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Preface

This dissertation represents an original, independent, and unpublished work by C.O. Ayo-Olaojo,
conducted under the supervision of Prof C.G.C.E. van Sittert, Mr K. Meerholz, and Prof D.C.
Onwudiwe. The study focuses on a computational investigation within the field of photocatalysis,
specifically examining the photocatalytic activity of tin (Sn)-doped zinc oxide (ZnO)
nanoparticles. It evaluates how Sn doping reduces ZnO's band gap and work function, improving
electron transfer, charge separation, and migration, thereby enhancing its overall photocatalytic

activity.

The project primarily investigates the structural and electronic properties of ZnO in three crystal
systems using density functional theory (DFT) based calculations. It identifies the most stable
crystal system based on surface energies, validates these findings against literature values, and
then introduces varying percentages of Sn (6.25%, 12.50%, and 18.75%) into the most stable ZnO
crystal system. Using DFT, the study optimises and determines the structural and electronic
properties of the resulting Sn-doped ZnO systems. The study then identifies the doping percentage
that most effectively reduces the band gap and lowers the work function, recommending it for

improved photocatalytic activity.

This dissertation adheres to the formatting guidelines specified in the North-West University’s!
manual for postgraduate studies. It includes a summary, a list of abbreviations, and a table of

contents, with the main body comprising five chapters.

Chapter 1 discusses the importance of semiconductor photocatalysts in degrading industrial
pollutants and explains the necessity of doping to improve their effectiveness. It outlines the
study's specific aims and objectives and provides a broad overview of the methodology used. The
problem statement highlights ZnO's limited reactivity to UV light due to its large bandgap, which
significantly hampers its use as a photocatalyst. The study proposes doping ZnO with Sn to

enhance its photocatalytic activity to overcome this issue.

Chapter 2 presents a comprehensive literature review discussing the fundamentals of
photocatalysis, the mechanisms of ZnO, and recent advancements in this material. It also explores
the significance of the band gap, the crystal structure and electronic properties of ZnO and its role
as a photocatalyst. Additionally, the chapter discusses the computational modelling of ZnO and

the effects of doping.



Chapter 3 starts with a comprehensive review of existing research on ZnO bulk and surface studies,
exploring how experimental and computational methods have aimed to enhance ZnO's
photocatalytic activity. The chapter benchmarks the computational method by comparing it with
previous DFT studies on ZnO models in terms of accuracy. Next, the study details the method
development phase, which includes generating and optimising ZnO structures in hexagonal
wurtzite, cubic rock salt, and cubic zinc-blende (sphalerite) forms. These structures were expanded
into 2x2x2 bulk models, and different surfaces were created by cutting along various Miller planes,
with separation ensured by a vacuum gap. Finally, the chapter explores the structural and electronic
properties of ZnO in three crystal systems, identifying the most stable system based on surface
energies. The morphology of the crystal system was determined using the WULFF? program to

represent the surfaces found on nanoparticles accurately.

Chapter 4 investigates the effects of Sn doping on ZnO. Sn was introduced into the most stable
ZnO bulk structure identified in Chapter 3 at concentrations of 6.25%, 12.50%, and 18.75%. The
Sn-doped ZnO structures were optimised, and their electronic and structural properties were
calculated using DFT to assess the impact of doping. These properties were compared to those of
pure ZnO to highlight the changes. The chapter concludes with a comparative analysis of pure
ZnO and Sn-doped ZnO, focusing on differences in bandgap and work function, and identifies the
doping concentration that results in the most significant bandgap reduction. Additionally, the
chapter determines the morphology of the Sn-doped ZnO crystal systems based on surface energies
using the WULFF® morphology, ensuring an accurate representation of the surfaces found on

nanoparticles.

Chapter 5 concludes the study with final remarks and conclusions on the impact of Sn-doping on
the photocatalytic activity of ZnO surfaces. This chapter also offers recommendations for future

work on calculating the electronic and structural properties of the Sn-doped ZnO nanoparticles.
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Abstract

Photocatalysts, such as zinc oxide (ZnO), are used in various industrial processes, including
manufacturing photovoltaic solar cells, optical sensitisers, optoelectronic devices and degradation
of organic pollutants. ZnO 1is particularly effective due to its strong oxidising power,
hydrophobicity, notable antimicrobial properties, stability, and non-toxicity. However, its
photocatalytic activity is confined mainly to the UV range of the solar spectrum because of its
large band gap, resulting in lower efficiency and prompting research for improvement.
Additionally, the recombination of photogenerated electron-hole pairs further reduces its

photocatalytic efficiency by impeding charge separation.

One of the methods used to enhance the photocatalytic performance of ZnO under visible light, is
to reduce its band gap energy of 3.37 eV. Various techniques have been explored to achieve this,
including doping with metals and non-metals, quantum dot sensitisation, alloying, surface
modification, and nano-structuring. Doping with metals is an efficient approach to band gap
reduction, because it creates new electronic states within the band gap, narrowing it and allowing
light absorption to extend into the visible light spectrum. This versatile method enables the
selection of specific dopants to achieve desired electronic and optical properties. Additionally,
doping improves charge separation and reduces recombination rates, enhancing photocatalytic

performance.

This study focused on tin (Sn) as the dopant due to its superior performance in previous studies.
A computational model was developed to explore the potential of Sn-doped ZnO as photocatalysts.
Pure hexagonal wurtzite, the cubic rock salt, and the cubic zinc-blende (sphalerite) crystal
structures were sourced from crystal structure databases and expanded to 2x2x2 bulk structures.
These bulk structures were optimised, and their electronic properties, such as density of states
(DOS), d-band centre, band structure, band gap, and X-ray diffraction, were calculated using
Density Functional Theory (DFT) based calculations. The solid-state module Cambridge Serial
Total Energy Package (CASTEP) were used to calculate these properties. Validation was achieved

by comparing them with literature values.

After optimisation, the hexagonal ZnO bulk structure was cut along several Miller planes: (100),
(002), (101), (102), (210), (103), (200), (112), and (201). While the cubic and zinc-blende ZnO
bulk structures were cut along planes of (111), (200), (220), (222), (311), and (400). A 15 A

vacuum gap was added between adjacent surfaces to prevent periodic cell interactions. These

X



surfaces were optimised, and their surface energies and work functions were calculated to evaluate
their stability and activity, with further validation against literature values. The predicted
morphology was determined using the Wulff construction method with Wulffmaker software. This
approach established the equilibrium shape of the ZnO crystal systems, where the size of each

surface slab reflects its surface energy and, thus, the crystal's stability.

Following this analysis, the pure hexagonal ZnO crystal structure was doped with Sn using the
Supercell program, which systematically created all possible inequivalent site configurations for
doping percentages of 6.25%, 12.50%, and 18.75%. This was done by substituting specific Zn
atoms with Sn. These configurations were imported into Materials Studio 2020 and optimised. The
most stable configurations for each doping percentage were identified based on the lowest final
energies. The properties of Sn-doped ZnO bulk structures (DOS, d-band centre, band structure,
band gap, X-ray diffraction) were determined. Validation of these structures was done by

comparing their properties with available literature data.

The Sn-doped ZnO bulk structures were then cut along the same Miller planes as the pure
hexagonal ZnO model, namely (100), (002), (101), (102), (210), (103), (200), (112), and (201).
This cut was done to create surface models of the Sn-doped material. Similarly, a 15 A vacuum
gap (to prevent periodic cell interactions) was employed. These doped surfaces were optimised,
and their surface energies were calculated and validated against literature values. Again, the
morphologies of the doped materials were determined, to determine the equilibrium shape of Sn-

doped ZnO crystal systems.

Finally, the properties of pure ZnO and Sn-doped ZnO were compared. The Sn-doped ZnO with
the most reduced band gap and lowest work function was identified and recommended for
improving the photocatalytic activity of ZnO. However, direct experimental data is needed to
support these findings fully. This study concludes that the Sn-doped ZnO model predicts
significant improvements to the catalytic potential of Sn-doped ZnO for application as a

photocatalyst in the degradation of organic pollutants.

KEYWORDS: ZnO, Sn-doped ZnO, Photocatalyst, DFT, Supercell, CASTEP, Band gap,

Surface energies
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Chapter 1:  Introduction

1.1 Background to study

Wastewater from industrial processes contains various pollutants. For example, the wastewater
from the textile industry contains harmful organic pollutants, such as 4-nitrophenol.* Phenols are
toxic to the environment and humans. The presence of substituent groups, such as nitro groups,
enhances the persistence of phenols in the environment due to the high stability of this functional
group.” As the harmful organic pollution increases, the demand for environmental remediation

increases.

Semiconductor metal oxides have been reported to possess good photocatalytic properties. Several
metal oxides, such as zinc oxide (Zn0O),° titanium dioxide (Ti02),’* cadmium sulphide (CdS)® and
tungsten trioxide (WO3),” have been reported for environmental remediation.” *!! The use of
semiconductor photocatalysis is a promising approach to degrade organic pollutants due to its
ability to utilise light energy (photons of adequate energy in the UV or visible region of the solar
spectrum) to degrade the pollutants.'> '* Figure 1-1 depicts the photocatalytic mechanism of

semiconductors.

Conduc tion Band Reduction:
h +E'_}C|:’
b= 350 rra o Superoxide radical

glectmn

Band Gap (Ef

Chridation:
H:O +k— CH
Hedroxyl radical

Figure 1-1: Semiconductor photocatalytic mechanism for the generation of superoxide and hydroxyl
radicals.

When a semiconductor absorbs photons with energy equal to or exceeding its band gap energy,
electrons migrate from the valence band to the conduction band, creating holes in the valence
band.!* The electron-hole pairs facilitate surface-based redox reactions that break down pollutants

1



into smaller molecules.'> Specifically, electrons in the conduction band combine with adsorbed
oxygen to form superoxide radicals,'” while holes combine with water molecules or OH™ in the
system to form hydroxyl radicals. These reactive species efficiently oxidise pollutants,'® >3 thus

addressing modern environmental challenges through photo-enhanced degradation of pollutants.'®-
20

An example of the mechanism of photocatalytic degradation will be discussed using 4-nitrophenol.
The hydroxyl radical attacks the carbon-nitro bond, which leads to the formation of

4-nitrocatechol.?!*>* (see Figure 1-2).

The 4-nitrocatechol then undergoes denitration (-HNO3) through a mechanism known as radical
addition-elimination to form a phenolic radical. This phenolic radical can either be converted to
hydroquinone or catechol. Hydroquinone is then oxidised to p-benzoquinone, and catechol is
oxidised to o-benzoquinone. Both p-benzoquinone and o-benzoquinone subsequently undergo
ring-opening reactions, with p-benzoquinone forming 2,5-dioxo-3-hexenedioic acid and
o-benzoquinone forming maleic acid and muconic acid. These dicarboxylic acids undergo further
degradation to form smaller acids such as oxalic acid and acrylic acid, with muconic acid
undergoing similar degradation.* Ultimately, oxalic acid degrades to formic acid, acrylic acid
degrades to malonic acid, and formic acid eventually breaks down into HO/CO,* through further
oxidation by the strong oxidising radicals.?> Malonic acid further degrades to produce CO», H>O,

and acetic acid (CH3;COOH).

Of the semiconductor photocatalysts listed earlier, ZnO has garnered considerable interest over
the past ten years due to its properties, including low cost,'* non-toxicity,?* and photochemical and

26 offering environmentally sustainable solutions.?”> 3! ZnO is a I1I-VI binary

thermal stability,
compound semiconductor, whose ionicity is on the cusp between covalent and ionic
semiconductors due to the electronegativity difference between Zn and O.?® This partial covalent
nature of ZnO is attributed to the arrangement of atoms in the crystal lattice, which enhances the

hybrid nature of the bond and boosts its unique combination of ionic and covalent characteristics.?®

ZnO can crystallise in different forms, each exhibiting distinct structural characteristics. The three

29,30 cubic rock salt,”’ and cubic

common crystal structures of ZnO are hexagonal wurtzite,
zinc-blende (sphalerite).’® 3% 3 For simplicity, we will refer to these structures as hexagonal, cubic,

and zinc-blende throughout this work.
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Figure 1-2: Proposed pathway for the degradation of 4-nitrophenol using ZnO.

At standard pressure and temperature, the hexagonal structure is the most prevalent phase of
Zn0.** The cubic structure appears as a metastable phase under high pressure, around 10 GPa, and

cannot be stabilised through epitaxial growth.>> The zinc-blende structure only becomes stable

when grown on cubic substrates.?’



In the hexagonal ZnO crystal structure, the bonding occurs through the sp* hybridisation of
electron states, creating four equivalent orbitals.>® These sp’ states form the valence band in the
resulting ZnO crystal, while the antibonding states constitute the conduction band.** This

configuration produces a band gap of 3.37 eV 4’ situated within the UV spectral range.*’

The semiconducting properties of ZnO have long been recognised and employed in various
applications, including transparent conductive oxides,*! light-emitting diodes,* and UV
photodetectors*? due to its wide band gap and high electron mobility.*> Recently, ZnO has gained
attention as a photocatalyst for environmental remediation, where it degrades pollutants and
organic compounds under UV light,* leveraging its strong photocatalytic activity*’ and stability.*®
However, despite its promising properties, the photocatalytic performance of ZnO is primarily
effective under ultraviolet light (UV) (A <390 nm) and less responsive to visible light due to its
wide band gap.*®->° This restricts its utilisation of visible light, a significant portion of solar energy,
and results in a high recombination rate of electron-hole (e /h") pairs, reducing its photocatalytic

efficiency.

Doping with metals has been shown to reduce the band gap in most semiconductor
photocatalysts.’! Substitution doping, which reduces the band gap in ZnO crystal structure without
significantly altering its structural properties, is the primary approach in conventional

semiconductor doping.>*

Doping ZnO with tin (Sn) could be done with either Sn?>* or Sn*" ions. Each oxidation state of Sn
offers different effects on the properties of the doped ZnO.> Sn? has a different electron
configuration and more electrons than Sn**, leading to distinct electronic interactions within the
ZnO lattice.® Zn*" and Sn?* have similar electronic configurations with no valence electrons in
their outer shells after ionisation, which ensure compatibility in terms of their charge states.®’
Furthermore, doping with Sn** introduces fewer positive charges compared to doping with Sn**,
resulting in the formation of different types of defects such as oxygen vacancies,’® interstitial Sn**
ions® and substitutional Sn?* ions®® that leads to the reduction of the band gap.>> Additionally,
previous studies® indicate that Sn?" is more effective than Sn*" in reducing the band gap. This
effectiveness is because the lower oxidation state of Sn*' also leads to less lattice distortion
compared to Sn**, which helps in maintain better electronic properties and more efficient band gap

reduction.



However, the larger ionic radius of Sn** (1.18 A) compared to Zn*" (0.74 A) causes lattice
distortions, which alters the electronic band structure of doped ZnO relative to pure ZnO.%! When
Sn** ions are introduced into the ZnO lattice, they interact with the oxygen atoms, causing changes
in bonding and hybridisation.®* Moreover, the chemical bonding and hybridisation between Sn?*
and oxygen atoms in ZnO change the conduction and valence bands.®? These bands shift in the
energy levels.%® This adjusted band structure effectively reduces the band gap, thereby improving

the ability of ZnO to absorb visible light and enhancing its photocatalytic performance.®*

In addition to changing the band structure, dopants like Sn>" can create trap states or defect sites
within the band gap (see Figure 1-3). These trap states arise due to the introduction of defects, as
mentioned earlier.®” ¢ Trap states are crucial for preventing recombination and facilitating
electron-hole pair separation in the doped materials by capturing electrons or holes, effectively

reducing recombination rates and enhancing photocatalytic efficiency.%

electron Conduction Band

1 ©) } Trap state or Defect site

Before |Band gap (Ey) After

Band gap (E
Doping Doping o

A\ J

Figure 1-3: Introduction of trap states enhancing the separation of electron-hole pairs and reducing the
band gap

However, if the band gap is smaller, the recombination possibility increases because the energy
barrier for recombining electron-hole pairs is reduced.®” To overcome this, the doping
concentration must be precisely controlled to create optimal trap states that capture electrons or

holes without introducing too many recombination centres.*®

Several experimental studies on Sn doping of ZnO have been done,*-7* but only a limited amount
on computational studies to explore how Sn doping affects the electronic properties of ZnO to

enhance its photocatalytic activity for the degradation of organic pollutants.



1.2 Problem statement and motivation

The widespread use of organic compounds in the industrial sector, particularly in the textile
industries, have contributed significantly to the presence of hazardous organic pollutants like
4-nitrophenol in the environment.”” Semiconductor photocatalysis shows excellent potential for

breaking down these pollutants.”®

ZnO is an appealing photocatalyst,””-’%” however, its wide band gap limits its activity mainly to
ultraviolet light, reducing its effectiveness under visible light. Furthermore, the high recombination

rate of photogenerated electron-hole pairs diminishes its photocatalytic efficiency.

Doping ZnO with other metals to form a hybrid photocatalyst system increases photogenerated
electron-hole (e/h") pair separation?’ by establishing electron traps, which form new energy levels

in the band gap and enhance photocatalysis.>!

In a study done by Onwudiwe ef al.,3° Sn was chosen as a dopant to improve the photocatalytic
activity of ZnO. The research examined the impact of different Sn concentrations at (5%, 10%,
and 20%) on the efficiency of ZnO. The findings revealed that a 10% Sn doping level is ideal,
offering the highest efficiency due to an optimal balance between creating trap states that capture

electrons or holes while minimising recombination centres.

This study introduces a computational modelling approach to investigate the effects of Sn-doping
on the structural and electronic properties of ZnO. This improved understanding of the structural
and electronic properties will lead to more efficient photocatalysts, which is beneficial for the

degradation of organic pollutants.
1.3 Aim

This study aims to investigate the effects of Sn doping on the structural and electronic properties

of ZnO to enhance its photocatalytic activity.
1.4 Objectives
The objectives listed below were addressed to achieve the aim mentioned above:

e Develop and validate a model to optimise and calculate the structural and electronic

properties of ZnO.



e Utilise the validated model developed for the ZnO to investigate the effect of Sn-doping
on the structural and electronic properties of ZnO.

e Compare the band gap of ZnO with those of the Sn-doped ZnO to assess the improvement
in photocatalytic activity.

e Compare the work function of ZnO with Sn-doped ZnO to assess the improvement in

charge separation.

1.5 Method of investigation

All the calculations in this study were performed using the Cambridge Serial Total Energy Package
(CASTEP) module in Biovia Material Studio (MS2020)3! software on the Lengau cluster at the
Centre for High-Performance Computing (CHPC),*? South Africa. CASTEP was employed to
calculate the electronic and structural properties of the bulk structures to determine the most stable

8

structure. The open-source software, Supercell program,®® was employed for doping, while the

Wulffmaker program? was used to ascertain morphologies.
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Chapter 2:  Literature Study

2.1 Introduction

Environmental pollution remains a critical challenge for developed and developing nations,
significantly impacting ecosystems through various anthropogenic sources. These pollutants
include toxic organic compounds, such as chlorinated and non-chlorinated aliphatic and aromatic

88, 89

compounds,® # dyes,% 37 and surfactants, each contributing uniquely to air, water, and soil

pollution.*

Chlorinated aliphatic compounds like trichloroethylene’! and perchloroethylene®® are used in
industrial activities such as metal degreasing and dry cleaning.”®: ** These volatile and persistent
substances contaminate air, soil, and groundwater,’” leading to severe health issues, including liver
and kidney damage, and are considered probable human carcinogens.’® Additionally, they
contribute to ozone layer depletion, intensifying climate change and increasing harmful ultraviolet
radiation exposure.’’ Non-chlorinated aliphatic compounds, like hexane and butane,”® though less
persistent compared to their chlorinated counterparts, still pose significant health and
environmental risks.” They contribute to ground-level ozone formation (smog), causing
respiratory problems and reduce crop yields.!°” Moreover, they can contaminate soil and water

bodies, harming aquatic life and disrupting ecosystems. !

