the optical absorption revealed that these doped SnO:
have shifted the absorption coefficient to higher energy range . In conclusion, the small band
gap's strong light absorption and the multiple scattering effect help to increase the production
of photogenerated electrons and holes. The photocatalytic reaction can involve more holes
and electrons, improving photocatalytic activity because SnO2, a doped direct semiconductor,
has a lower recombination rate for photogenerated electrons and holes than an undoped

direct semiconductor.

4.3.1.2 Energy loss function.

Peaks in the electron energy loss function, are a key optical parameter that indicates how
much energy fast electrons lose when traveling through a material, are related to plasma
resonance characteristics. Peaks in loss function spectra's positions, which coincide with the
so-called plasma frequency, also draw attention to how all materials' attributes transition from
metallic to dielectric. The energy loss function of energy (w) and momentum transfer (q) is
given by the imaginary part of the reciprocal of the complex dielectric function ¢(w, q). Using
the energy loss function (ELF) and Born approximation , the differential inelastic scattering
cross section ,per atom or molecule ,for energy loss w and momentum transfer g in an infinite

medium is given by:

d’c 1 1 1
dwdq = ﬁlm [— @) ; ............................................ (25)
where E is the electron energy and Im [— ﬁ] is the ELF ,which is now defined by the

complex dielectric function [54].

Figure 27 below, the loss function of undoped and doped SnOz2 structure exhibits peaks at 0-
3 eV and undoped SnO2 does not have any activity within that range, which correspond to
the abrupt drop and constant value of reflectivity, respectively. For doped SnOz2, there are
three large peaks at 30 eV of which this correspond to higher wavelength, and it will results

in the lowest frequency, this is show the decline in reflectance from the beginning to the end.

Page | 51

© University of Venda



Loss function

0.9

0.8

<o
o

o
W

o
~

()

o
- A
University of Venda

— N-SnO2
—— CI-Sn02
—— Pure SnO2

| J[I|I|I[J|[‘I|J|I]I|\‘I

— N-CI-SnO2 /

|
1

|
8 9 10 11 12 13 14 15 16 17 18
Energy(eV)

= Lo |
2 3 4 5 6 7

Figure 27: Calculated loss function of N, Cl and co-doped SnOa.
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Figure 28: Calculated loss function of In, Sb and co-doped SnOz2.

Figures 27 and 28 above show the calculated loss of function of both anionic and cationic
doping. Mono doping of N, CI, In and Sb showed high energy loss of In compared with the
co-doped and undoped systems. Between 0-3.6 eV, there is a very high energy loss depicted
by both co-doped and undoped structures, this was also reported by Luo et al. [53]. The
undoped structure does not show any activities under visible light. These results show that a
large amount of energy will be reflected in the UV region than in Vis region since in the Vis
region there are little activity of loss function, and this can measure the propagation loss of
energy inside the medium or the material. For both doped and undoped SnOz2, the greatest
peaks span from 4 eV to 38 eV. Both undoped and co-doped devices experience energy loss
when the absorbed photons have higher energy than the threshold frequency. The energy
loss values of undoped and co-doped materials mainly occur in the UV range because SnOz2's

high band gap restricts its absorption to that area more.
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4.3.1.3 Reflectivity.
Reflectivity is the percentage of incident electromagnetic power that is reflected at a contact,
as opposed to reflection coefficient, which is the ratio of the reflected incident electric field.

The refractive index is given by:

1
195 2 2 — .
n=[N+W2—n3nd):| with N = 204, Tt (26)

maxTmin

where no is the refractive index of air and n1 is the refractive index of the substrate.

The internal reflection effect can make the reflectance change with surface thickness when
reflection occurs from thin layers of material. Since reflectivity is the intrinsic reflectance of
the surface and the limit value of reflectance as the sample gets thicker, it is unaffected by

other factors like the reflection of the back surface.
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Figure 29: The reflectivity of doped and undoped SnOo-.
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The optical reflectivity of undoped SnO: is low. In terms of co-doping, the optical reflectivity

is higher than that of undoped SnOz2 in the visible spectrum but lower than that of mono-

doping.
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Figure 30: The spectra of SnO2 with and without doping in terms of optical reflectivity.
The optical reflectivity spectra of doped and undoped SnO:2 are depicted in Figures 29 and
30. In the infrared, visible, and ultraviolet spectrum. The visible part of the spectrum has low
reflection, which indicates good optical transparency. The structure which has high
reflectance in the visible region is the In-SnOz2 this is due to its contribution to the PDOS of
the structure, only few states of In where present. The undoped structure has higher band but
its reflectivity is very low compared to the doped structure, This is to the mobility of the atom

within the structure.
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4.3.1.4 Dielectric function.