102, 103

Aromatic compounds such as benzene, toluene, and xylene are extensively used to produce

plastics,!™ resins,!® and synthetic fibres.!” These highly toxic and carcinogenic substances,'?’
like benzene, are linked to leukaemia and other blood disorders.!? 1% They contribute to air

pollution and smog,'' and, pose long-term groundwater contamination risks, affecting drinking

5 6

water supplies.!''"!!® Dyes used in the textile,!'* paper,'!®> and leather industries!!® are often

toxic,'!” mutagenic,''® and carcinogenic,!!” persisting in the environment due to their complex
chemical structures.'?® Industrial discharge of dyes, such as 4-nitrophenol, into water bodies causes
severe water pollution,'?! harming aquatic life by inhibiting photosynthesis,'*? disrupting
reproductive systems,'?®> and accumulating in the food chain,!** ultimately impacting human

125

health.?” Surfactants, key components in household detergents,'?* personal care products,'?® and

127

industrial cleaners,'?’ also have harmful environmental effects.'?® Anionic surfactants, such as

linear alkylbenzene sulfonates, persist in the environment and are toxic to aquatic organisms,'?’
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damaging cell membranes and altering microbial communities in water bodies.!** They can

increase the solubility and mobility of other toxic compounds, exacerbating pollution issues.!'?! 132

As a result, stringent environmental regulations govern the use and disposal of persistent
pollutants,'** driving researchers to explore clean and sustainable methods. For instance, the
Stockholm Convention aims to eliminate or restrict Persistent Organic Pollutants'** like dioxins,
polychlorinated biphenyls, and certain pesticides like dichlorodiphenyltrichloroethane (DDT).!3

t136

In the United States, the Resource Conservation and Recovery Act'°® manages hazardous waste,

including chlorinated solvents and heavy metals,'*” 13 while the Clean Water Act!® regulates
pollutant discharge to protect water quality.!*® In the European Union, REACH (Registration,
Evaluation, Authorisation, and Restriction of Chemicals)'*' mandates chemical risk

t,142

management,'#? and the Water Framework Directive!* controls pollution from various sources.'**

t145 oversees hazardous chemical management to

The Canadian Environmental Protection Ac
safeguard human health and the environment.!*® These regulations aim to prevent pollutants from

harming human health and the environment.'#’

South Africa has a similar robust framework for chemical management and environmental
protection, guided by national legislation such as the National Environmental Management Act'%®
and the Hazardous Substances Act.!** The country also participates in key international
agreements, including the Stockholm, Rotterdam, and Basel Conventions, to control hazardous
substances and waste.!>® Specific initiatives like the National Environmental Management: Waste
Act"! and the National Water Act'>? address chemical waste and water pollution, respectively.
Through these measures and its commitment to international cooperation, South Africa aligns its

policies with global standards to safeguard human health and the environment.'>?

In addition to these legislative efforts, various advanced techniques have been developed and are
employed to process pollutants and generate clean energy. One such advanced technique is

photocatalysis.

Photocatalysis processes pollutants using renewable solar energy to drive oxidation and reduction

processes necessary for removing persistent organic compounds and microorganisms from

5

water.!>* It is widely applied in water and air purification,'>® as well as in developing

6

self-cleaning,'® self-sterilising,'” antifogging,'*® and anticorrosive surfaces.'*® Additionally,

160 161

photocatalysis is utilised in lithography,'®® photochromic materials,'¢! microchemical systems,'®?

and environmentally friendly organic synthesis and hydrogen generation.'®?
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The practical application of photocatalysis in environmental cleanup and clean energy generation

faces challenges but offers significant potential.

2.2 Photocatalysis

The history of photocatalysis began in 1972 with Fujishima and Honda’s'®* discovery that water
could be split into oxygen and hydrogen using an illuminated TiO: single crystal electrode. This
breakthrough attracted exploration into various materials for environmental cleanup, particularly
for degrading organic pollutants. In 1977, Frank and Bard'®> demonstrated the photocatalytic
oxidation of CN™ and SOs; using semiconductors like titanium dioxide (TiO»), zinc oxide (ZnO),
cadmium sulphide (CdS), hematite (Fe2O3), and tungsten trioxide (WO3). This breakthrough
expanded the application of photocatalysis beyond water splitting to pollution remediation and

wastewater treatment.

2.2.1 Mechanism of photocatalysis in the treatment of wastewater

In a typical photocatalytic process, the primary role of a photocatalyst is to convert solar energy
into chemical energy, driving oxidation and reduction reactions. When solar energy irradiates the
photocatalyst, it excites an electron from the valence band (VB) to the conduction band (CB),

resulting in the formation of an electron-hole pair!®®:

Catalyst +hv — eggt hyp covevveeeeeereeeeeeeeeee e (2.1)

In an aqueous medium, the generated holes (h*) interact with water (H,O) and hydroxide ions

(OH™) to produce highly reactive hydroxyl radicals (*OH), which play a crucial role in the

oxidation processes for wastewater treatment!®’:

HyO +hyg —*OH + H' oo, (2.2)
OH + hyg —*OH ..o (2.3)

The electrons (e7) in the conduction band can reduce dissolved oxygen (O) to superoxide anion

radicals (Oz*7):

These superoxide anion radicals can further react with hydrogen ions (H") to form hydroperoxyl
radicals (HO,*):
17



05+ H™ 5 HO oo (2.5)

These radicals and other reactive species contribute to the degradation of pollutants, such as the

oxidation of dye wastewater, facilitated by photo-induced positive holes:
Dye wastewater + *OH — Oxidation products ............cccceeeveenneenee. (2.6)
Moreover, reduction facilitated by photo-induced negative electrons:
Dye wastewater + O3 — Reduction products ............c..cccocveveeen.e. 2.7)
Dye wastewater + HO5 — Reduction products .............c.ccceevenee.. (2.8)

Various semiconductor-based photocatalysts, including TiO,'® 6% ZnO,!7% 17! Fe,O5,!7174
zirconia (Zr0.),'”> 170 WO3,'7”- 178 and tantalum pentoxide (Ta20s),!” effectively absorb light to
initiate reactions that break down persistent pollutants, making them useful in wastewater

treatment applications.’6 180 181

2.2.2 Advancements in photocatalysis

Over the past two decades, significant advancements in photocatalysis include novel material

33, 185 antimicrobial

synthesis,'®? nanostructure development, '3 ¥ efficient pollutant degradation,
function development® and energy generation processes.'®® Research has further expanded the

understanding of photocatalysis, focusing on electron transfer processes,'®* lattice and electronic

7 8 9 0

structure,'®’ generation of reactive radicals,'®® chemisorption,'® photooxidation,'”® green

synthesis,'”! hydrogen generation,'®® surface modification,*” and surface chemistry.!*?

Surface modification and improved surface chemistry could be accomplished through composite

fabrication,!”® nanostructure engineering'®* and doping.'®’

Composite fabrication creates
heterogeneous surfaces and unique interfacial chemistries, such as combining TiO2 with graphene
to improve electron transfer and reactivity.'®® Nanostructure engineering increases surface area
and introduces defects and quantum effects; for instance, creating ZnO nanorods increases surface
reactivity and adsorption capabilities.'®” Doping introduces impurities (metals or non-metals) that
can change the work function and surface energy of the material, impacting interactions with its
environment. For example, doping TiO2 with nitrogen enhances photocatalytic activity under

visible light.!”® Doping with non-metals like sulphur or nitrogen can also enhance chemisorption
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and light absorption, further boosting photocatalytic efficiency.!®2 Doping with metals enhances

photocatalyst efficiency and stability.!”’

Together, these surface modification processes enable the customisation of materials for

applications in catalysis,?* sensing,?’! energy conversion,’”? and environmental remediation.?*®

Additionally, photocatalysis is integrated into advanced oxidation processes (AOPs) that use
oxidising agents such as hydrogen peroxide, ozone, and Fenton's reagent for pollutant
detoxification.?’*2*” These processes often combine UV radiation and photocatalysis to accelerate
degradation,?®® with recent advancements using ultrasound, microwave radiation, and electrolysis

to further enhance pollutant decomposition.>*”

2.2.3 Importance of band gap

The band gap is the energy difference between the VB and the CB. The size of the band gap is
crucial for the activation of a photocatalyst by light, as the energy of incoming photons must meet
or exceed this gap to allow electron transitions and the formation of electron-hole pairs essential

for photocatalysis.

For instance, TiO:, with a band gap of approximately 3.2 eV,>? and ZnO, with a band gap of around
3.37 eV,?!0 are effective at absorbing UV light. In contrast, CdS, with a smaller band gap of about
2.4 eV.? and WOs, with a band gap of around 2.8 eV,'* are capable of utilising visible light for
photocatalytic applications. For practical applications, particularly in solar energy conversion,
photocatalysts with band gaps that absorb visible light (around 1.8 to 3.0 eV) are preferred, as they

can harness most of the solar spectrum efficiently.?!!

Furthermore, the band gap's characteristics influence the separation and stability of the electron-
hole pairs generated during photocatalysis.?!? Effective separation of these pairs is vital to avoid
their rapid recombination, which can otherwise diminish photocatalytic efficiency.?’®> A
well-chosen band gap helps to maintain the separation of these charge carriers for longer periods,
enhancing the overall performance of the photocatalyst.>!* The stability of the band gap under light
exposure is also a key factor. A stable band gap ensures that the photocatalyst does not undergo
quick degradation or lose its activity over time when exposed to light.?!> This stability helps
maintain the material's effectiveness and longevity, making it a more reliable choice for prolonged

photocatalytic applications.?!®
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In addition to the band gap's fundamental role in determining the energy requirements for
photocatalysis, its alignment with the redox potentials of reactants is crucial for effective
photocatalytic reactions.?!” The CB of a photocatalyst must be positioned lower than the reduction
potential of the target reactant, and the VB band must be positioned higher than the oxidation
potential.?!® This alignment ensures that the electrons excited to the CB can efficiently reduce the
reactants while the holes in the VB can oxidise them. This excitation is essential for driving the

redox reactions needed for photocatalytic degradation of pollutants.?!

Zn0O stands out among its semiconductor counterparts as a particularly suitable material for
photocatalysis due to band gap manipulation potential,”?’ room temperature ultraviolet lasing??!,

and device applications.?*?

2.3 7ZnO as photocatalyst

ZnO offers several advantages over TiO, despite the latter being widely studied for its UV light

225 226

activity.??> ZnO boasts cost-effectiveness,”* flexibility,’*> and superior electron mobility,

making it a strong contender for photocatalytic applications. Its affordability and availability
further enhance suitability for large-scale industrial processes.??” Additionally, ZnO is known for
its resilience to chemical and thermal stress, allowing it to maintain photocatalytic activity in harsh

environments over extended periods.??® Its ability to be synthesised in various nanostructures,®

9 230 6 170

such as nanoparticles,?”® nanorods,”*° nanowires,?*® and nanosheets,'’® increases its surface

area-to-volume ratio, providing numerous active sites for reactions and enhancing efficiency.?!

ZnO is also biocompatible’® and environmentally friendly,?*

with lower toxicity than other
semiconductor photocatalysts, making it ideal for water purification and air treatment
applications.?>* Moreover, the strong electron mobility in ZnO facilitates efficient charge carrier

t,212

movemen accelerating photocatalytic reactions and improving overall performance.

2.3.1 Crystal structure

ZnO0, a group II-VI compound semiconductor, occupies a unique position between covalent and
ionic semiconductors due to its intermediate ionicity. It exhibits three distinct crystal systems:
hexagonal wurtzite, cubic rock salt, and cubic zinc-blende (also known as sphalerite),?3* 228
referred to here as hexagonal, cubic, and zinc-blende, respectively. These structures are
characterised by tetrahedral coordination, where each anion is surrounded by four cations arranged

at the corners of a tetrahedron, reflecting sp®> covalent bonding. However, their ionic nature

contributes to a higher bandgap than would be expected from purely covalent materials.
20



Under standard conditions, hexagonal ZnO is the most thermodynamically stable phase.?** The
zinc-blende structure of ZnO is metastable and can only be stabilised through heteroepitaxial
growth on cubic substrates like ZnS,>* GaAs/ZnS,?” and Pt/Ti/SiO%/Si**®. While the cubic
structure forms under high pressures, around 9.5-10 GPa, leading to a volume reduction of
approximately 17%. Despite this, the cubic phase may remain metastable at ambient pressures

above 100 °C.>*°

1 240-242 240-242
5

The images in Figures 2-1 highlight the distinct morphologies of the hexagona cubic,
and zinc-blende?**?*? ZnO crystal systems as observed through scanning electron microscopy

(SEM).

h ™!

2 = "%

Figure 2-1: The SEM images of the three crystal systems of ZnO from published literature, namely, (a)
hexagonal’*’

(The illustration was provided by American Chemical Society (ACS) Publications: Nano Letters no copyrights
required for use DOI: 10.1021/nl025884u.) (b) cubic®*! (The illustration was provided by Elsevier Materials Today:
Proceedings no copyrights required for use DOI: 10.1016/j.matpr.2017.11.257.) and (c) zinc-blende’* (The
illustration was provided by American Chemical Society (ACS) Publications: Inorganic Chemistry no copyrights
required for use DOI: 10.1021/ic4017849.).https.//pubs.acs.org/page/copyright/permissions.html

These variations in morphology play an important role in determining the physical and chemical
properties of each system. The hexagonal structure (Figure 2-1 (a)), characterised by anisotropic
growth, features well-defined facets and elongated shapes, enhancing its electronic properties and
surface reactivity, which are particularly valuable for photocatalysis. The cubic structure
(Figure 2-1 (b)), with its symmetrical and dense arrangement, typically displays uniform particle
sizes, contributing to improved mechanical strength and thermal stability. Meanwhile, the
zinc-blende structure (Figure 2-1 (c)), known for its tetrahedral coordination, exhibits a more

isotropic morphology that can affect its electronic band structure and overall conductivity.
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2.3.2 Electronic properties

The key to evaluating the electronic properties of ZnO, particularly its band gap, lies in
understanding its density of states (DOS) and band structure. These properties are central to the

role of ZnO in photocatalysis, optoelectronics, and other applications.

2.3.2.1 Density of States (DOS)

The electronic structure of ZnO is described in detail through its density of states (DOS), which
outlines the distribution and availability of electron states within the structure. The VB is primarily
shaped by Zn-3d and O-2p states, while the CB features contributions from Zn 4s and 4p states.
Notably, the DOS intensity near the valence band maximum (VBM) is generally low due to the
high dispersion of the band, indicating a lower density of electronic states available for occupation.
In contrast, the conduction band minimum (CBM) exhibits a higher DOS intensity, reflecting more
localised states. A detailed analysis using partial DOS (pDOS) further highlights that Zn-3d states
are localised, and produce a significant peak around -7 eV, while O-2p states dominate near the

VBM. Zn 4s orbital play a key role in forming the CB, influencing charge carrier behaviour.

DOS calculations can simulate experimental techniques like valence band X-ray photoelectron
spectroscopy (VB-XPS) 2#2% and hard X-ray photoelectron spectroscopy (HAXPES),?*
considering factors such as atomic orbital photoionisation cross-sections and peak broadening
effects analysed by Yeh and Lindau®** and Scofield.”>! These analyses have been pivotal in
studying the influence of oxygen vacancies, structural defects, and doping (e.g., with Sn or Ga) on

the electronic structure of ZnO, as well as in understanding surface and interface properties.

2.3.2.2 Band structure

Band structures are graphical representations that show how the energy levels of electrons (called
eigenvalues) change with respect to the wave vector, 'k'. Ideally, a band structure would cover all
possible 'k' values for a material. However, due to computational limitations, focusing on specific
paths that pass through high-symmetry points within the first Brillouin Zone (BZ) is common

practise.

A band structure initially provides insights into the fundamental characteristics of the band gap,
indicating whether it is indirect or direct, and its magnitude. The occupied states, constituting the
VB, have their highest energy point, typically set at zero, termed the VBM. Above this band gap
lie the empty states forming the CB, with the lowest point identified as the CBM. Notably, for the
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hexagonal structure of ZnO, both the VBM and the CBM occur at the same 'k' values, specifically
at k = 0, the T point.?>? This direct band gap typically ranges from 3.2eV?*? to 3.37 eV,!”® 254
enabling efficient light absorption and emission, which is valuable for optoelectronic and

photocatalysis applications.

Conversely, ZnO in cubic or zinc-blende structures is predicted to exhibit an indirect band gap,*>
255 where the VBM and CBM are located at different k-points. This indirect gap results in less
efficient optical transitions, altering ZnO’s optical properties in these forms. These differences in
band gap behaviour are strongly influenced by crystal symmetry. The hexagonal wurtzite structure
facilitates direct transitions due to its symmetry, whereas the cubic and zinc-blende structures tend
to exhibit an indirect band gap. This transition is because their symmetry alters the relative
alignment of the conduction band (CB) and valence band (VB), requiring a momentum change for

electronic transitions.

However, the key feature of the band structure of ZnO is the magnitude of its band gap. The band
gap allows ZnO to absorb UV light, which is essential for initiating photocatalytic reactions. This
wide absorption capacity contributes significantly to its efficacy in photocatalysis, particularly
when exposed to UV light, where it can create electron-hole pairs that initiate redox reactions,
leading to the breakdown of organic pollutants and the oxidation of various substances.?*®
However, to extend its photocatalytic activity into the visible light spectrum, efforts are being

made to reduce its band gap using doping.

2.3.2.3 Doping

The modification of the electronic properties of semiconductors could be achieved through
doping.?*” Doping can be tailored to modify the bandgap,?>® increase carrier concentration, and

enhance optical absorption,”! thereby making ZnO more suitable for specific applications,

258 259

including transparent conducting oxides™® and UV/visible light-responsive photocatalysts.
During doping, impurities are introduced into the crystal structure of the semiconductor. The
nature of the dopant is essential for modifying the semiconductor for different applications. Donor
impurities add extra electrons, creating n-type semiconductors (Figure 2-2 (a)) with negative
charge carriers. In contrast, acceptor impurities generate holes, resulting in p-type semiconductors

(Figure 2-2 (b)) with positive charge carriers.?®
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Figure 2-2: Comparison of n-type and p-type semiconductors.

The n-type semiconductors are doped with elements that have more valence electrons than the host
material, resulting in excess free electrons (negative charge carriers). In contrast, p-type
semiconductors are doped with elements that have fewer valence electrons, creating holes (positive
charge carriers) that facilitate electrical conduction. The energy band diagrams in Figure 2-2
highlight the shifts in the Fermi level, which is closer to the CB in n-type semiconductors and
closer to the VB in p-type semiconductors. This ability to control charge carriers is crucial for

devices such as transistors, diodes, and solar cells.?¢!

Zn0 is an n-type semiconductor, even in its pure form, due to the presence of intrinsic defects such
as oxygen vacancies (Vo) and zinc interstitials (Zn;), which act as shallow donors, contributing
free electrons to the CB.2°? This n-type characteristic is vital for enhancing photocatalytic activity

and facilitating the efficient separation of charge carriers when the material is exposed to UV light.

Doping the crystal lattice of ZnO with transition metals stands as a widely recognised method for
adjusting ZnO's bandgap, thereby altering the morphology, particle size, and crystallite size of the
ZnO host to transform it into a visible-light-responsive photocatalyst. This process impedes the
growth of ZnO, leading to the creation of smaller nanostructures possessing larger surface areas.
Introducing transition metal cations into the ZnO lattice through substitutions modifies the Zn
environment, reshaping its electronic band structure and introducing various crystal defects,
notably oxygen vacancies. These vacancies can efficiently trap electrons, enhancing the separation

efficiency of photo-generated electrons and holes.

) 258 ) 263 )264
b b

Elements, such as aluminium (Al gallium (Ga or indium (In)“**, can further enhance n-
type conductivity by donating additional electrons when substituting Zn atoms in the lattice.?®
These dopants, being group III elements, have three valence electrons compared to Zn's two,

allowing them to donate additional electrons when they substitute Zn atoms in the lattice. Doping
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Zn0?> 269208 with transition metals like Mn, Co, and Cu modifies its electronic structure,
improving charge separation and enabling absorption of visible light, thus enhancing its
performance under different light sources.?®® Similarly, Sn** can be used to dope ZnO, donating

electrons to the CB and thereby enhancing the n-type semiconductor.?”°

The resulting increase in free electrons improves the electrical conductivity of ZnO, making it
suitable for applications in transparent conductive oxides,?*® ultraviolet (UV) photodetectors,*? and
gas sensors.?*!- 271272 Moreover, the optical absorption edge of ZnO extends into the visible light
region upon doping with transition metals like Ag, Mn, Cu, Fe, Ni, and Si. However, the primary
challenge with n-type ZnO is controlling the concentration and distribution of these dopants, as
well as intrinsic defects to achieve consistent and desirable electronic properties.?’> 27
Nevertheless, ongoing investigations into hexagonal wurtzite ZnO as diluted magnetic
semiconductors have been active, aiming to achieve effective transition-metal-doped ZnO with
Curie temperatures surpassing room temperature. In contrast, certain semiconductors like
transition-metal-doped Si, Ge, and Li were less commonly utilised due to their lower Curie

temperatures compared to room temperature. These developments demonstrate ZnO's versatility

as a promising material for future optoelectronic and magnetic applications.

2.4 Computational modelling of ZnO

The computational modelling of ZnO involves a comprehensive set of theoretical and simulation
techniques aimed at understanding and predicting the material’s properties, behaviour, and
potential applications across various scales. This modelling approach is crucial for enhancing the
performance of ZnO in fields like electronics, optoelectronics,*’ and photocatalysis.”® A central
aspect of this modelling is electronic structure calculations, primarily using density functional
theory (DFT).?”> DFT is instrumental in determining the band structure, DOS, and the effects of

doping, defects, or strain on the electronic properties of ZnO.?”

However, standard DFT methods, such as the GGA/PBE method,'* 2"72% tend to significantly
underestimate the band gap, with reported values ranging between 0.65 eV?¥! and 1.0 eV.?%? These
values are significantly lower than the experimental value of around 3.37 eV.>> 2 This
underestimation is due to the limitations of GGA, which poorly estimates the binding energy in

d-states, causing over-hybridisation with anion p valence states, resulting in a smaller band gap.?%*
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To address these limitations, advanced methods like Tran—Blaha modified Becke—Johnson
(TB-mBJ)**® and hybrid functionals (GGA-PBE-HSE06)**° have been used, providing improved
band gap estimations of 2.70 eV and 2.49 eV, respectively. However, these estimations are still

below the experimental 3.37 eV.> 2%

Using the GGA + U method, which adds the Hubbard U correction to better account for localised
d and p states, has achieved band gaps closer to the experimental value of 3.37 eV.2% Applying U
for both Zn and O states (Uqg.za between 5-10.5 eV and U,.o between 7-8 eV) has successfully
reproduced the correct band gap.?®* 284 287289 Recent calculations incorporating these parameters
in various functionals (LDA + U, GGA-PBE + U, GGA-PBESol + U) have shown improved

agreement with experimental data.?87- 288,29

Beyond band structure calculations, ZnO modelling also explores the influence of point defects,
such as vacancies, interstitials, and antisites, on electrical and optical properties of ZnO.>’! These
defects can act as charge traps or recombination centres, significantly impacting the material's
conductivity, transparency, and photocatalytic efficiency.?*? Simulations also explore the effects
of various dopants such as aluminium (Al),?** gallium (Ga),'*” tin (Sn),?** and transition metals on

the electronic structure of ZnQ.%%

Surface and interface studies in ZnO computational modelling are equally important. These studies
involve calculating the surface energies of different ZnO Miller planes, such as (002), (100), and
(101), which are essential for predicting the stability and equilibrium shapes of ZnO
nanostructures.”’® The Wulff construction’®’ is often used to determine the equilibrium

morphology of ZnO nanocrystals by minimising the total surface energy.

The impact of doping or surface modifications on ZnO morphology can also be explored through
these models, offering insights into how to control the shape and size of nanostructures for

enhanced performance in various applications.
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Chapter 3:  Density Functional Theory study of the structural and

electronic properties of ZnO

3.1 Abstract

The investigation of the stability of zinc oxide (ZnO) previously focused on the structural and
electronic properties of ZnO, such as density of states (DOS), band structure, d-band centre, X-ray
diffraction (XRD), and surface energy. Of these properties, surface energy was shown to be the
best property to assess the stability of metal oxide systems. However, studies that used Density
Functional Theory (DFT) for evaluating representative surfaces and their associated surface
energies are limited to the three most prevalent crystal systems of ZnO namely: hexagonal, cubic,
and zinc-blende. This study explored the structural and electronic characteristics of ZnO in the
three crystal systems using DFT and aimed to identify the crystal system with the highest stability
based on surface energies. Additionally, the study leveraged the surface energies to construct ZnO
nanoparticles and visualise their morphologies. The research involved optimising ZnO bulk
structures, cleaving surfaces from them, calculating surface energies, and comparing band gaps
and work functions across the three crystal systems. The results demonstrated that the hexagonal
crystal system of ZnO exhibited the highest stability, considering surface energies. The work
function exhibited notable variations across the different crystal systems, with the hexagonal
crystal system showing the most favourable work function values. This conclusion is supported
by other factors such as DOS, band structure, d-band centre, and XRD. This finding agrees with
the experimental reports that established the hexagonal wurtzite structure of ZnO as the most
thermodynamically stable and, hence, the most common among the three structures. It also
suggests that further investigation into the hexagonal crystal system could enhance our
understanding of the characteristics of ZnO and provide valuable insights for potential

applications. Further exploration of the hexagonal crystal system is recommended.

3.2 Introduction

Zinc oxide (ZnO), a well-established and versatile II-VI group semiconductor compound,?’® has
gained significant attention for its interesting properties and potential applications in multiple

267,300,301 and sensors.*"! Its ability to facilitate

fields, such as photocatalysis,?* optoelectronics,
photocatalytic reactions in environmental remediation,'®® water splitting, and solar energy

conversion is attributed to its wide band gap and high electron mobility.>*? Its wide band gap
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energy of 3.37 eV and its high exciton binding energy of 60 meV also make it suitable for efficient
optoelectronic devices like light-emitting diodes (LEDs), ultraviolet (UV) detectors, and
transparent conducting electrodes.?®* Furthermore, ZnO-based sensors are highly regarded for their
exceptional sensitivity, selectivity, and rapid response times, making them applicable in gas,

bio-sensing, and chemical sensing applications.?’!

However, because ZnO could exist in various crystal systems, the specific crystal system for a
specific application is unknown. The three most prevalent crystals are the hexagonal wurtzite, the
cubic rock salt, and the cubic zinc-blende, also known as sphalerite.?** For clarity and simplicity
in this chapter, we will refer to these crystal systems as hexagonal, cubic, and zinc-blende,
respectively. The ground state of ZnO has a hexagonal crystal system. However, ZnO can undergo
a phase transformation from the hexagonal crystal system to the cubic crystal system at a pressure
of 9.5 GPa.’® Furthermore, the zinc-blende crystal system can be achieved through experimental

4

growth techniques, such as molecular beam epitaxy,®* on a substrate with a cubic crystal

system.?%8

A considerable amount of research,?’% 3%5-3% encompassing both experimental and computational
approaches, has been conducted to depict the structural and electronic properties of ZnO
accurately. However, from an experimental viewpoint, the accurate representation of the structural
and electronic properties of the three crystal systems remains a subject of ongoing discussion due
to the challenges encountered in predicting precise values for the electronic band gap energy,*!’
associated electronic properties?®* and stability of the three crystal systems.’!! A fundamental
understanding of ZnO crystal systems’ structural stability, surface energies, and characteristics is
crucial for assessing their relevance for future applications. It will also enable researchers to

optimise them for future applications.

Numerous computational methodologies within the framework of Density Functional Theory
(DFT) have been employed to investigate the fundamental characteristics of ZnO,>* which include
the variations in energy,’!? lattice parameters,”’? band structure, density of states (DOS),>"* and
surface energies®!'* for each specific crystal system, thus contributing to a deeper understanding of

1.3% extensively studied the structural properties of the three crystal

ZnO. For example, Baktiar ef a
systems of ZnO. Both the local density approximation (LDA) and the generalised gradient
approximation (GGA) were employed for this purpose, and the electronic properties were
investigated by utilising the Tran—Blaha modified Becke—Johnson (mBJ) potential within the
WIEN2K code.*! Similarly, Hua-Gen Yu?!® presented an optimised methodology to investigate
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ZnO systems, wherein the exchange functional within the hybrid BLYP functional was adjusted

to overcome the limitations of the DFT method, namely the underestimation of the band gap.

The aim of this study is to develop a theoretical framework based on DFT calculations to
investigate the structural and electronic properties of ZnO. Considering previous studies,'* 3! 268
309.317-325 this investigation begun by undertaking a comprehensive benchmark analysis of previous
studies on different ZnO bulk and surface studies to identify the most suitable approach for this
research. Table 3-1 presents a summary of the parameters derived from the bulk structure and

surface studies in the literature.

The pseudopotentials and functionals utilised in this study were determined upon completing the
benchmark analysis. Subsequently, further benchmarking studies were conducted to determine the
optimal k-point grid and cut-off value for the three most prevalent crystal systems of ZnO. The
new framework developed in this study will enable the understanding of the crystal system and
electronic properties, as well as the surface characteristics and associated surface energies across

all three crystal systems of ZnO.
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Table 3-1: A summary of the cut-off energies, k-points, pseudopotentials and functionals used in various
ZnO0 bulk structure and surface studies.

Functional Cut-off k-points  Pseudopotentials  References
energy (eV)
31
Bulk GGA/ PBE 500 7XTXT -
structure
LDA/GGA/PW91 500 4x4x4 PAW 317
GGA/PBE 400 4x4x4 USP 318
GGA/PBE 300 - PAW 319
GGA/PBE 450 - USP 320
Surface
GGA/LDA 612 4x4x1 - 321
GGA/PWI1 400 7x7x1 USP 322
GGA/PBE 380 3x3x2 USP 323
GGA/PBE 400 15x15%9 - 324
GGA/PBE 380 6x6x2 - 325
GGA/PBE 400 5x5x1 PAW 309
GGA/PBE 340 5x5x4 USP 13
GGA/PBE - 9x9x6 USP 268

Note: GGA: Generalised gradient approximation,’’® PBE: Perdew—Burke—Ernzerhof scheme,’”” LDA: Local Density
Approximation,’?® PW91: Perdew—Wang 91 scheme,?’ PAW: Projector Augmented Wave,*’ and USP: Ultrasoft
pseudopotential 33!

3.3 Computational method

3.3.1 Cluster and Software

Theoretical calculations were performed within the DFT framework utilising the Cambridge Serial
Total Energy Package (CASTEP) module*? of the Biovia Materials Studios (MS 2020) software
package®! to determine the structural and electronic properties of ZnO. All the calculations were
run on the Lengau cluster at the Centre of High-Performance Computing (CHPC) in South

Africa.??

3.3.2 Unit Cells

Unit cells of the three crystal systems of pure ZnO (Figure 3-1), namely hexagonal, cubic, and
zinc-blende, were imported from the Materials Project database®*® into the Biovia MS 2020
software package®' visualiser. The hexagonal crystal system consists of two interpenetrating
hexagonal closed-packed (hcp) cells with a P63mc space group. The cubic and zinc-blende crystal
systems are both face-centred cubic (fcc). The cubic structure has an Fm3m space group, and the

zinc-blende crystal system has an F43m space group.
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(a) (b) (c)

Figure 3-1: The unit cell structures of the three crystal systems of ZnO, namely, (a) hexagonal, (b) cubic,
and (c¢) zinc-blende (grey and red represent Zn and O atoms, respectively).

The structures of these imported unit cells were compared with existing literature values to ensure

accuracy.

3.3.3 Bulk structure construction and optimisation
3.3.3.1 Construction

The 2x2x2 bulk structures were constructed by duplicating the imported unit cells in all three
directions of the Cartesian coordinates using the visualiser of the Biovia MS 2020 software

package !

3.3.3.2 Optimisation

All the bulk structures were relaxed to obtain the most stable geometry.

3.3.3.2.1 Computational details

The relaxation was done by using the CASTEP module within the Biovia MS 2020 software
package.®! The electron-ion interactions within the system were effectively modelled using the
ultrasoft pseudopotentials (USP) method.** To address the exchange and correlation effects within
the electronic structure, the Perdew-Burke-Ernzerhof (PBE)* exchange-correlation functional was
chosen, known for its reliability in describing a wide range of materials. This functional was

implemented using the general gradient approximation (GGA).

In terms of energy convergence, maximum force, maximum stress, and maximum displacement,
the tolerance values were set at 1.0 x 10° eV/atom, 0.03 eV/A, 0.05 GPa, and 1.0 x 107 A,

respectively. The calculations did not consider the spin polarisation because there is no magnetic
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moment in a ZnO system. However, the k-point grid and cut-off energy were benchmarked to
ensure computational accuracy, using the Monkhorst-Pack grid to accurately sample the Brillouin

Zone (BZ) in reciprocal space.*®

3.3.3.2.2 k-Point grid benchmarking

The k-point grid benchmarking was conducted using a variety of k-point grids, ranging from

31,317-320

3x3x3 to 15x15x15. Based on a thorough literature review, a 400 eV cut-off energy was

chosen for k-point optimisation to determine the appropriate k-point grid.

The 3x3x3 k-point grid, though relatively small, struck a good balance between accuracy and
computational efficiency. It was chosen as the minimum grid size because it produced a converged
result, unlike the 1x1x1 grid, which is commonly used as an initial choice but proved inadequate
for this system. In contrast, the maximum grid selected was 15%15x15 because it is dense enough
to appropriately characterise the electronic properties without exponentially increasing the

processing time.

In this optimisation process, the accuracy of different k-point grids was assessed by plotting the
energy per atom versus the number of k-points per grid. These findings aimed to establish the
minimum number of k-points necessary to achieve convergence. This benchmarking process is
important because using a lower number of k-points per grid may lead to inaccurate results, while
using a higher number generally enhances calculation accuracy but at the expense of increased

computational time.

3.3.3.2.3 Cut-off energy benchmarking

After the k-point benchmarking process, several cut-off energy values ranging from 250 eV to
600 eV with a 50-eV interval difference were tested for the k-point grid. These findings aimed to
determine an optimal energy cut-off suitable for achieving convergence in the optimisation of ZnO
bulk structures. A higher energy cut-off value will produce a more accurate result at the expense
of increased computational time. The expected outcome was identifying the lowest cut-off energy

within a tolerance of 1.0 x 10~ eV/atom tolerance, at which convergence was achieved.

3.3.4 Bulk properties

The CASTEP module within the Biovia MS 2020 software package®! was utilised to calculate the

structural and electronic properties of the different crystal systems of ZnO.
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3.3.4.1 Structural properties

The computational settings specified in section 3.3.3.2.1 with optimum k-point grid and cut-off
value were applied to achieve the most stable geometry during the optimisation. Following
geometry optimisation, the lattice parameters, cell angles, volume, density, total atoms, and final
energy derived for the bulk structures of ZnO were compared for validation purposes with existing

literature.

For further validation, the XRD patterns of all the ZnO bulks were generated in the Reflex tools
of the Biovia MS 2020 software package.®! The DFT framework was used, with a copper source,
Cu Ka (A=1.541 A), as the incident radiation. The minimum and maximum 2-Theta limits were
set to 5° and 90°, respectively. The patterns were calculated by determining the positions and
intensities of the diffraction peaks based on the atom positions in the bulk structure, the X-ray
wavelength, and the diffraction geometry. The calculated XRD patterns were compared with the

experimental XRD patterns®’.

3.3.4.2 Electronic properties

The electronic properties, namely, DOS, d-band centre and band gap, were determined after a

single-point energy calculation using the same settings as for the geometry optimisation.

3.3.4.2.1 Density of states (DOS)

The occupation probabilities of electronic states at each energy level were combined to determine
the total density of states (DOS) by summing all k-points and energy levels, showcasing
contributions from all angular momentum projections (s, p, d, f) on all atoms in the ZnO bulk
structures. Additionally, the partial density of states (pDOS) was derived by aggregating the
occupation probabilities for specific energy levels across all k-points, illustrating the contributions
from each atomic orbital. This arrangement of energy levels in the valence band (VB) and

conduction band (CB) ensures that the Fermi level is at zero energy.

The d-band of ZnO in each bulk structure was characterised by analysing the pDOS, which isolates

the contribution of the d-orbitals.

3.3.4.2.2 d-band centre

The d-band centre is closely related to the catalytic activity of a material. A d-band centre closer

to the Fermi level (higher d-band centre) indicates that d-electrons are less tightly bound, which
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can affect the material's interaction with adsorbates and its overall electronic behaviour. The

enhanced interactions with adsorbates generally suggest higher reactivity.

Integrations over the energy spectrum of the d-band within the pDOS were performed to determine
the position of the d-band centre for the ZnO bulk structures. The d-band is centred relative to
either the valence band maximum (VBM) or the Fermi level. Further details on this calculation

process are presented in Appendix A3, Table A3-1.

3.3.4.2.3 Band gap

The band structures for each system of the ZnO bulk structures were calculated, and the energy
values were determined at each k-point within the BZ. Subsequently, these energy values were
plotted against the corresponding k-vectors to generate the band structure, from which the band
gap was determined. The band gap refers to the energy interval in which there are no overlaps
between energy bands. The band gap is particularly relevant for insulators and semiconductors,
signifying the energy span between the highest occupied energy level (VB) and the lowest
unoccupied energy level (CB). The disparity in energy levels between the upper limit of the VB
and the lower limit of the CB defines the magnitude of the band gap. A comparison between the
calculated band gap values for the crystal systems being investigated and literature values was

conducted.

However, DFT/GGA methods are recognised for underestimating band gap values in transition
metal oxides such as ZnO.>* To overcome this limitation, various techniques are employed to
enhance the electronic energy gaps.’*®> Among these, a widely utilised and computationally
efficient method is adding the Hubbard correction (U) as in (LDA)+U, also known as (GGA)+U. 3¢
The U introduces empirical on-site Coulomb energy to specific orbitals. This modification
addresses the self-interaction error frequently observed in DFT calculations using GGA
functionals.**” The (DFT)+U approach significantly enhances the accuracy of electronic structure
calculations for transition metal oxides by more effectively accounting for electron-electron
interactions in localised d and p orbitals.**® This approach leads to predictions that more closely
match reliable experimental values for band gaps and electronic properties compared to GGA.>?%
33 Therefore, the (GGA)+U method is effectively addressing the band gap underestimation

problem.

Previous research?®* 287 340343 hag proposed a wide range of U values for Zn 3d orbitals (7 to

15 eV) and O 2p orbitals (6 to 9 eV), based on experimental data regarding the electronic states of
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ZnQO's hexagonal crystal system. There is no standardised method for determining the optimal U
values. In this study, the band gap was further analysed using U values of Ug.zo = 10 eV and
Up.o =7 €V, as suggested by Lee?®* for the hexagonal crystal system.

3.3.5 Surface model construction and optimisation
3.3.5.1 Construction

The three optimised ZnO bulk structures were cleaved along several Miller index planes to produce
different surfaces using the visualiser in the Biovia MS 2020 software package.®! These surfaces,
identified through experimental XRD, included the (111), (200), (220), (311), (222), and (400)
surfaces of both the cubic and zinc-blende crystal systems, as well as the (100), (002), (101), (102),
(210), (103), (200), (112), and (201) surfaces of the hexagonal crystal system.

The surface models consisted of a material slab with periodic boundary conditions and a vacuum
slab in the orthogonal direction. The dimensions of the surfaces, /a/ x /b/, ranged from 6.5780 A
to 15.5714 A. The slab systems had a fractional thickness ranging from 1 A to 2 A. Depending on
the surface, the material slab comprised two to eight layers, totalling 32 to 128 atoms per slab.
Some slabs were metal terminated (MT), while others were oxygen terminated (OT). A vacuum
gap of 15 A was added for all surface models, as it was found to be sufficient to prevent interaction

between the repeating material slabs.