4.3.1.4.1 Real part of the dielectric function.

Figure 32 below depicts the doped and undoped structure's dielectric function. According to
Anas et al. electron excitation and electron mobility are related to the peak of the real section

of the dielectric function [27]. Analytical expression of the dielectric function is as follows:
E(w) = &1(W) +ig5(W) vovenvviiiiiiiiiiin, (27)

The dielectric function is closely related to the electronic band structure. It fully describes
the optical properties of any homogeneous medium at all photon energies. The imaginary
part e2(w) of the complex dielectric function is obtained from the momentum matrix
elements between the occupied and unoccupied electronic states. It is calculated using the

analytical expression in Equation (28):
£ (w) = 2;—6:2,(,,,,6|<¢,g|a sk PIYINIZE(EE — EX — E) e, (28)

where w is the frequency of light, e is the electronic charge, i is the vector defining the

polarization of the incident electric field, 1;; and ¥} are the conduction and valence band

wave functions at k respectively.
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Figure 31: Real part of the dielectric function.

The greatest peaks for N, CI, In Sb and N-CI, In-Sb are displayed in the range of 0 eV to 10
eV for both undoped and doped SnO2. All the systems were discovered to have maximal
peaks in the UV region that start to decline at 19 eV. In contrast to co-doping and undoped
SnO2, mono-doping demonstrated an increase in the dielectric constant. The dielectric
constant for N and Cl doping was calculated to be 3.26 and 3.51, respectively, whereas the

values for co-doping and un-doping were 3.60 and 3.42, respectively.

In the case of In and Sb the dielectric constant was computed to be 5.1 and 4.49, for both for
co-doped and undoped was calculated to be 4.2 and 3.6, respectively. Therefore, the

dielectric constant of mono doping is higher than that of co-doped and undoped SnO..

4.3.1.4.2 Imaginary part of the dielectric function.
The features of absorption are closely related to the imaginary portion of the dielectric

function.
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Figure 32: Imaginary part of the dielectric function.

It is found that the maximum value of dielectric increased in the doped structures as indicated
in Figure 32 above. At the range 0-2 eV, In-SnO2 has the highest peak, at Sb-SnO2 at 1-2 eV.
Cl, In, Sb showed the highest peaks while co-doping and pure show the low peaks. The peak
for anionic doping and undoped SnOzincreased in the range 15-18 eV as it is visible in Figure
32 above. At 32-45 eV In, Sb and Cl showed activities that are higher than those of undoped,
In-Sb, N-CI and N. These peaks are attributed to the transition between Sn-5s, the lowest
conduction band, and O-2p, the highest valence band. The density of states can also be used
to explain the various peaks. The transfer of the electron from the p state of the dopant states
in VB to the p state in CB causes the peak to appear. According to Hossain et al. the dielectric
function is a crucial indicator for determining the optical and electrical properties of materials
[59]. The calculated dielectric function of a doped tin oxide confirms that there will be electron
transition in the visible region (1.8 €V), this is reinforced by the small peaks in that region
leading to the improvement of the photocatalytic activity of the material that is also suitable

for application in DSSC cells.
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5 CHAPTER FIVE

5.1 Conclusion.

Density Functional Theory and generalized gradient approximation with Perdew Burke
Ezernzehof functional were used to analyse the structural and electrical properties of anionic
(N and ClI) and cationic (In and Sb) doping of SnO2 supercell. The results from theory and
experiment were in good agreement with the calculated structural and electrical properties of
SnOz2. The results showed that the lattice expands when Sn and O are replaced by In, Sb,
and N, CI, respectively. This structural distortion of SnOz2 is caused by the greater ionic radii
of our dopants. It was discovered that when the number of dopants increased, the estimated
band gap shrank. Furthermore, it was established that anionic doping is advantageous in
lowering the band gap but poor in the absorptivity between cationic and anionic doping. These
results are in accordance with Samanta et al. lead to reduced electron recombination and
increased electron mobility [11]. The new states were created close to the Fermi level
because of the various valence states of the dopant elements, which causes a narrowing of
the energy band gap. According to the total density of the states, the Sn 5s and O 2p dominate
the valence band, whilst the p and s states of the dopant dominate the conduction band. The
slight alterations in the conduction band and band gap led to changes in the optical spectra

of the doped SnOz2 structure in the visible region.

In this work it was demonstrated by the undoped system's larger energy loss function than
the doped SnOz2 system. This is in line with optimal study that was reviewed which established
that doped SnOz2 transmits light. Changes in the dielectric function, reflectivity, loss function,
and absorption in the visible and end near-infrared are thought to be responsible for the
transition from the occupied state to the empty band close to the Fermi level as well as the

exciton effect. The optical characteristics of SnO2 can be improved through doping.

The CB of SnO:z2 is disrupted by nitrogen, a superior anionic dopant among non-metal ions,
and electron recombination is hampered by nitrogen's high electronegativity. The influence of
metal and non-metal doping, in particular, on electrical behaviour, drives us to design a

semiconductor material with customizable electrical properties that may be applied in DSSC.
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