3.3.5.2 Optimisation

All surface models (slab systems) were relaxed to identify the most stable geometry (structural
properties) and to investigate the influence of different surface terminations on the surface
properties of various ZnO crystal systems. However, preserving the surface structure is crucial
when investigating surface properties. Throughout the optimisation process, the dimensions and
shape of all the surface models were kept fixed, and the atoms were allowed to move. This
approach focused solely on how the atoms' positions changed within the surface models without
altering the overall dimensions of the material slabs to ensure that the modelled surface accurately
represents the physical and chemical properties of the ZnO surface. Temperature variations were
not considered, because the surface energy is not affected by changes in temperature due to the

dissimilar vibrations of the slab and bulk structure.’**
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3.3.5.2.1 Computational details

The computational settings used for the bulk structures in section 3.3.3.2.1 and the cut-off energy
(400 eV) were applied, as determined for the bulk structures in section 3.3.3.2.3. However, the
k-point grid was benchmarked for the (101) hexagonal surface using the Monkhorst-Pack grid to
accurately sample the BZ in reciprocal space to ensure the computational accuracy of the slab
systems.*® The selection of the (101) hexagonal surface was based on the surface's prominence in

existing literature. 34> 346

3.3.5.2.2 k-point grid benchmarking for (101) hexagonal surface

The k-point benchmarking for the (101) surface varied k-point grids ranging from 1x1x1 to
11x11x1. In contrast to the benchmarking of k-points for the bulk structures, the minimum k-point
chosen for the surface was 1x1x1. The reason for this choice was that the electronic structure of
the surface effectively becomes a two-dimensional system. Since most electronic activity happens

right at the surface, the need for many k-points in the c-direction is reduced.

3.3.5.3 Surface properties

Following the optimisation, the surface energies (y), work function and morphology of the crystal
system were determined.

3.3.5.3.1 Surface energies

The stability of surfaces can be characterised by calculating their surface energies (y), which are
considered a measure of thermodynamic stability.>*” This can be achieved by applying the

following equation to estimate the surface energies:

DFT DFT
y = E relaxed slab — 1 X E™ " puik (3 1)
. DA e .

Where y_represents the surface energy and S slab and EPFT, represent the DFT energies
after optimisation of the slab and bulk structure, respectively. 2A,;, represents the surface area
multiplied by two which accounts for both upper and lower surfaces of the bulk and n represents

the ratio of the number of Zn and O atoms in the material slab to the number in the bulk structure.
3.3.5.3.2 Work function

Work function is an additional property used to analyse the stability of the surface. It represents
the minimum energy required to remove an electron from the surface into the vacuum. The work

function (®) was calculated as the difference between the vacuum level (Evac) and the Fermi level
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(Ef) of the system (® = Eyac - Er). This calculated work function is essential for understanding and
predicting the electronic behaviour of ZnO in photocatalysis and surface reactions, as it influences

electron emission and surface charge distribution.

3.3.5.3.3 Morphology

The Wulff construction method® was employed to predict the equilibrium shape of the crystal
surfaces. This method involved the identification of the lattice, point group, and the number of
facet families, otherwise known as the Miller planes, associated with the desired shape.
Furthermore, the distinct ZnO system Miller planes and their respective derived surface energies
were entered into the Wulff construction program.’> Subsequently, the program generated the
predicted morphology of the crystal systems. This morphology represents the crystal surface's
stability, wherein the size of each surface is directly proportional to its respective surface energy.
The purpose of conducting this construction was to explain the prevalence of certain surfaces over
others in the various systems of ZnO while also examining the influence of surface energies on the

overall crystal shape and morphology.

3.4 Results and discussion

3.4.1 Unit Cells

The lattice parameters of the imported ZnO unit cells of the crystal systems were compared to

existing literature values, as shown in Table 3-2.

Table 3-2: Comparison of the lattice parameters of the imported ZnO unit cell for the various crystal
systems with literature.

Lattice parameters (A)

ZnO crystal a=b C

system Imported Literature Deviation | Imported Literature Deviation
unit cell**? values (%) unit cell’**  values (%)
Hexagonal 3.289 3.289%% 348, 0.000 5.307 5.3082% 348 0.019
349 1.216 3495206’ 1.903
3.249318 0.273 5.330°% 0.433
3.2803%°

Cubic 4.339 4.334%! 0.115 4.339 4.334%! 0.115
Zinc-blende 4.630 4.632%2 0.043 4.630 4.632%2 0.043

This comparison of lattice parameters (Table 3-2) indicates a close match between the lattice

parameters of the imported unit cells and the reported literature values. The highest percentage
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deviation in the compared lattice parameters was only 1.903%. This minimal percentage deviation
confirmed that the imported unit cells could be used further in this study.

3.4.2 Bulk structure construction and optimisation

3.4.2.1 Construction

In Figure 3-2, the structures of the expanded ZnO bulk structures are depicted, providing a

comprehensive view of the atomic arrangement and the overall crystalline framework.

(@) (b) (©

Figure 3-2: The expanded bulk structures of the three systems of ZnO, namely, (a) hexagonal, (b) cubic,
and (c) zinc-blende (grey and red represent Zn and O atoms, respectively).

3.4.2.2 Optimisation
3.4.2.2.1 k-point grid benchmarking

The k-point benchmarking aimed to find the minimum number of k-points needed for accurate
results. Using too few k-points can lead to inaccuracies, while using more improves accuracy but

takes longer to compute.

In Figure 3-3, the optimisation energy per atom for the different ZnO bulk structures (hexagonal,
cubic and zinc-blende) are plotted against the number of k-points for various k-point grids ranging

from 3x3x3 to 15x15x15.

The 3x3%3 k-point grid exhibited a high optimised energy because it samples the BZ less finely.
The k-point grid may not effectively capture subtle electronic interactions and structural details.
The energy significantly decreased when moving from the 3x3x3 grid to the 5x5%5 grid. However,
when transitioning from the 5x5x5 grid to the 11x11x11 grid, the bulk structure converged.
Specifically, in both hexagonal and cubic crystal systems, the energy decreased from 5x5%5 to

7x7x7, then increased from 7x7x7 to 9x9x9, followed by a decrease in the hexagonal system but
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an increase in the cubic system from 9x9x9 to 11x11x11. In the zinc-blende crystal system, the
energy increased from 5x5x5 to 7x7x7, then decreased from 7x7x7 to 9x9x9, and further to
11x11x11. In other words, the energy difference between consecutive k-point grids, which might
have been observed or was significant between the 3x3x3 grid and the 5x5x5 grid, was no longer
evident when transitioning from the 5x5x5 grid to the 9x9x9 grid. The energy did not vary
considerably from the 11x11x11 k-point grid to the 15x15%15 k-point grid, indicating that the

structure converged.
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Figure 3-3: The difference in optimised energy per atom for the different crystal systems of the ZnO bulk

structures with various k-point grids and 400 eV cut-off energy.

Table 3-3 illustrates a consistent trend across all crystal systems (hexagonal, cubic, and
zinc-blende): an increase in the size of the k-point grid, from 3x3x3 to 11x11x11, led to longer
computational times and thus higher computational costs. This trend indicates the relationship
between grid size and computational time, but it varied across different crystal systems.
Essentially, the table shows how both the size of the k-point grid and the crystal system affected

computational time.
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Table 3-3: The time taken for k-point optimisation for the different crystal systems of ZnO at an energy

cut-off of 400 eV.
Computational time (mins)
k-point grid Hexagonal Cubic Zinc-blende
3x3x3 4.78 8.58 12.56
5x5x5 19.51 34.57 39.23
TXTxT 37.02 89.02 97.39
9%9x%9 83.33 161.56 181.70
I1x11x11 154.12 281.04 470.80
13x13x13 192.41 252.69 275.81
15x15%15 177.77 368.46 369.90

In the hexagonal system, computational time decreased from 13x13x13 to 15x15x15, contrary to
the typical trend of increasing time from 3x3x3 to 13x13x13. Meanwhile, in the cubic and
zinc-blende systems, there was a decrease in computational time from 11x11x11 to 13x13x13,
followed by an increase from 13x13x13 to 15x15%15. This decrease differs from the usual trend
of increasing time from 3x3x3 to 11x11x11. Time increased until 11x11x11, then it fluctuated,
indicating the point where convergence occurred. As the energy levelled out, the computational
time also levelled out, explaining the fluctuations observed beyond the 11x11x11 grid size.
Increasing the k-point grid size further did not significantly improve accuracy, yet computational
time remained reasonable. The intersection of energy and time signifies a balance between

accuracy and computational cost.

Consequently, to achieve a balance between computational costs and accuracy across the different
crystal systems of the ZnO bulk structures, the Monkhorst-Pack®> 11x11x11 k-point grid was
identified as optimal for investigating the bulk properties. This k-point grid agreed with the results

354

of previous study’>* that investigated the bulk properties.

3.4.2.2.2 Cut-off energy benchmarking

The cut-off energy benchmarking was performed using the 11x11x11 k-point grid, identified after
the k-point benchmarking process. The comparison of the optimised energy per atom for the
various ZnO bulk structures (hexagonal, cubic, and zinc-blende) against the various energy cut-off

values ranging from 250 eV to 600 eV is shown in Figure 3-4.
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Figure 3-4: The difference in optimised energy per atom for the different crystal systems of ZnO bulk
structures with various cut-off energies using an 11x11x11 k-point grid.

Using an energy cut-off of 250 eV was not ideal for this study because the plane-wave basis set is
not large enough to accurately represent the system's wave functions and electronic states.
Consequently, it may not capture the details of the system accurately enough, leading to less
meaningful results. Notably, the energy decreased significantly from the 300 eV cut-off to the
350 eV cut-off. The energy was found to be specifically unstable in the hexagonal crystal system.
The instability at 350 eV in the hexagonal crystal system was caused by the limited detail in
representing the electronic structure. The hexagonal crystal system of ZnO consists of an elongated
tetrahedron and a distinctive arrangement of atoms, leading to variations in bond lengths and
angles. These variations significantly impacted the ability of the calculation to achieve energy
convergence at lower cut-off values. The energy cut-off did not vary considerably from 400 eV to

600 eV.

Table 3-4 outlines the computational time needed to optimise cut-off energies for various ZnO

crystal systems.
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Table 3-4: The computational time for cut-off energy optimisation for the different crystal systems of ZnO
using an 11x11x11 k-point grid.

Computational time (mins)

Cut-off energy (eV) Hexagonal Cubic Zinc-blende
250 - - 1829.74
300 - 399.94 1087.29
350 272.73 - 341.70
400 115.84 155.29 309.83
450 86.68 196.69 236.97
500 - 238.05 241.61
550 87.47 352.09 471.68
600 91.32 494.54 326.72

Across all the systems, lower cut-off energy values generally resulted in higher computational
time, which decreased from 250 eV to 450 eV, indicating faster optimisation. After which, an
increase in computational time was observed with increasing cut-off energy from 500 eV to
600 eV. The cut-off energy of 400 eV to expand the wave functions of the valence electrons was
identified as striking a balance between computational efficiency and accuracy. This choice is
supported by previous studies that used energy cut-off values within the range of 400 eV,3!8 35

450 eV,*?* and 500 eV?3! 317 to optimise their bulk properties.

3.4.3 Bulk properties

3.4.3.1 Structural properties

The lattice parameters, cell angles, volume, density, total atoms, and final energy derived for the

bulk structures of ZnO are listed in Table 3-5.

As a result of the expansion of the unit cells into 2x2x2 bulks, it was necessary to divide the ZnO
bulk lattice parameters in Table 3-5 by two. This division allows for the derivation of relatable
data to the optimised ZnO crystal system documented in the literature. The values in Table 3-5
indicate a close agreement between the lattice parameters, cell angles, cell volumes, densities, total

cell atoms, and final energies obtained in the present work and those in the literature.
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The maximum percentage deviations observed were as follows: 0.495% for lattice parameters, 0%
for cell angles, 5.68% for cell volumes, and 5.42% for densities, all confirming the validity of the

Zn0 model developed in this study.

Figure 3-5 depicts the calculated powder XRD pattern of the hexagonal, cubic and zinc-blende

ZnO crystal systems.
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Figure 3-5: The computed XRD pattern of ZnO bulk structures (a) hexagonal, (b) cubic and (c) zinc-
blende.

The observed peaks in Figure 3-5(a) corresponded to the (100), (002), (101), (102), (210), (103),
(200), (112), and (201) planes of ZnO. Additionally, the cubic and zinc-blende crystal systems
both indicated diffraction peaks for the (111), (200), (220), (311), (222), and (400) planes, as
shown in Figure 3-5(b) and (c), respectively. The computed XRD patterns were compared to XRD
patterns found in the literature®® 33* to validate the DFT calculations (see Table 3-6). The values
demonstrate a significant correspondence between the 20 values obtained in this study and those

reported in the existing literature.’% 333
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Table 3-6: Comparison of XRD patterns for crystal systems of ZnO bulk structures between calculations
from this work and experimental studies " 3%

20 (°) Intensity
ZnO crystal Literature Literature
system hkl This work values®® 333 This work values?® 333
(100) 314 314 354 50.8
(002) 33.8 343 554 39.1
(101) 35.8 36.8 100.0 100.0
(102) 46.8 47.6 22.06 22.5
Hexagonal  (210) 55.7 56.9 24.7 343
(103) 61.7 62.8 19.9 334
(200) 66.8 66.7 15.1 5.0
(112) 68.1 68.2 9.6 28.2
(201) 71.0 69.4 2.3 14.7
(111) 35.7 35.9 43.9 80.9
(200) 46.8 41.6 18.7 100.0
Cubic (220) 61.7 60.3 19.1 59.8
311) 71.0 722 1.7 323
(222) 75.8 75.9 2.9 18.7
(400) 88.0 90.6 4.8 8.5
(111) 334 34.1 100 100
(200) 38.8 39.5 26.0 28.2
. (220) 56.0 57.2 27.3 43.2
Zinc-blende )}y 66.8 68.2 22.0 35.3
(222) 70.2 71.7 4.27 6.6
(400) 83.2 85.1 3.29 6.1

The maximum variation observed among the 20 values was only 3%, which is a reasonable
variation and substantiates the credibility of the ZnO model. The calculated XRD patterns
exhibited broad peak positions, indicating good agreement with the standard International Centre

for Diffraction Data (ICDD) files.>*

The decrease in the calculated peak intensities, as presented in Table 3-6, can be ascribed to the
limitations of DFT approximations. Specifically, the exchange-correlation functionals may not
fully capture the complexity of the system and the boundary conditions of the periodic systems.
These DFT approximations can result in discrepancies between the calculated and experimental
XRD intensities. Additionally, experimental XRD patterns can be affected by inherent
uncertainties and limitations, such as instrumental broadening, sample preparation issues, or
impurities. These factors can contribute to differences between the computed and experimental

XRD intensities.
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3.4.3.2 Electronic properties
3.4.3.2.1 Density of states (DOS)

As shown in Figure 3-6, the DOS of ZnO indicated that the oxygen 2s levels contributed to the

lowest bands around —18.0 eV.

The VB was associated with the zinc 3d orbitals and the oxygen 2p orbitals, covering the energy

range from —6.0 eV to —0.2 eV. The lower part of the CB was primarily comprised of zinc 4s.
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In Figure 3-7, the pDOS for Zn-d orbitals of the hexagonal, cubic, and zinc-blende crystal systems
of ZnO are compared. This comparison facilitated an in-depth understanding of the electron
distribution and behaviour within the Zn-d orbitals across these three crystal systems. The analysis

showed the variations in the d-bands among these crystal systems.
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Figure 3-7: Comparison of the pDOS (d-band) for the hexagonal, cubic and zinc-blende crystal systems of
ZnO bulk structures with their corresponding energies.

The analysis of the pDOS for the d-band in various ZnO crystal systems showed that the band
initially spreads out widely and then splits into two separate bands. These bands had a total width
of about 2.5 eV, as shown in Figure 3-7. This widening of the d bands happens because of a strong
interaction between the p and d bands. The way atoms are packed in the hexagonal crystal system
and the bond angles and lengths allow the O 2p and Zn 4s orbitals to align more closely than in
the cubic and zinc-blende crystal system. This close alignment leads to a greater overlap of these
orbitals, enhancing the interactions between the p and d bands. As a result, the interaction between
these bands becomes increasingly significant, transitioning from the cubic crystal system, through

the zinc-blende, to the complex hexagonal crystal system. This progression not only affects the
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interactions but also leads to an increased width in the proximity of the O 2p and Zn 4s bands, as

illustrated in Figure 3-6.

3.4.3.2.2 d-band centre

The calculated d-band centre values for the ZnO crystal systems relative to the VBM were as
follows: hexagonal = 7.204 eV, cubic = 6.287 eV, and zinc-blende = 6.464 eV. These values
showed a slight variation among the different ZnO crystal systems, with the hexagonal system
having the highest d-band centre and the cubic system the lowest. The position of the d-band centre

relative to the VBM can significantly influence the electronic properties of ZnO.

This variation suggests differences in the binding strength and electronic environment of the
d-electrons in each structure. The proximity of the d-band centre to the VBM in the hexagonal
crystal system implies stronger interactions with adsorbates, potentially enhancing catalytic
applications compared to the cubic and zinc-blende crystal systems. These results provide a basis

for predicting the catalytic behaviour of the ZnO crystal systems.

3.4.3.2.3 Band gap

The band structures of the optimised ZnO bulk structures are illustrated in Figure 3-8. In the
hexagonal crystal system, the band gap was 0.727 eV. Both the valence band maximum (VBM)
and conduction band minimum (CBM) were located at the Q point along the G-G path within the
BZ. This arrangement results in a "direct" band gap, allowing electrons to transition directly from
the VB to the CB with minimal momentum changes. Such systems typically exhibit superior

electronic properties.*>®

Conversely, a band gap of 0.730 eV was observed in the cubic crystal system. Here, the CBM was
positioned at the Q point, while the VBM was slightly beyond the Q point toward the Z point. This
results in an "indirect" band gap, where the VBM and CBM do not coincide in momentum space.
Consequently, electrons undergoing transitions between these bands must significantly alter their

momentum, leading to lower transition probabilities and less efficient electronic properties.*’

In the zinc-blende crystal system, a band gap of 0.630 eV was observed. Like the cubic system,
the VBM and CBM were situated slightly beyond the Q point toward the Z point, resulting in an
"indirect" band gap configuration. This behaviour is intrinsically linked to the crystal structure and
the specific electronic properties resulting from the atomic arrangement and bonding

characteristics of the zinc-blende phase.
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Figure 3-8: The computed band structure for the hexagonal, cubic and zinc-blende crystal systems of ZnO
bulk structures using GGA/PBE.

Additionally, the hexagonal crystal system's band structure was significantly more complex than
the cubic and zinc-blende crystal systems. This complexity is primarily attributed to the doubled
number of atoms within the unit cell. The presence of more atoms per unit cell in the hexagonal
crystal system introduced additional atomic orbitals into the electronic structure. Consequently,

this led to a greater number of bands within the electronic band structure of the crystal system.
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More bands result in more complex interactions between electrons, which can affect the band gaps
and the electronic properties of the system. The calculated band gap values in comparison with

published literature values, are listed in Table 3-7.

Table 3-7: The band gap values for the different crystal systems of ZnO bulk structures.
Band gap (eV)
ZnO This work Literature values
crystal -~ GGA/PBE (GGA)+U GGA/PBE (GGA)+U Experimental
system Udzn =10 ¢V, or Udzn =10V, work
Upo=7¢eV GGA/PWI1 Upo=7¢eV
Hexagonal  0.727 eV 3.265eV 0.730 eV¥!  3.370 V3?29 3370 eV®
0.760 eV
Cubic 0.730 eV 3.288 eV 0.75(35?\/234’ 4.050 eV>*8 2.450 eV3¥
Zinc- 0.630 eV - 0.640 eV*! 3.250 eV*8 3.180 eV3%°
blende 0.650 eV23*

The experimental literature reports band gap values of 3.370 eV?*® for the ZnO hexagonal crystal
system, 2.450 eV>> for the cubic crystal system, and 3.180 eV3® for the zinc-blende crystal
system. Computationally calculated literature values using the GGA/PBE functional yield band
gaps of 0.730 eV.>>! 0.750 eV,?* ! and 0.640 eV*! for the hexagonal, cubic, and zinc-blende
crystal systems, respectively. After adding a U value of Ug.za = 10 eV and Up.0 = 7 eV, %% 32! the
computational band gaps increase to 3.370 eV,*! 4.050 e¢V,**® and 3.250 eV,**® for the ZnO
hexagonal, cubic, and zinc-blende crystal systems, respectively. The hexagonal and the

zinc-blende crystal system values agree with experimental values.?*3: 5% 360

This research obtained band gap values of 0.727 eV, 0.730 eV, and 0.630 eV for the hexagonal,
cubic, and zinc-blende crystal structures, respectively, using the GGA/PBE functional. These
values closely align with those computed using the GGA/PBE or GGA/PW91 functional found in
existing literature.?3* 3! After implementing Ug.zn = 10 eV and Uy.0 = 7 eV as proposed by Lee,?®?
band gap values of 3.265 eV and 3.288 eV for the hexagonal and cubic crystal systems,

respectively, were obtained.

Comparing the band gap values reported in Lee's study?®

with the band gap value for the
hexagonal crystal system obtained in this study, a 3% deviation is observed. This decrease in the
band gap can be attributed to the limitations of the PBE/GGA method, specifically the issue of
self-interaction correction with the standard exchange-correlation functional.*®! However, the
band gap value obtained for the cubic crystal system was significantly lower than the computed

literature value listed in Table 3-7. A 23% reduction in the band gap energy of the cubic crystal
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system was observed compared to Dixit's study.’>® However, the band gap value obtained in this

study is closer to the experimental value listed in Table 3-7.

3.4.4 Surface model construction and optimisation
3.4.4.1 Construction

A top view of the different surfaces can be found in Appendix A3, Table A3-2.

3.4.4.2 Optimisation
3.4.4.2.1 k-point grid benchmarking for (101) hexagonal surface

Figure 3-9(a) shows the optimised energy per atom obtained from the MT (101) hexagonal surface,
whilst Figure 3-9(b) shows the optimised energy per atom obtained from the OT (101) hexagonal
surface plotted against the number of k-points for a widespread of k-point grids from 1x1x1 to

11x11x1.

During the k-point benchmarking, the 1x1x1 k-point exhibited a high optimised energy because it
samples the BZ less finely, potentially missing subtle electronic interactions and structural details.
A similar outcome was observed with the 3x3x1 k-point grid, which had a low k-point density and
would have resulted in less accurate calculations. The optimised energy for the 5x5x1 k-point grid
was suitable for the cubic and zinc-blende crystal systems but was unstable for the hexagonal
crystal system in both the MT and OT surfaces. However, when transitioning from the 5x5x1 grid
to the 11x11x1 grid, the bulk structure converged. Specifically, in the hexagonal crystal systems,
the energy decreased from 3x3x1 to 5x5x1, then increased from 5x5x1 to 7x7x1. The energy
remained consistent from the 7x7x1 k-point grid to the 11x11x1 k-point grid, indicating

convergence of the structure.
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Figure 3-9: The difference in optimised energy per atom for the different crystal systems of ZnO (101) (a)

MT and (b) OT surfaces with various k-point grids.

Table 3-8 shows that as the k-point grid size increased from 1x1x1 to 11x11x1 at a 400 eV energy

cut-off, computational times and costs rose across all crystal systems (hexagonal, cubic, and
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zinc-blende). This trend highlights how grid size and crystal system impact computational

efficiency.
Table 3-8: The time taken for k-point optimisation for the different crystal systems of ZnO at an energy
cut-off of 400 eV.
Computational time (mins)
k-point grid Hexagonal Cubic Zinc-blende
MT OoT
Ix1x1 24.06 90.24 23.92 13.09
3x3x1] 279.82 489.28 46.46 97.81
S5x5x1 1439.59 2295.24 293.00 292.25
TxT7x1 712.47 1926.95 24791 509.63
9x9x1 1621.39 2538.29 418.30 502.84
11x11x1 3619.74 4714.90 658.44 705.69

In the hexagonal (MT and OT) and cubic systems, computational time decreased from the 5x5x1
to the 7x7x1 grid, then increased from 7x7x1 to 11x11x1, deviating from the typical trend of
increased time from 1x1x1 to 5x5x1. In the zinc-blende system, computational time decreased
from 7x7x1 to 9x9x1, followed by an increase from 9x9x1 to 11x11x1, differing from the usual
trend of increasing time from 1x1x1 to 7x7x1. Time increased until 5x5x1, then fluctuated,
indicating the point of convergence. As energy stabilised, so did computational time, explaining
the fluctuations beyond the 7x7x1 grid. Increasing the grid size further did not significantly
enhance accuracy, and computational time remained manageable. The intersection of energy
stability and computational time marks a balance between accuracy and cost. Thus, the
Monkhorst-Pack?®>* 7x7x1 k-point grid was determined to be optimal for balancing computational
cost and accuracy across different ZnO bulk crystal systems. This grid was also ideal for
investigating the surface properties of Sn-doped ZnO structures, particularly given the added
complexity of oxygen-terminated (OT) surfaces, which require more computational time than
metal-terminated (MT) surfaces. The choice of a 7x7x1 k-point grid aligns with findings from an

earlier study.*?

3.4.4.3 Surface properties

Table 3-9 displays the total energy per atom values for each surface. In the hexagonal crystal
system, the total energy per atom values across various surfaces showed a consistent range,
approximately -1073.54 to -1072.94 eV/atom, indicating stability within this crystal system.
Similarly, the cubic crystal system exhibited a relatively consistent total energy per atom range,
ranging from about -1073.36 to -1073.15 eV/atom. On the other hand, the zinc-blende crystal

system displayed a broader range of total energy per atom values, spanning from approximately
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-1073.53 to -1072.26 eV/atom, suggesting a greater variation among different surfaces within this

crystal system compared to the hexagonal and cubic systems.

Table 3-9: The total energies, number of atoms in a cell and total energies/atoms obtained for the optimisation of
different surface terminations of the three crystal systems.
an,sg;stal Surface  Total energy (eV) Total ?ri).czflatoms Total energy/atoms (eV/atom)
(100) -68705.26 64 -1073.52
(002)mt -34353.20 32 -1073.54
(002)or -34334.17 32 -1072.94
(101)mr -68703.69 64 -1073.50
(101)or -68695.24 64 -1073.36
(102)mt -68698.01 64 -1073.41
(102)or -68699.72 64 -1073.43
Hexagonal  (103)mt -68703.65 64 -1073.49
(103)or -68696.56 64 -1073.38
(112)mr -68688.78 64 -1073.26
(112)or -68697.61 64 -1073.40
(200) -34339.24 32 -1073.10
(201)mr -68685.74 64 -1073.21
(201)or -68700.14 64 -1073.44
(210) -68696.78 64 -1073.39
(111)mr -68688.46 64 -1073.26
(111)or -68687.32 64 -1073.24
(200) -34347.59 32 -1073.36
(220) -34340.77 32 -1073.15
Cubic (222)mr -68688.46 64 -1073.26
(222)or -68687.32 64 -1073.24
B1)mr -68685.62 64 -1073.21
(311)or -68687.86 64 -1073.25
(400) -34347.59 32 -1073.36
(111)mr -137407.39 128 -1073.50
(111)or -137337.96 128 -1072.95
(200)mt -68685.54 64 -1073.21
(200)ot -68685.44 64 -1073.21
Zine-blende (220) -68703.74 64 -1073.50
(222)mir -68706.16 64 -1073.53
(222)or -68624.58 64 -1072.26
B1)mr -137377.44 128 -1073.26
(B11)or -137372.69 128 -1073.22
(400)mT -34333.94 32 -1072.94

3.4.4.3.1 Surface energies

Surface energy is influenced by various factors, including the bonding, surface structure and
atomic arrangement.?® Generally, the crystal system exhibiting the lowest surface energy is more

stable.
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In the hexagonal system of ZnO, every zinc (Zn) atom is surrounded by four oxygen (O) atoms in
a tetrahedral coordination. Similarly, each oxygen atom is surrounded by four zinc atoms in the
same manner. The tetrahedra in this crystal system are elongated and exhibit hexagonal symmetry,
contributing to a densely packed and compact structure. Although this arrangement can reduce
surface energy for specific orientations in the hexagonal crystal system of ZnO, based on the data
presented in Table 3-10, it does not uniformly result in lower surface energy across all surfaces
compared to the cubic and zinc-blende crystal systems. However, overall, some cubic surfaces,
such as the (200) and (311) orientations, exhibited lower surface energies than many of the
hexagonal and zinc-blende surfaces. Specifically, the cubic (200) surface had one of the lowest
surface energies at 0.549 J/m?, which was lower than several surfaces in both the hexagonal and
zinc-blende crystal systems. This variation in surface energy across different crystal systems arises

from differences in atomic packing and coordination.

In the hexagonal crystal system, the (002)or surface termination showed a calculated surface
energy that is 19.80% lower than the literature value. In contrast, the (101)or and (102)or
terminations had calculated energies 3.05% lower and 15.77% higher, respectively, than some
literature values. Similarly, in the cubic crystal system, the (111)or surface termination exhibited

a calculated energy 36.86% lower than the literature value.*®

These differences between the calculated and literature surface energies can be attributed to several
factors. Firstly, variations in computational methods and parameters used in the calculations may
lead to discrepancies in results. The surface energies obtained through experimentation are subject
to uncertainties, including potential contamination by surface-active elements like oxygen, which
can lower surface tension measurements.*®> Meanwhile, in the zinc-blende crystal system, the
(111)mr termination had a calculated surface energy that is 4.02% lower than the values reported
in the literature.?”' Measurements that account for these factors are often considered more reliable,

as they may better represent the true surface tension.
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Table 3-10: Calculated surface energies and work function for the hexagonal, cubic and zinc-blende crystal
systems and corresponding values from the literature.

710 Calculated Literature Work Literature
crystal Surface? surfgceb Val“§S function® values
system energies (J/m?) (V) (eV)

(J/m?) Comp.  Exp. Comp. Exp.
(100) 0.596 0.68 34 - 4.961 4.900°% 4.500%%
(002)mit 0.807 - - 4.124 5.076°7  4.080°%%,4.710°¢7
369
(002)or 4.331 - 5.40 20 7.235 67'?7()(?025’ -
(101)mr 1.113 1.1237 ; 3.728 ; -
371
(101)or 1.939 21%% 175 4.011 - -
(102)mr 1.338 ; ; 4.413 ; -
Hexagonal | (102)or 1.204 1.04 322 - 5.688 - -
(210) 0.795 0.85 314 - 5.253 5.200%% -
(103)ur 0.685 _ _ 5.333 ; -
(103)or 1.109 - - 4241 _ -
(200) 2.101 ; ; 5.420 ; ;
(112)wr 1.483 1.40%% ; 4.433 ; ;
(112)or 0.986 _ _ 4.784 _ -
(201 )wir 1.610 - ; 4.944 ; ;
(201)or 0.821 - : 3.904 _ :
(111wt 0.905 _ _ 3.777 _ -
(11D)or 0.966 1.53 362 - 3.602 - -
(200) 0.549 ; ; 4.790 ; -
(220) 0.900 - 4.469 - -
Cubic | G1l)wr 0.610 ; 3.784 ; -
(311)or 0.541 - 3.590 - -
(222wt 0.905 _ 4.822 _ .
(222)or 0.966 ; 5311 ; ;
(400) 0.548 _ 4.792 _ :
(111wt 1.061 L0227 4.176 - ;
(111)or 4.304 _ 6.823 _ -
(200)ur 2.757 ; 5.435 ; -
(200)or 2.766 ; 5.714 ; ;
Zine. (220) 0.747 ; 5.227 ; ;
blonde | G1Dwr 1.420 ; 4315 ; -
(311)or 1.548 _ 7.182 _ -
(222)ur 0.416 ; ; -
(222)or 4.225 ; 4.501 ; ;
(400wt 2.203 ; 4.258 ; ;
(400)or 2.203 _ 4.068 _ :

Note: Various surface subscripts indicate different terminations either Metal-Terminated (MT) or
Oxygen-Terminated (OT). "Each crystal system's lowest surface energies shown in the morphology are indicated in
bold. “Each crystal system's lowest work functions shown in the morphology are indicated in bold

Additionally, surface reconstructions and limitations of the exchange-correlation functional
employed in calculations may account for discrepancies between the calculated and experimental

surface energies.>®
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In summary, it is important to acknowledge that stability is not solely determined by surface
energy. Other factors, such as bulk energies, lattice matching with substrates, and growth
conditions, also play significant roles.??* Therefore, simply comparing the surface energy of the
three ZnO crystal systems was insufficient to determine the most stable crystal system, as each
crystal system exhibited distinct surface properties that were not directly comparable based on our
calculations. A more comprehensive analysis incorporating a broader range of considerations is

required to accurately ascertain the relative stability of the different ZnO crystal systems.

One such consideration is the work function, which is a key property reflecting the surface's

electronic structure.

3.4.4.3.2 Work function

The work function is predominantly influenced by the surface's electronic structure, focusing on
electronic stability and behaviour rather than structural stability. In Table 3-10 shows the work
functions for various terminations of the most extensively studied ZnO surfaces in the hexagonal,
cubic, and zinc-blende crystal systems, along with a limited number of corresponding literature

values.

The calculated work functions for surfaces in the hexagonal crystal system in this study showed
varying degrees of agreement with both computational and experimental values reported in the
literature. For example, the work function for the (100) surface in the hexagonal crystal system
was calculated at 4.961 eV, closely matching the computational value of 4.900 eV3% with a 1.24%
deviation but showing a larger deviation of 10.24% from the experimental value of 4.500 eV.*"?
The larger deviation from the experimental value is likely due to the influence of surface conditions
during work function measurements, such as adsorbed contaminants, surface roughness, or surface
reconstructions under which the experimental data were obtained. Additionally, differences in
computational methods, such as the choice of exchange-correlation functional may also contribute

to this deviation.

Similarly, the (002)mt surface had a calculated work function of 4.124 eV, which deviates by
1.08% from the experimental literature value of 4.080 eV*®® but differs significantly from the
reported computational value of 5.076 eV,**” indicating potential discrepancies in computational
methods. For the (002)or surface, the calculated work function of 7.235 eV deviated by 4.86%

from the computational value of 6.900 eV .** The 4.86% deviation likely arises from differences
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in the computational methods, such as the choice of exchange-correlation functional, treatment of

surface states, or the precision in modelling surface termination and reconstruction.

The (210) surface where the work function of 5.253 eV, calculated using DFT calculations within
VASP with GGA-PBE functionals and cleaved surfaces derived from fully relaxed supercells,
closely matches the computational value of 5.200 eV3*% (1.02% deviation) is a stronger validation
of the computational approach. However, for many other surfaces, limited experimental data
makes it challenging to fully validate the calculated work functions, highlighting the need for more

comprehensive experimental studies across different ZnO crystal systems.

The cubic ZnO system showed that the calculated work functions ranged from 3.590 eV to 5.311
eV across various surfaces. However, the absence of comparative data can be attributed to limited
research focus on the cubic ZnO system, which is less commonly studied than the hexagonal
system due to the latter's prevalence in natural forms of ZnO. Similarly, the zinc-blende crystal
system exhibited calculated work functions ranging from 4.068 eV to 7.182 eV, but a notable lack
of literature values for comparison is evident due to its metastable nature under ambient conditions,
which explains the scarcity of experimental data. In contrast, the (002)or surface in the hexagonal
system exhibited the highest work function at 7.235 eV, suggesting that it is less likely to undergo
surface reactions. This property may be advantageous for applications that require stable electronic

properties, such as in certain electronic devices.

Surfaces with lower work functions are not always the most structurally stable; their reduced
energy barrier for electron emission is due to their electronic properties rather than their structural
stability. However, in photocatalysis, these surfaces might be more effective because the lower

work function facilitates electron emission and enhances catalytic activity.

Among the various surfaces studied, the lowest work functions were observed for the (101)mt
surface in the hexagonal crystal system, the (311)or surface in the cubic crystal system, and the
(400)or surface in the zinc-blende crystal system, as shown in Table 3-10. For the (101)mt surface
in the hexagonal system, the low work function is due to the unique arrangement of surface atoms
that creates a favourable electronic environment for electron emission. In the cubic crystal system,
the (311)or surface exhibited a low work function because of its surface electronic structure, which
allows for easier electron release. Similarly, the (400)or surface in the zinc-blende crystal system
had a reduced work function attributed to its specific surface dipole moments and electronic state

alignments. These lower work functions across these surfaces result from their distinct electronic
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configurations, including factors such as surface dipole moments, electron density, and the
alignment of electronic states, all of which facilitate electron emission and contribute to their lower

work function values.

3.4.4.3.3 Morphology

The ideal morphology of the ZnO was described by employing Wulff construction® based on the
calculated surface energies in Table 3-10. As illustrated in Figure 3-10, only two of the eight
calculated surfaces were visible in the hexagonal crystal system. These surfaces can be seen on the
hexagonal morphology of ZnO under ideal vacuum conditions.*”* The (100) surface contributes to

the sides of the hexagonal shape, while the (103) surface makes up the top and bottom surface.

__Ho

(@) (b) (©)

Figure 3-10: The Wulff construction's predictions for the pure ZnO structure (a) hexagonal, (b) cubic, and
(¢) zinc-blende.

In contrast, both the cubic and zinc-blende crystal systems of zinc oxide (ZnO) exhibited only one
of the six calculated surfaces. Specifically, for the cubic crystal system, the (400) surface is the
one that is visible under ideal vacuum conditions.’*> Conversely, for the zinc-blende crystal
system, the (220) surface is the one that is visible under ideal vacuum conditions.?*® The projected

Wulff shapes of ZnO were compared with the previously reported values in the literature.?7: 362

297 whose work focused on the

The hexagonal shape closely aligned with the findings of Catto,
crystal morphology and surface structure of ZnO crystals, indicating a reliable and consistent
representation. Additionally, the cubic and zinc-blende shapes were found to be consistent with
the research study conducted by Koster.**> A comparative analysis of the projected Wulff shapes
with the work of Catto?”” and Koster,*%? validated the accuracy and reliability of the developed

model.
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3.5 Conclusion

The aim of this chapter was to develop a theoretical framework based on DFT calculations to
investigate the structural and electronic properties of ZnO. This aim was successfully achieved by
thoroughly evaluating and optimising the three most prevalent ZnO crystal systems, determining
the optimal k-point grid and energy cut-off, analysing structural and electronic properties as well

as surface properties, and validating the model against established literature values.

The k-point benchmarking for ZnO bulk structures across hexagonal, cubic, and zinc-blende
crystal systems demonstrated that a finer k-point grid improves accuracy. However, grids beyond
11x11x11 do not significantly affect the results. Therefore, the 11x11x11 k-point grid was
identified as providing an optimal balance between accuracy and computational cost, consistent
with a previous study.*** For cut-off energy benchmarking using this grid, a 400 eV cut-off
effectively balanced computational efficiency and accuracy. Lower cut-off energies, such as
250 eV, failed to provide accurate results due to inadequate wave function representation, while
higher cut-offs showed minimal energy variations but increased computational time. Thus, a

400 eV cut-off was deemed reliable for balancing accuracy and efficiency.

The bulk structure optimisation of ZnO confirmed that the lattice parameters, cell angles, volume,

55,266,333,375-377 with deviations

density, total atoms, and final energy closely match literature values,
up to 0.495% for lattice parameters and 5.68% for cell volumes. This bulk structure was further
validated by computed powder X-ray diffraction (XRD) patterns, which showed a maximum
variation of only 3% in 20 values compared to experimental data.®® 33 Although slight
discrepancies in peak intensities were observed due to DFT approximations and experimental

uncertainties, the overall results affirmed the reliability of the computational approach.

The density of states (DOS) and partial density of states (pDOS) analyses provided insights into
the electronic structure. The DOS revealed that oxygen 2s levels contributed to the lowest energy
bands around —18.0 eV, with the valence band (VB) spanning from —6.0 eV to —0.2 eV, primarily
formed by zinc 3d and oxygen 2p orbitals, while the conduction band (CB) was dominated by zinc
4s orbitals. The pDOS for Zn-d orbitals, illustrated in Figure 3-7, indicated broadening and
splitting into two bands with a width of about 2.5 eV due to strong p-d interactions. In the
hexagonal system, closer alignment of O 2p and Zn 4s orbitals enhanced these interactions
compared to the cubic and zinc-blende systems, resulting in a wider band near these orbitals. The

d-band centre values for ZnO crystal systems were: hexagonal = 7.204 eV, cubic = 6.287 eV, and
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zinc-blende = 6.464 eV. The hexagonal system, with the highest d-band centre, indicates stronger
d-electron interactions and potentially superior catalytic performance. The band structures
revealed that the hexagonal system had a direct band gap of 0.727 eV, while the cubic and
zinc-blende systems exhibited indirect band gaps of 0.730 eV and 0.630 eV, respectively. The
more complex band structure of the hexagonal system, attributed to its doubled unit cell, resulted
in a greater number of bands and intricate interactions. Band gap values were in close agreement

187,234, 238, 321, 351, 358-360

with literature, validating the computational method.

Applying Hubbard U corrections resulted in band gap energies of 3.265 eV for the hexagonal
system and 3.288 eV for the cubic system. These values align reasonably well with experimental
data. For the hexagonal system, the calculated value of 3.265 eV had a 3.12% deviation from the
experimental value of 3.370 eV.2* In contrast, the cubic system's calculated band gap of 3.288 eV
showed a 34.20% deviation from the experimental value of 2.450 eV.*> These results suggest that
the Hubbard U correction effectively captures the electronic properties of these ZnO crystal

systems.

The k-point benchmarking for ZnO surface slabs revealed that while increasing the k-point grid
size generally improves accuracy, the benefits diminish significantly beyond the 7x7x1 grid, with
a corresponding increase in computational time. Therefore, the 7x7x1 grid was identified as

optimal for ensuring both computational efficiency and result reliability.

Surface property analysis demonstrated stable total energy per atom values for the hexagonal and
cubic crystal systems, confirming their reliability. In contrast, the zinc-blende system exhibited a
broader range of total energy values, indicating greater surface variability. This variation
underscores the importance of considering surface stability when analysing different crystal

systems. The study also evaluated surface terminations by analysing surface energies.

In the hexagonal crystal system, the surface energy difference between metal-terminated (MT) and
oxygen-terminated (OT) surfaces ranged from 0.4 J/m? to 3.7 J/m?. For the cubic crystal system,
this difference varied from 0.02 J/m? to 0.6 J/m?. In the zinc-blende system, the range was from

0.001 J/m? to 4.0 J/m?.

For the surface energies, the (100), metal-terminated (002), and (103) surfaces emerged as the
most stable for the hexagonal system, the (400) surface for the cubic system, and the (220) surface

for the zinc-blende system. These surfaces were used to construct Wulff shapes of the ZnO crystal

systems, which agrees with the morphology in the literature.?’ 362
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Although surface energy is a significant factor in determining stability, it is important to note that
the ZnO crystal systems are inherently incomparable due to their distinct structures and the
variation in surfaces studied. Therefore, relying solely on surface energies may not provide a
complete assessment of the stability of the three crystal systems of ZnO models. The stability of a
crystal system is influenced by multiple factors, encompassing the overall energy of the crystal
structure, atomic arrangement and bonding, and the presence of defects or impurities. These factors
can profoundly impact the relative stability of different crystal systems, even if their surface

energies exhibit disparities.

However, these results provide valuable insights and help refine computational strategies for ZnO
surface slabs. Previous research®’® has established that the hexagonal crystal system of ZnO
exhibits the highest stability among the different crystal systems. This stability arises from its
unique crystal structure, low surface energy values, and inherent thermodynamic stability. In
contrast, although the cubic crystal system also exhibits relatively low surface energy values and

a propensity for stability, experimental evidence®”

shows that it can only maintain stability when
subjected to high temperature and pressure, unlike the hexagonal crystal system, which remained
stable under normal conditions. Conversely, the zinc-blende crystal system exhibited significantly

higher surface energy values, indicating a pronounced extent of instability.

Essential insights into the electronic properties of these materials were gained by the calculated
work functions for various terminations of ZnO surfaces in hexagonal, cubic, and zinc-blende
crystal systems, as shown in Table 3-10. For instance, the (100) surface of the hexagonal ZnO
crystal system showed a calculated work function of 4.961 eV, aligning well with literature
values.>®>373 Similarly, the (002)mr and (210) surfaces exhibited work functions closely matching
reported values,>®> 367368 fyrther validating the hexagonal model with a maximum deviation of

only 4.8%.

The range of work functions for hexagonal ZnO spanned from 3.728 eV to 7.235 eV, with
oxygen-terminated surfaces generally having slightly higher work functions than metal-terminated
surfaces, barring a few exceptions. The cubic ZnO system showed work functions ranging from
3.590 eV to 5.311 eV, with the (311)or surface deviating from the general trend by having a higher
work function than its metal-terminated counterpart. The zinc-blende system presented work
functions between 4.068 eV and 7.182 eV, with similar trends influenced by surface dipole

moments and atomic arrangements.
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The highest work function values were observed for surfaces like hexagonal (002)or, cubic
(222)or, and zinc-blende (311)or, suggesting a lower likelihood of surface reactions. High work
functions are associated with surfaces that are less likely to emit electrons easily, which can
contribute to stable electronic properties. This stability is advantageous for applications that

require consistent electronic performance, such as in certain electronic devices.

The surfaces with the lowest work functions, specifically the (101)mr surface in the hexagonal
system, the (311)ot surface in the cubic system, and the (400)or surface in the zinc-blende system,
have electronic configurations that make it easier for electrons to be emitted. This easy election
emission implies that these surfaces are more prone to releasing electrons due to their electronic
properties, such as surface dipole moments and electronic state alignments. However, this ease of
electron emission does not necessarily correlate with structural stability, meaning that while these
surfaces are good at emitting electrons, they may not be the most stable in terms of their physical
structure. However, in photocatalysis, these surfaces might be more effective and enhance catalytic

activity.
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Chapter 4:  The investigation of various Sn-doped Zinc Oxide

surfaces using Density Functional Theory

4.1 Abstract

Zinc oxide (ZnO) has been widely used as a semiconductor photocatalyst. However, the wide band
gap of ZnO impedes its efficiency in visible light in creating electron-hole pairs. Experimental
studies have shown that the width of the band gap can be reduced by doping the hexagonal
(wurtzite) crystal system of ZnO with tin (Sn). These experimental studies tested the influence of
various concentrations of Sn-doping on the reduction of the bandgap of ZnO. However, the band
gap reduction and electronic properties at different concentrations of Sn-doping still need further
exploration. In this investigation, a Supercell framework was employed to introduce varying
percentages (6.25%, 12.50% and 18.75%) of Sn into the hexagonal crystal system of ZnO. The
resulting Sn-doped ZnO was optimised, and various electronic properties, including the band gap,
were calculated using density functional theory (DFT) based calculations. Additionally, different
surfaces were cut from the optimised Sn-doped ZnO crystal systems, and their calculated surface
energies were employed to visualise their crystal morphologies using the WULFF program. This
investigation presents an innovative method to investigate the influence of Sn-doping on the
electronic properties and morphology of Sn-doped ZnO, which could lead to improved

photocatalytic performance of ZnO.

4.2 Introduction

Over the past decade, zinc oxide (ZnO) as a semiconductor photocatalyst has garnered

considerable interest’” due to its low cost,!* non-toxicity,?’

and photochemical and thermal
stability.?® These properties make it an appealing solution for environmental sustainability.?!
However, the photocatalytic performance of ZnO is limited because it primarily responds to
ultraviolet (UV) light (A <390 nm) and is less effective with visible light, which constitutes a large
portion of the solar spectrum.*->° This limitation is due to the wide band gap of ZnO, which
restricts its absorption to UV light, and the high recombination rates of electron-hole (¢ /h") pairs,

reducing its efficiency.
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Reducing the band gap®®? (3.37eV)*?! of ZnO is a key strategy for improving its visible light
photocatalytic performance.’>> A prominent method for improving photocatalytic performance in

visible light is doping.

Doping is effective for band gap engineering as it introduces trap states (localised energy levels),
narrowing the band gap and extending light absorption into the visible spectrum®. These trap
states can capture and hold charge carriers (electrons or holes). Thus, modifying the band structure,
reducing recombination, and promoting charge carrier migration enhance efficiency.5® 38!

However, excessive doping can hinder efficiency by introducing recombination centres.**?

While doping is highly effective and widely researched, the best approach depends on the specific
application and desired properties of the doped ZnO material, as it allows for choosing different

dopants to achieve specific electronic and optical properties, making it versatile.>%3

4 5

Doping could be done via quantum dot sensitisation,*®* alloying,*®® surface modification,>*

3% and codoping.’* **° Doping with

nanostructuring,387 with transition metals,?! non-metals,
quantum dot sensitisation involves using quantum dots like cadmium sulphide (CdS) and lead
sulphide (PbS) to extend the absorption spectrum of ZnO into the visible range.*®* Alloying ZnO
with other semiconductors, such as magnesium oxide (MgO) or cadmium oxide (CdO), can adjust
the band gap by combining different electronic properties. Surface modification with organic
molecules, polymers, or nanomaterials can change surface states and the electronic structure,
enhancing photocatalytic activity.*% **! Nanostructuring ZnO into nanorods, nanowires, and
nanoparticles introduces quantum confinement effects that alter the band gap and improve light

absorption and charge carrier dynamics.?%230-3%2

Doping with transition metals (such as copper (Cu), iron (Fe), manganese (Mn), cobalt (Co), or

nickel (Ni)) or non-metals (such as nitrogen, carbon, sulphur, phosphorus)!8% 388

introduces trap
states within the band gap,’! narrowing it and enhancing photocatalytic activity by improving
electron-hole separation and promoting charge carrier migration. Codoping with metals and
non-metals can more effectively modify the electronic structure, resulting in better band gap

narrowing and enhanced properties.**°

However, in this study the focus will be on transition metal doping. The introduction of transition
metal dopants with distinct oxidation states into the ZnO lattice alters the electronic structure of

ZnO, influencing the band structure, charge mobility, and surface reactivity.**° This modification
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can broaden the absorption range of light, improving light utilisation efficiency in photocatalysis.

Table 4-1 highlights how various transition metal dopants affect the band gap of ZnO.

Table 4-1: Summary of transition metal dopants, doping percentage, temperature of doping, initial (before
doping) and final (after doping) band gaps, and band gap differences.

Initial Final
Doping  Temp. Band gap
Dopant Method band gap band gap Ref.
(%) (°C) diff. (eV)
(eV) (eV)
Mg 7.00 600.00  Experimental 3.34 3.21 0.13 393
Ti 5.40 300.00  Experimental 3.30 3.14 0.16 394
Mn 1.00 300.00  Experimental 3.33 3.32 0.01 301
Cu 1.00 300.00  Experimental 3.33 3.29 0.04 301
Cu 2.15 600.00  Experimental 3.34 3.15 0.19 393
Zr 2.00  400.00 Experimental 3.29 3.27 0.02 395
Sn 3.00 25.00  Experimental 3.18 2.45 0.63 396
Sn 5.00 300.00  Experimental 3.34 3.05 0.29 393

Note: Temp. refers to the temperature at which the doping process was carried out, Initial band gap refers to the band
gap energy of ZnO before doping, Final band gap indicates the band gap energy of ZnO after doping,; and the Band
gap diff. refers to the energy difference between the Initial band gap and the Final band gap.

Dopants with a similar oxidation state to Zn?' can substitute Zn without causing charge
imbalances, while those with different oxidation states introduce compensating defects like oxygen
vacancies, affecting the band gap. For example, Cu®* reduces the band gap by creating acceptor
states, with a greater reduction at higher doping levels (e.g., 0.04 eV for 1% Cu versus 0.19 eV for
2.15% Cu). In contrast, Sn*" significantly lowers the band gap, especially at higher concentrations,

likely due to deep-level states acting as electron traps.

The dopant's ionic radius compared to Zn** (0.74 A) also influences lattice distortion and band gap
alteration. Larger or smaller radii can cause lattice strain, impacting the band structure. For
instance, Mg?* (0.72 A) causes minimal lattice distortion and a slight band gap reduction (0.13 eV),
while Zr** (0.86 A) results in a minor change (0.02 eV), suggesting the lattice accommodates this
mismatch. Sn*" (0.83 A) causes significant band gap reduction, particularly at low temperatures,

indicating substantial lattice strain.

Doping temperature and methods further affect dopant incorporation and defect formation. Higher

temperatures typically enhance solubility but may lead to secondary phases. For example, Cu
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doping at 600°C shows a more significant band gap reduction (0.19 eV) than at 300°C (0.04 eV),
indicating higher temperatures promote greater incorporation or different defect states. Sn doping
at 25°C results in a drastic band gap reduction compared to 300°C, suggesting low-temperature

doping introduces mid-gap states that lower the band gap.

The electronic configuration of dopants is also critical. Transition metals with partially filled
d-orbitals can introduce localised states within the band gap, affecting optical and electronic
properties. For instance, Mn**, with a d° configuration, minimally affects the band gap (0.01 eV)
due to limited interaction with the conduction band. Ti*", with a d° configuration, reduces the band

gap by 0.16 eV, likely due to empty d-states below the conduction band.

Dopants such as Ti,*** %7 Zr**% 35 and Sn>> 3° have demonstrated intriguing optoelectronic

8 399

features, such as enhanced light absorption,®*® improved charge carrier mobility,** increased

350

conductivity®>* and modified band gap energies**® due to the distinctive oxidation numbers of Ti*",

Zr*", Sn*" and Sn”" ions in contrast to the native Zn>" ions.

Of all the transition metals listed in Table 4-1, Sn*' has attracted the most interest due to its
significant influence on semiconductor properties, which shows that Sn** achieves the most
substantial reduction of the band gap. Specifically, Sn at 3% and 25°C lowers the band gap by
0.63 eV, while 5% Sn at 300°C reduces it by 0.29 eV. When Sn?* replaces Zn?* in the ZnO crystal
lattice, even though both ions are divalent and do not introduce additional electrons directly, the
presence of Sn?* can still impact the material's electronic properties. Sn>" doping can alter the
defect chemistry of the ZnO lattice, potentially leading to the formation of oxygen vacancies or
other defect sites. These defects can act as trap states or donor levels within the band gap. The
creation of such states can affect carrier concentration and mobility. In this case, Sn*" doping might
indirectly increase the number of free electrons by creating additional oxygen vacancies, which
serve as donors that contribute extra electrons to the conduction band. These free electrons enhance
the n-type semiconductor*’! behaviour of Sn-doped ZnO, where electrons are the majority charge
carriers. This property is crucial in applications such as electronics, optoelectronics, and
semiconductor device fabrication, where controlling carrier type and concentration is vital for
performance.’® > Additionally, n-type semiconductor behaviour is crucial for ZnO’s application
in photocatalysis because it allows for efficient charge separation and transport, enhancing the

71

material’s photocatalytic activity.” Therefore, understanding Sn doping in ZnO enables
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researchers to customise the material's properties for specific applications requiring n-type

conductivity.

Although substantial theoretical research has explored the structural, optical, and electronic

0’70, 73,74

properties of Sn-doped Zn limited research has been done explicitly using DFT methods

to study the photocatalytic properties of Sn-doped ZnO.

4.3 Computational method

4.3.1 Supercell

The Supercell program developed by Okhotnikov et al®® was utilised to obtain unique bulk
structures of ZnO with various percentages (6.25%, 12.50% and 18.75%) of Sn doping. This
process was accomplished by importing the hexagonal unit cell of undoped ZnO, comprising two
O atoms and two Zn atoms, into the Supercell program. The dimensions of the imported unit cell
were doubled in all three Cartesian coordinate directions, resulting in a 2x2x2 ZnQO bulk structure
(simulation cell) comprising of 32 atoms. Although a larger simulation cell size, such as 3x3x3,

402 it would have been

would have provided doping percentages closer to the intended values,
computationally expensive. Therefore, a 2x2x2 simulation cell size was employed to enhance data

accuracy while still managing the computational cost.

Subsequently, the Supercell program generated various Sn-doped ZnO configurations (bulk
structures, Znx.ySnyOx) for the various percentages of Sn. These configurations were achieved by
substituting a certain number of Zn atoms in the bulk structures with Sn atoms to attain the desired
doping percentage. For example, the 6.25% Sn-doped ZnO had a composition of Zn;5SnOjs, the
12.50% Sn-doped ZnO had a composition of Zn14Sn2016, and the 18.75% Sn-doped ZnO had a

composition of Zn3Sn3Oje.

Structurally equivalent configurations were eliminated by the Supercell program, leaving unique
configurations. Further information about the simulation process can be found in Appendix A4

Table (A4-1) - (A4-3),

4.3.2 Computational details

The DFT-based calculations were conducted using the Cambridge Serial Total Energy Package
(CASTEP) module®? of the Biovia Materials Studios package (MS 2020).3! All the calculations

were conducted on the Lengau cluster of the Centre of High-Performance Computing (CHPC) in
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South Africa.> The exchange-correlation functional defined by the general gradient
approximation (GGA)**® developed by Perdew-Burke-Ernzerhof (PBE)*?*% 27 was used. The
Brillouin-Zone (BZ) integration was performed in the reciprocal space using a Monkhorst-Pack k-

point grid*>?

of 11x11x11. The electron-ion interactions were characterised using the ultrasoft
pseudopotentials (USP) method. The wave functions of the valence electrons were expanded using
a plane-wave basis set with an energy cut-off of 400 eV, which ensured that Pulay stress was
avoided. Due to the absence of a magnetic moment in the Sn-doped ZnO system, the calculations
did not account for spin polarisation effects. To ensure accurate results, convergence tolerances
for energy, force, stress, and displacement were set at 1.0 x 10 eV/atom, 0.03 eV/A, 0.05 GPa,

and 1.0 x 103 A, respectively.

4.3.3 Bulk structure optimisation

The unique configurations for ZnisSnOis, Zn14Sn2O16 and Zni3Sn3O16 bulk structures were
exported from the Supercell program into CASTEP and relaxed to obtain the most stable geometry.
The lattice parameters, cell angles, volume and density of the Zni5SnO16 and Zn14Sn2016 bulk
structures were compared to literature values. This comparison was done to validate the Sn-doped
ZnO model. The model was then applied to the Zni3Sn3O16 bulk structures. The influence of

percentage doping on volume and density was investigated.

Following the geometry optimisation, the bulk structures that exhibited the highest stability among

the various doping percentages were selected to determine the bulk structure properties.

4.3.4 Bulk structure properties
4.3.4.1 X-ray diffraction (XRD)

Following geometry optimisation, the XRD patterns of the Sn-doped ZnO bulk structures were
calculated using the Reflex tools within the Biovia MS 2020 software package.’! The XRD
patterns were calculated by applying a copper source Cu Ka (A =1.541 A) for the incident radiation
and setting 2-Theta limits between 5° and 90°. The XRD patterns were determined by calculating
the positions and intensities of the diffraction peaks based on factors such as atom placements
within the bulk structure, the X-ray wavelength used, and the geometry of the diffraction process.
To confirm the accuracy of the DFT calculations, the computed XRD pattern was compared to an

experimental XRD pattern.®® Additionally, the XRD patterns of the Sn-doped ZnO bulk structures
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were compared to the XRD pattern of the ZnO bulk structure to determine if Sn-doping influenced

the XRD pattern.

4.3.4.2 Electronic properties

The optimised bulk structures were subject to a single-point energy calculation at the same settings
given in section 4.3.2 to calculate electronic properties, such as density of states (DOS), d-band
centre, and the band structure. These electronic properties were compared to those of the undoped
ZnO bulk structure to assess the disparities or similarities in the electronic characteristics between

the systems.

4.3.4.2.1 Density of states (DOS)

The total density of states (DOS) in the Sn-doped ZnO bulk structures was calculated by summing
the occupation probabilities of electronic states across all k-points and energy levels, reflecting
contributions from all angular momentum projections (s, p, d, f) on all atoms. The partial density
of states (pDOS) was obtained by summing occupation probabilities for specific energy levels
across all k-points, highlighting the contributions from individual atomic orbitals. The
arrangement of energy levels in the valence band (VB) and conduction band (CB) positions the
Fermi level at zero energy. The pDOS was further used to analyse the d-band of Sn-doped ZnO

bulk structures, focusing on the d-orbitals' contributions.

4.3.4.2.2 d-band centre

The d-band centre is critical in determining a material's catalytic activity. A d-band centre closer
to the Fermi level (i.e., higher) implies that the d-electrons are less tightly bound, influencing the
material's interaction with adsorbates and its overall electronic properties. Generally, stronger
interactions with adsorbates indicate higher reactivity. To determine the position of the d-band
centre in the Sn-doped ZnO bulk structures, integrations over the energy spectrum of the d-band
within the pDOS were conducted. The d-band centre is positioned relative to either the valence

band maximum (VBM) or the Fermi level.

4.3.4.2.3 Band gap

This study focused on understanding how the band structure of Sn-doped ZnO bulk structures
changes with varying Sn content. Energy levels, representing potential states for electrons, were

calculated by solving the Kohn-Sham equations, resulting in energy eigenvalues for various points
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in the BZ. The BZ contains unique k-points (wave vectors) describing the crystal's periodic
structure. Energy bands that visually represent the band structure and demonstrate how electron
energy varies with momentum were generated by plotting energy eigenvalues against k-points.
The band structure diagram highlights the valence band (highest energy levels occupied by
electrons) and the conduction band (unoccupied energy levels where electrons can move freely).
The band gap is a fundamental property of semiconductors that represents the energy difference
between the valence and conduction band.*** Electrons must acquire this amount of energy to

transition from the valence band to the conduction band.

The calculated band gap values were compared to literature values. However, it is known that the
DFT/GGA method tends to underestimate band gap values®'® 3! in transition metal oxides. The
DFT/GGA underestimation stems from the deficiencies to account for on-site electron-electron

interaction, particularly in strongly correlated systems such as ZnO.4%

The limitation of the DFT/GGA method was addressed by adding Hubbard corrections (Ug and
Up) to the calculation method.>3> 405 494 Selecting the right Uq value is critical for accurately
predicting electronic properties like band gaps. Additionally, an over-hybridisation with the anion
p valence states occurs, resulting in a smaller band gap due to a strong p-d coupling, leading to the
addition of the U, value.?®* While this method doesn't eliminate the underestimation issue, it does

enhance the accuracy of band gap predictions.

For Sn-doped ZnO bulk structures, there is no universal upper limit for the U values. Lee?®
achieved a band gap value of 3.37 eV, which is in good agreement with the experimental band gap

of undoped Zn0,%'% 2% by employing U values of Ugzn = 10 eV and Uy.0 = 7 eV.

The Sn-doped ZnO bulk structures were optimised by incorporating these U values into the

DFT/GGA calculation. The U correct band gap values were compared to literature values.

4.3.5 Surface model construction and optimisation
4.3.5.1 Construction

To create various surfaces for analysis, the optimised Sn-doped ZnO bulk structures for each
percentage doping were cut along the (100), (002), (101), (102), (210), (103), (112), (200), and

406

(201) Miller planes, identified from experimental X-ray diffraction peaks,”" using the Visualiser

tool in the Biovia MS2020 package.®! Some of these slabs were metal-terminated (MT), while
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others were oxygen-terminated (OT). The selection of these cuts ensured consistency and
comparability with the undoped ZnO structure. Depending on the specific cut made, the slab
models were composed of two to eight layers in thickness, resulting in a total of 16 to 128 atoms
per slab. The surfaces consisted of a material slab with periodic boundary conditions and a vacuum

slab in the orthogonal direction.

The \a\ x \b\ dimensions ranging from 1 A to 2 A lie within the plane of the surface, where periodic
boundary conditions create an infinite surface by seamlessly connecting the slab's edges to its
periodic images. This infinite surface minimises edge effects and ensures continuous interactions,
which are essential for accurately modelling properties like electronic structure, surface energy,
and catalytic activity. To ensure the accuracy of the results and prevent undesired interactions
between the repeating layers in the orthogonal \c\ direction, a vacuum slab of 15 A was found to

be appropriate.*?!

4.3.5.2 Optimisation

Geometry optimisation calculations were performed on surface slabs derived from Sn-doped ZnO
bulk structures at various doping percentages to investigate the influence of Sn doping on ZnO
surfaces. The computational settings, including a 7x7x1 k-point grid based on the Monkhorst-Pack
grid*® and a cut-off energy of 400 eV, were consistent with those used for bulk structure
optimisation, as outlined in Section 4.3.2. These settings ensured accurate BZ sampling and

reliable convergence.

During optimisation, the lower layers of the surface slabs were fixed to preserve the intended shape
and dimensions, ensuring that the Sn-doped ZnO surfaces accurately represented their physical
and chemical properties. This static preservation is essential, as surface slabs represent exposed
fixed Miller planes, and maintaining their structure is crucial for studying surface properties and
reactions. The calculations provided the total energy and the number of ions in the cell for each

surface slab, maintaining consistency with the methodology applied to the bulk structures.

4.3.5.3 Surface properties

After optimisation, surface properties were calculated, namely, surface energies (y), crystal
morphology and work function (®) for the Sn-doped ZnO surface slabs. Surface energies are vital
for understanding the stability, reactivity and morphology of these surfaces. At the same time, the

work function is key to understanding electron emission and the overall electronic behaviour of
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the material. These properties were evaluated to investigate the influence of Sn-doping percentage,
Miller planes, and surface terminations on the stability, reactivity and morphology of the crystal

systems.

4.3.5.3.1 Surface energies

Surface energy (y) is an important parameter for characterising the thermodynamic stability of
crystal surfaces. A calculation method involving the final energies of the optimised slabs and bulk
structure was employed to determine the surface energies of the surfaces. The equation used to

estimate the surface energies is as follows:

DFT DET
Y. = E™ relaxed slab =1 X 77 T pyik (4 1)
r DA T .

Here, y_represents the surface energies calculated after relaxation, with EDFTrelaXGd sab and

EPFT, ik, denoting the DFT energies of the relaxed slab and bulk, respectively. 2A,;, represents
the surface area multiplied by two, accounting for both upper and lower surfaces of the bulk. The
ratio of the number of Sn-doped ZnO atoms in the slab to the number in the bulk is represented by

n.

Surface energy measures the excess energy at a material's surface compared to its bulk. The
calculated surface energy values were compared to those of undoped ZnO surfaces to assess the
influence of Sn doping. Understanding the surface energy is essential for assessing how Sn doping

influences the overall crystal morphology.

4.3.5.3.2 Crystal morphology

The Wulff construction® method was employed, using the calculated surface energies of surfaces
with different Miller planes and different termination, to determine the equilibrium crystal
morphology of Sn-doped ZnO systems. This approach involved using the Wulffmaker software?
to generate the Wulff morphology>.

The process included the following steps: identifying the lattice shape, lattice parameters, and
point group of the Sn-doped ZnO crystal; determining the number of Miller plane families
associated with the desired shape; computing or obtaining the surface energies for the distinct
Miller planes of Sn-doped ZnO; inputting the surface energies and crystallographic information

into the Wulffmaker software;? and constructing the Wulff morphology.
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The Wulff morphology graphically represents the stability of a crystal system by showing each
surface slab's size in direct proportion to its surface energy. In a Wulff morphology, Miller planes
with lower surface energies appear larger in size, indicating greater stability. In comparison, those
with higher surface energies are smaller in size or may disappear, reflecting lesser stability. Surface
energy affects how different Miller planes grow or shrink over time. This proportional relationship
minimises the crystal's total surface energy, leading to a stable configuration. This approach
ensures that the resulting equilibrium morphology accurately reflects the relative stabilities of
different Miller planes, which is crucial for applications requiring precise control of crystal

morphology.

4.3.5.3.3 Work function

The work function measures the minimum energy required to remove an electron from the surface
of Sn-doped ZnO into the vacuum. The work function (®) is computed as the difference between

the vacuum level (Evac) and the Fermi level (Er), expressed as @ = Eyac - Er.

For Sn-doped ZnO, a lower work function can enhance electron emission, which is beneficial for
photocatalysis as it aids in generating reactive species and improves charge separation, which is
essential for effective catalysis. Additionally, the work function influences the interaction of ZnO
with adsorbed molecules, impacting surface reactivity and charge distribution, which is significant

for sensors and catalysis applications.

4.4 Results and discussion

4.4.1 Supercell

A variety of unique configurations at different doping percentages for Sn-doped ZnO bulk
structures (see Appendix A4, Table A4-1 to A4-3) were generated using the Supercell program®3.
4.4.2 Bulk structure optimisation

Table 4-2 presents the results of the bulk structure optimisation, such as lattice parameters, cell

angles, volume, density, and final energies.

Due to the expansion of the unit cells into 2x2x2 bulk structures, it was necessary to divide the
ZnO bulk lattice parameters in Table 4-2 by two. This division allows for comparison with the

optimised Sn-doped ZnO bulk structures documented in the literature. The values in Table 4-2

104



show a close agreement between the lattice parameters and cell angles obtained in this study and
those reported in the literature. The maximum percentage deviations observed at 6.25% and
12.50% doping percentages were only 3.65% and 1.57%, respectively, supporting the validity of
the Sn-doped ZnO models. It is also observed that as the Sn?* doping percentage increased, the

volume, density, and final energy of the system increased. (see Table 4-2).

Introducing Sn', with its larger atomic radius of 1.187 A compared to 0.654 A for Zn?*, into the
ZnO lattice led to volume expansion with percentage increases of 3.40% at 6.25% doping, 6.60%
at 12.50%, and 9.80% at 18.75% doping percentages. The larger Sn*" ions induced lattice strain
and distortion, requiring the lattice to adjust to maintain stability, resulting in a greater volume
increase with increased doping. The density of the material increased as Sn added mass, with
percentage increases of 0.60% at 6.25% doping, 1.50% at 12.50%, and 2.30% at 18.75% doping

percentages.
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The increase in mass generally outweighs the volume expansion, contributing to a higher overall
density. Moreover, the presence of Sn*" ions induced lattice strain due to the mismatch in ionic
radii between Sn?" and Zn?>', leading to potential defect formation, such as vacancies and
interstitials. These defects, and the altered electronic structure contribute to the system's instability,

highlighting the complexity of these effects in semiconductors.

For the case of 6.25% Sn-doping, a single unique configuration was identified and deemed suitable
for further analysis. The analysis of 12.50% Sn-doped ZnO bulk structures, as shown in
Table 4-2, unequivocally indicates that configuration 2 displayed the lowest final energy among
the five bulk structures examined. This observation strongly implied that configuration 2 possessed
the highest level of stability compared to the other configurations investigated for 12.50%
Sn-doped ZnO bulk structures. Similarly, during the examination of the 18.75% Sn-doped ZnO
bulk structures listed in Table 4-2, it was noted that configuration 6 exhibited the lowest final
energy among the twelve bulk structures analysed. As a result, configuration 6 was identified as
the most stable bulk structure among the configurations investigated. Overall, these findings
strongly indicate that unique configurations characterised by the lowest final energies correspond

to structures with higher stability.

Figure 4-1 illustrates the configurations of undoped ZnO and the most stable Sn-doped ZnO bulk

structures identified for the different percentage doping after optimisation.

(a) (b) (©) (d)

Figure 4-1: The optimised bulk structures of (a) undoped ZnO (0% doping) and the three most stable
configurations of Sn-doped ZnO, namely, (b) 6.25%, (c¢) 12.50% and (d) 18.75%. (Grey, red,
and yellow represent Zn, O and Sn atoms, respectively).

4.4.3 Bulk structure properties
4.4.3.1 X-ray diffraction (XRD)

Figure 4-2 presents calculated XRD patterns of both the ZnO and Sn-doped ZnO bulk structures.
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Intensity (Arb. units)

Figure 4-2:

The peaks identified in all the XRD patterns in Figure 4-2, along with the corresponding Miller
planes, confirmed the presence of ZnO in the all bulk structures.**® The structures showcased a
polycrystalline nature, indicated by distinct and well-defined diffraction peaks in their XRD
patterns, denoting a robust crystalline hexagonal wurtzite structure. This analysis confirmed the
successful incorporation of Sn into the ZnO lattice, evidenced by shifts in peak intensities. The

increased intensity of the (002) peak with higher Sn doping levels indicated that Sn atoms were
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structures at various doping percentages: (a) 0%, (b) 6.25%, (c) 12.50%, (d) 18.75%.
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substituting Zn within the lattice rather than forming separate SnO or SnO: phases. This
enhancement in the (002) peak also reflected improved crystallinity along this plane, likely due to
Sn atoms favouring specific substitution sites in the ZnO lattice. By replacing Zn atoms at these
preferred positions, Sn promoted a more ordered and stable structure along the (002) plane,
reducing defects and structural irregularities in this direction. This improved atomic arrangement
enhanced Sn-doped ZnO’s electronic properties, as the alignment of atoms facilitated better
electron mobility within the lattice, making Sn-doped ZnO particularly suitable for applications

such as photocatalysis.

The data presented in Table 4-3, which includes the diffraction angle (260), corresponding intensity,
and identification of (hkl) planes, reveals significant trends in ZnO and Sn-doped ZnO bulk
structures. In the undoped ZnO (0%), the (101) peak was predominant, as demonstrated by a
notably strong peak that persists even as the doping level increases.

Table 4-3: Calculated X-ray diffraction values obtained from various doping percentages of the optimised
Sn-doped ZnO bulk structures.

0% 6.25% 12.50% 18.75%
hkl 20(°) Intensity 20(°) Intensity 20(°) Intensity 20(°) Intensity

(100) 314 35.4 31.3 37.0 30.9 46.8 30.8 64.4
(002)  33.8 55.4 32.9 65.7 32.8 75.2 32.0 95.7
(101) 358 100.0 35.5 100.0 35.1 100.0 34.8 100.0
(102) 46.8 22.1 46.0 21.7 45.7 26.3 45.0 33.1
(210)  55.7 24.7 55.5 33.0 54.6 33.2 54.5 423
(103) 61.7 19.9 60.3 25.6 60.0 27.0 58.8 33.1
(200)  66.8 15.1 66.0 15.3 65.2 17.5 64.6 28.3
(112)  67.0 14.6 67.8 10.5 66.8 12.6 66.5 14.6
(201)  68.1 9.6 68.9 3.2 68.8 2.6 70.0 1.0

However, with the introduction of Sn doping, the preferred peak shifted to the (002) Miller plane,
observed through increased intensities at diffraction angles of 32.9°, 32.8°, and 32.0°.
Additionally, other peaks such as (100), (102), (210), and (103) became more prominent with
increasing percentage Sn. These observations are consistent with similar findings reported in

existing literature,”**"7 as detailed in Appendix A4 Figure A4-1.

Based on the data provided in Table 4-3 and referencing Figure 4-2, a minor shift towards the left
in the 260 value was detected in the Sn-doped ZnO bulk structures compared to the undoped ZnO
structure. This change in the peak position was attributed to the increase in lattice parameters,
resulting from the larger radius of Sn** ions (1.187 A) in contrast to Zn** ions (0.654 A), leading

to a modification in the cell size of the hexagonal structure.
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4.4.3.2 Electronic properties
4.4.3.2.1 Density of states (DOS)

As illustrated in Figure 4-3, the DOS indicates that the lowest bands, approximately around
-18.0 eV was dominated by oxygen 2s levels for undoped ZnO. The valence band extended from
around -6.0 eV to 0.2 eV, primarily arising from Zn-3d and O-2p states, while the lower part of

the conduction band mainly consisted of Zn-4s.

In Figures 4-3(b), 4-3(¢), and 4-3(d), the DOS showed a notable shift of all peaks to lower energies
when Sn replaced Zn atoms in ZnO. The incorporation of Sn significantly altered the electronic
structure and band characteristics of ZnO. Specifically, Sn-doping introduced contributions from
Sn 4d and Sn 5s states, which exhibited a moderate increase in intensity in deeper energy regions
(around -24 eV to -19 eV) corresponding to core-like states. There was also a noticeable increase
in intensity in the range of -11 eV to -8 eV, below the typical valence band region. The actual
valence band, consisting of Zn 3d and O 2p states, was shifted closer to the Fermi level and showed
changes in intensity. As the Sn doping percentage increased, the Zn 3d states in the valence band

initially rose slightly from 6.25% to 12.50% but decreased significantly at 18.75%.

In Sn-doped ZnO bulk structures, the Sn 4d and 5s states predominantly contributed to the
conduction band, with energies ranging from 0.1 eV to 28 eV and their intensity increased
moderately with higher doping levels. Doping with Sn replaced Zn atoms, adding extra electrons
that created a shallow donor level and expanded the energy levels, forming impurity-induced
bands. This expansion, resulting from the interaction of Sn s and d orbitals with the conduction

band minimum (CBM), caused the CBM to shift below the Fermi level leading to band degeneracy.
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These changes improved the electronic structure of the photocatalyst by increasing the number of
charge carriers and enhancing electron mobility and reactivity, indicating that Sn doping was
beneficial. However, too much Sn doping may excessively broaden energy levels and increase
recombination rates, potentially diminishing the photocatalyst’s effectiveness. Thus, precise

control of doping levels is essential to optimise performance without causing negative effects.

Figure 4-4 displays the pDOS concerning Zn-d orbitals found in the undoped ZnO and Sn-doped
ZnO bulk structures. This comparison aided in gaining a comprehensive insight into how electrons

were distributed and how they behaved within the Zn-d orbitals.

120 ~
ZnO (0%)
Zn0O:Sn (6.25%)
100 ~ ZnO0:Sn (12.50%)
ZnO:Sn (18.75%)
80

d-band (eV)
[N
o
1
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-20 -10 0 10 20

Energy (eV)

Figure 4-4: The pDOS (d-band) for undoped and Sn-doped ZnO bulk structures.

The graph shows a noticeable shift of the d-band in Sn-doped ZnO bulk structures to lower
energies on the left side compared to the undoped ZnO bulk structures. The shift in the d-band
varied with the doping percentage, with 18.75% doping showing the most significant shift,
followed by 12.50% and 6.25% exhibiting the smallest shift; this variation indicated the influence
of Sn concentration on the peak’s displacement. Sn doping in ZnO affected the electronic structure
by altering the valence and conduction bands. Specifically, it influenced the strengths and positions
of various electronic states, including the 3d, 4d, and 5s orbitals. With their extra electrons, Sn
atoms interact with these orbitals, causing shifts in their energy levels. This interaction modified

the overall electronic density and created new states within the band gap or impacted existing
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states in the conduction band. Consequently, doping alters the material's electronic properties, such
as its conductivity and band gap, by affecting how these specific electronic states contribute to the

material's electronic behaviour.

4.4.3.2.2 d-band centre

The introduction of Sn into the ZnO bulk structure resulted in significant shifts in the d-band, as
shown in Figure 4-4, which are crucial for reducing the band gap and enhancing photocatalysis.
The calculated d-band centre values relative to the VBM for the ZnO crystal system was 7.204 eV,
while the calculated d-band centre values relative to the VBM for the Sn-doped ZnO crystal
systems were 6.25% = -1.854 eV, 12.50% = -7.118 eV, and 18.75% = -4.606 eV. As Sn doping
increased from 0% to 12.50%, the d-band centre values decreased, indicating shifts in the
electronic structure. This lowering of the d-band centre relative to the VBM, with increased Sn
content, indicated improved catalytic activity, as it may facilitate better interaction with
adsorbates. The additional electrons introduced by Sn doping altered the electronic environment,
potentially leading to a reduced band gap. In photocatalysis, this enhances charge carrier dynamics
by reducing the recombination rates of photo-generated electron-hole pairs, which are critical for

photocatalytic efficiency.

However, at 18.75% doping, the slight upward shift in the d-band centre suggested that the doping
effects may be reaching saturation or that structural changes within the ZnO lattice were beginning
to offset the electronic advantages imparted by the dopant. This shift implied that while Sn doping
initially reduced the band gap and potentially enhanced photocatalytic activity, there was a limit
to the benefits of further doping. Beyond a certain level, additional doping may provide minimal
enhancements or even negatively impact the material’s photocatalytic performance due to changes

in its electronic structure.

4.4.3.2.3 Band gap

Figure 4-5(a) - (d) exhibits the band structures of undoped and Sn-doped ZnO. For undoped ZnO,
the calculations performed without the inclusion of U values closely aligned with the existing

literature values.>>!
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Band gap = 0.727 eV

ZnO (0%)
) |

Band gap = 0.181 eV 7Zn0:Sn (6.25%)|

ZnO:Sn (12.50%)|

Band gap = 0.607 eV

Figure 4-5: The comparison of energies versus computed band structure for optimised Sn-doped ZnO bulk
structures at various doping levels (a) 0%, (b) 6.25%, (c) 12.50%, (d) 18.75% without the
inclusion of the U value.

At the time this study was conducted, only the band gap results for undoped ZnO using GGA+U
could be validated, as there was no existing literature that had applied the U correction to Sn-doped

ZnO at doping levels of 6.25%, 12.50%, and 18.75%.

Figure 4-5(a) - (d) demonstrates the significant impact of increasing Sn content in ZnO on its
electronic properties, particularly highlighting the shift from a direct to an indirect band gap. In
undoped ZnO, the band structure typically exhibited a direct band gap, where the valence band

maximum (VBM) and conduction band minimum (CBM) were aligned in momentum space,
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enabling efficient electron transitions with minimal momentum change. This direct band gap is
desirable in photocatalytic applications because it facilitates more efficient light absorption and
the direct excitation of electrons from the valence band to the conduction band. However, with
increasing Sn content, ZnO transitions into an indirect band gap semiconductor, where the VBM
and CBM were no longer aligned in momentum space. This misalignment requires more complex
electron transitions, reducing transition probabilities and photon absorption efficiency and

potentially compromising the overall effectiveness of photocatalytic reactions.

The shift from a direct to an indirect band gap became more pronounced with higher Sn
concentrations. For example, in a 6.25% Sn-doped ZnO structure, the VBM and CBM remained
relatively close, allowing some retention of direct band gap characteristics. However, as Sn
concentration increased, the CBM shifts further away from the VBM in the BZ, resulting in a more
pronounced indirect band gap. This evolution of the band gap was accompanied by notable

changes in its magnitude.

Table 4-4 compares (validation) the magnitude of calculated band gap values with calculated
values reported in literature by Yang.> Initially, the band gap decreased as Sn content increased
from 0% to 6.25%, then rose at 12.50% before decreasing again at 18.75%. Although the trend of
calculated band gap values in this study agrees with previously calculated band gap values in the
literature, the band gap values were consistently lower than the DFT values found in the literature.
The deviation from previously calculated values ranged from 0.41% to 18.73%, depending on the
Sn doping content. Various factors have an impact on the electronic structure and, thus, the band
gap in Sn-doped ZnO including the choice of exchange-correlation functional, pseudopotentials

or the specific approach used to simulate Sn doping in ZnO.
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The reported experimental band gap of undoped ZnO was 3.370 eV.321:408-410 Iy contrast, our initial
DFT/GGA calculations produced a much lower band gap of 0.727 eV for undoped ZnO (namely,
78.43% lower), with even smaller values for Sn-doped ZnO: 0.181 eV for 6.25% Sn-doping
(namely, 94.36% lower), 0.607 eV for 12.50% Sn-doping, and 0.129 eV for 18.75% Sn-doping.

The underestimation of band gap values as observed in Table 4-4 is a common issue with the
DFT/GGA method, which often struggles to accurately represent the electronic properties of
transition metal oxides like ZnO. This underestimation is largely due to DFT/GGA method’s
inability to account for strong electron correlation effects in these structures fully.?*® #!! To
improve the accuracy, Hubbard U corrections (with Ug.zo = 10 €V and Up.o = 7 eV) were added to
better capture the localised nature of Zn 3d and O 2p electrons. This adjustment significantly
improved the band gap calculations, yielding a corrected band gap of 3.265 eV for undoped ZnO,

with a 3.12% deviation from the experimental value of 3.370 eV, demonstrating close agreement

with the experimental data.

For Sn-doped ZnO, experimental band gap values decreased with increasing Sn content up to 10%,
with reported values of 3.240 eV*® (5.00% Sn), 3.210 eV’ (6.25% Sn), and 3.110 eV*¥
(10.00% Sn). Notably, at 15.00% Sn doping, the band gap increased to 3.530 eV* exceeding the
experimental band gap of undoped ZnO (3.370 eV).’

In this study, (GGA)+U calculations, though producing underestimated values, revealed a similar
decreasing trend in band gap values from 6.25% to 12.50% Sn doping, suggesting that Sn
introduced states within the band gap that acted as shallow donor levels. These states narrowed the
band gap and contributed to the n-type behaviour of Sn-doped ZnO. Specifically, Sn** doping
narrowed the gap by introducing extra electrons into the conduction band (CB), while Sn** doping

created oxygen vacancies, increasing free electron concentration.

Reduced band gaps enhance visible-light absorption, making Sn-doped ZnO favourable for
applications like photocatalysis. However, for Sn-doped systems in this study, the corrected band
gaps were significantly lower than experimental values, with 0.439 eV for 6.25% Sn-doped ZnO
(an 86.32% deviation from the experimental 3.210 eV) and 0.157 eV for 12.50% Sn-doped ZnO.
Attempts to calculate band gaps for 18.75% Sn doping were unsuccessful, likely due to
computational complexity and convergence challenges at higher doping levels. Despite applying
Hubbard U corrections, the band gaps remained below expectations, highlighting the limitations

of the computational approach in fully capturing the experimental trends.
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Fine-tuning the Hubbard U corrections for Sn 4d states may improve accuracy while including
spin-orbit coupling can capture effects related to Sn's heavier atomic nature, potentially aligning

calculated values more closely with experimental data.

However, to improve accuracy, more advanced techniques like hybrid functionals such as
HSE06°7¢ could be employed, which combine exact exchange from Hartree-Fock with density
functional theory to better account for electronic correlations from Sn doping. Additionally, the

7

GW approximation®”’ can enhance the description of electron interactions, refining band gap

calculations.

4.4.4 Surface model construction and optimisation
4.4.4.1 Construction

Nine surfaces for each percentage doping were obtained by cutting the Sn-doped ZnO bulk
structures along the Miller planes identified from experimental X-ray diffraction (listed in section
4.3.5.1), with some MT and others OT terminated. Further information about the surfaces can be

found in Appendix A4 (Table A4-4 to A4-54).

4.4.4.2 Optimisation

Table 4-5 shows the total energy and the number of ions in the cell for various Miller planes at
different Sn-doping percentages in ZnO. The total energy values and total energy per ion were
calculated for Sn-doped ZnO surfaces across various doping percentages. However, comparisons
of the energies were only meaningful within the same doping percentage, as the electron count in
the system varies with changes in Sn content. The total energy per ion was utilised to identify

trends across different Miller planes for each doping percentage to ensure consistency.

The stability of MT and OT surfaces was influenced by the specific Miller plane and Sn doping
percentage. Within each doping percentage, the total energy per ion showed a consistent pattern
across the Miller planes, highlighting the influence of surface terminations on the material's

stability.
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For 0% doping, MT surfaces for the (002), (101), and (103) Miller planes exhibited lower energy
values compared to OT surfaces, while for the other planes, OT resulted in lower energy values.
At 6.25% doping, the trend remained similar for the (002) and (103) Miller planes, where MT
surfaces yielded lower energy values, but OT surfaces dominated in the rest. At 12.50% doping,
MT surface resulted in lower energy for the (002), (102), (103), and (201) Miller planes, whereas
OT was higher in energy for the remaining Miller planes. Finally, at 18.75% doping, MT surfaces
were lower in energy for the (002) and (103) Miller planes, with OT surfaces being more
favourable for the others. Although OT surfaces often displayed greater overall stability across a
range of Miller planes and doping percentages, MT surfaces were highly competitive, with their
stability strongly influenced by both doping percentage and Miller planes. These results suggested
that MT surfaces were energetically favourable and significantly contributed to the surface

stability of Sn-doped ZnO.

4.4.4.3 Surface properties
4.4.4.3.1 Surface energies

Table 4-6 lists the surface energies across the different Sn-doped ZnO surfaces and doping levels,
with fluctuations tied to surface type, presence of doping, and doping percentage. The impact of
doping was evident; some surfaces showed decreasing energies with increased doping, while
others exhibited an initial decrease followed by an increase at higher doping levels. This complex
relationship between doping and surface energy varied among surfaces. These observed variations
prompted further exploration using the Wulff construction program? to determine crystal

morphology.

4.4.4.3.2 Crystal morphology

The morphology of Sn-doped ZnO systems, based on the surface energies of different doping
percentages (Table 4-6), was investigated using the Wulff construction method.’ This method
facilitated an examination of the structural evolution as ZnO underwent doping alterations with

varying percentages of Sn. The derived morphologies are shown in Figure 4-6.

121



Table 4-6: Calculated surface energies obtained from various doping percentages of the Sn-doped ZnO

surfaces
Undoved Work Work Work Work
Surface® 7n 8 function 6.25% function 12.50% function 18.75% function

(eV) (eV) (eV) (eV)

(100) 0.596 4961 0.423 3.872 0.619 3.550 0.103 3918
(002)mr 0.807 4.124 0.883 3.904 0.641 3.502 0.638 4.446
(002)or 4331 7.235 2.569 4.796 2.247 4.592 1.594 4911
(101)mr 1.113 3.728 2.128 4.765 0.819 3.150 1.179 4.241
(10D)or 1.939 4.011 1.329 4.508 0.733 3.940 1.141 4.207
(102)mr 1.338 4413 1.910 4.707 0.896 4.304 1.728 4.694
(102)or 1.204 5.688 1.342 4.860 1.063 4.767 1.029 4352
(210) 0.795 3.872 0.772 3.872 0.731 3.865 0.454 5.058
(103)mr 0.685 5.333 0.644 4.464 0.748 4.369 0.518 3.501
(103)or 1.109 4.241 1.045 4.337 0.946 4.282 1.006 4.188
(200) 2.101 5.420 1.861 4.755 1.671 4.673 0.812 4.779
(112)mr 1.483 4433 1.255 4.381 0.944 4.177 0.892 4.659
(112)or 0.986 4.784 0.931 4.367 0.935 4.731 0.816 4.053
(201)mr 1.610 4.944 1.297 5.102 0.920 3.943 1.002 4.384
(20D)or 0.821 3.904 1.099 4.361 1.125 4916 0.786 4.074

Note: Each doping percentage’s lowest surface energies displayed in the morphology are indicated in bold.

(a) 0% (b) 6.25% (c) 12.50% (d) 18.75%

Figure 4-6: The Wulff construction's predictions for the Sn-doped ZnO structures.

For the undoped (0%) ZnO structure, only two out of the eight calculated surfaces were observable.
The (100) surface constituted the sides, while the (103) surface shaped the top and bottom,
resulting in a hexagonal bipyramidal structure. Upon introducing 6.25% Sn doping to the ZnO
bulk, the crystal structure was predicted to be more elongated than the 0%. This transformation
was evident in the reduction of growth in the (100) surface, affecting the sides of the crystal.
Similarly, the growth of the (103) surface, forming the top and bottom, decreased, giving the
structure an elongated hexagonal bipyramidal shape. Thus, the introduction of 6.25% Sn caused
the structure to become slimmer compared to the wider 0% Sn-doped ZnO. Subsequently, with a

12.50% Sn-doped ZnO, there was a significant transformation compared to the undoped and 6.25%
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doped structures. The (103) surface, previously shaping the top and bottom of the structure, made
room for the (002) surface to emerge in these positions. Consequently, the structure gained a larger
size, transforming into a truncated hexagonal prism due to the substantial growth of the (002)
surface. As the Sn doping percentage increased to 18.75% in ZnO, the prominence of the (100)
and (002) surfaces considerably declined. Moreover, the (103) surface vanished, creating to a
slimmer structure resembling an elongated hexagonal prism. The absence of the (103) surface,

alongside the reduced growth of the (100) and (002) surfaces, resulted in this modified structure.

Thus, the surface energy analysis across various Miller planes revealed that Sn doping
substantially impacted the stability and morphology of ZnO crystals. In particular, doping can
lower the surface energy of specific planes, such as the polar (002) plane, enhancing their stability
and shaping the overall crystal structure. This targeted stabilisation supported the preferential
growth of certain crystal faces, which may increase active sites or modify the surface band
structure, ultimately boosting the photocatalytic performance of ZnO. These results highlight the
importance of Sn doping in modifying the surface properties, with significantly impacting the

ZnQO’s stability.

To substantiate the observed morphological changes derived from this study's computational work,
attempts were made to find corresponding experimental scanning electron microscopy (SEM)
images aligning with the various percentages of Sn-doped ZnO. However, only an SEM image for
undoped ZnO was found,*'? while the others did not match the exact doping percentages examined
in this study. Consequently, SEM images with doping percentages closely aligned with those in
this study (as shown in Table 4-7) were utilised.
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Table 4-7: SEM images closely matching WULFF shapes and their respective doping percentages.

This work’s Wulff shapes Literature SEM images

0% 0%*1?

6.25%

‘q

12.50%

.

18.75%

All SEM images from external sources were properly credited, and permissions were obtained in line with copyright
guidelines.
To validate the Wulff morphology derived for the 6.25% Sn-doped ZnO, an SEM image
representing 5% Sn-doped ZnO*'? was employed. Likewise, the 12.50% morphology was
substantiated using an SEM image for 10% Sn-doped ZnO,* and the 18.75% morphology was
validated with a 15% Sn-doped SEM image.*"?
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Upon examining these SEM images, attempts were made to trace the Wulff morphology within
them (see Table 4-7). This analysis was undertaken to demonstrate a correlation between the

findings of the present computational research and experimental work,*"

indicating that the
introduction of Sn to ZnO indeed altered its morphology. Despite the initial limitation in finding
directly correlating SEM images, this method provided a comparative basis for the observed

morphological changes between the doped and undoped ZnO structures.

4.4.4.3.3 Work function

The work function (®) values of Sn-doped ZnO surfaces across various doping percentages are
summarised in Table 4-6. This analysis revealed notable variations in work function depending on
the Miller plane and doping concentration. For undoped ZnO, the work function values varied
significantly across different Miller planes. The (002)ot surface had the highest work function at
7.235 eV, while the (101)mr surface had the lowest at 3.728 eV. At a doping concentration of
6.25%, the general trend was a decrease in work function compared to undoped ZnO. For instance,
the work function of the (100) surface decreased from 4.961 eV to 3.872 eV. This trend continued
with further doping, as the work function decreased to 3.550 eV at 12.50% doping, but then
increased to 3.918 eV at 18.75% doping.

Interestingly, some surfaces, such as (101)mt, (101)ot, (102)mT, (103)oT, (201)MT, and (201)or,
showed an increase in work function at 6.25% doping, contrary to the general trend. Overall,
increased Sn doping generally led to a decrease in work function, with the most pronounced
reductions observed in the (101)mr and (002)mr planes. This variability suggests that the effect of
doping on work function was highly dependent on the specific Miller plane and the doping level.
Some surfaces exhibited clear trends of decreasing or increasing work function with higher doping,

while others displayed irregular fluctuations, indicating complex interactions and dependencies.
4.5 Conclusion

In this investigation, research aimed to explore the structural and electronic properties of various
Sn-doped ZnO surfaces to enhance ZnO's photocatalytic performance. Several key findings

emerged from this investigation.

It was observed that as the doping percentages increased, the lattice parameters of the ZnO bulks
also increased. This increase occurred because the atomic radius of Sn is larger than that of Zn,

leading to an expansion of the crystal lattice when Sn atoms replaced Zn atoms.
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Secondly, a significant change was noticed in the DOS when Sn was introduced into the ZnO
structure. This change caused a shift in the energy peaks within the DOS, reducing the band gaps
of the ZnO structures. The shift in DOS indicated alterations in the electronic structure of the bulk

because of Sn doping.

To confirm the presence of Sn in the ZnO bulk structure, an XRD analysis was conducted. This
analysis revealed an increase in the intensity of the (002) peak as the doping level increased, along
with a subtle increase in other XRD peaks. The enhanced intensity of the (002) peak indicated the

successful incorporation of Sn into the ZnO lattice.

When comparing the band gap values of the Sn-doped ZnO bulk structures with undoped ZnO, it
was evident that the band gaps were significantly reduced by Sn doping. The undoped ZnO
exhibited a band gap value of 0.727 eV, while the 6.25% Sn-doped ZnO had a much lower band
gap of 0.181 eV, and the 12.50% showed a higher band gap of 0.607 eV. The 18.75% doping level
yielded the lowest band gap value, measuring 0.129 eV. However, the Hubbard U value was
introduced to ensure consistency with experimental values, which adjusted the undoped ZnO band
gap to 3.265 eV, a closer match to the experimental value of 3.37 eV.*?! Interestingly, introducing
Sn into the ZnO bulk resulted in a notable reduction in band gap, suggesting improved
photocatalytic activity in visible light. This reduction continued as doping levels increased, but
there was a percentage of Sn doping beyond which the effectiveness dropped. This finding
highlights the need for further exploration and investigation of lower Sn doping percentages within
the range of 1 to 12% to precisely identify the point at which band gap reduction levels off.
Achieving this involves working with larger bulk structures or surface slabs, which will impose
greater computational demands. Additionally, adding Hubbard values for Sn could improve the

band gap values of Sn doped ZnO.

Furthermore, the study examined the band structures and demonstrated that Sn-doped ZnO
changed the undoped ZnO structure from a direct band gap to an indirect band gap upon doping.
This change in band structure may contribute to the improved visible light photocatalytic

properties of Sn-doped ZnO, by potentially enhancing charge carrier separation.

Additionally, the morphology and electronic properties of Sn-doped ZnO were examined and
compared with experimental literature. The Wulff construction method demonstrated that
increasing Sn doping altered the crystal morphology from hexagonal bipyramids to elongated and

truncated prisms. These changes were caused by stabilising specific crystal surfaces (Miller
126



planes), showing how Sn doping can modify the structure and surface properties of ZnO to

potentially enhance its photocatalytic performance.

The analysis of work function revealed that Sn doping influences the work function based on the
Miller plane and doping level. Overall, most surfaces showed a decrease in work function at
moderate doping levels. These findings highlight the potential of Sn doping to optimise the

stability, morphology, and electronic properties of ZnO, improving its photocatalytic activity.

In conclusion, the research confirmed that Sn doping effectively reduced the band gap of ZnO,
enhancing its performance in visible light. The study identified the most stable surface
configurations, presented the morphologies, and provided valuable insights into the impact of Sn
doping on ZnQO's structural and electronic properties. This work contributes to developing more

efficient photocatalytic materials with potential environmental benefits.
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Chapter 5:  Conclusions and Recommendations for Future work

As stated in Chapter 1 of this study, organic pollutants from textile industries in wastewater are
harmful to both the environment and human health. A promising solution to degrade these

12,13 ith ZnO being a key material due to its low cost,'?

pollutants is semiconductor photocatalysis,
non-toxicity,?® and stability.?® However, ZnO's wide band gap restricts its photocatalytic activity
primarily to ultraviolet (UV) light, which represents only about 5% of the solar spectrum, thus
significantly reducing its efficiency under visible light that accounts for approximately 45% of

solar energy.** >°

To improve the photocatalytic efficiency of ZnO, doping with Sn is proposed. Sn doping can
reduce the band gap and create trap states that prevent electron-hole recombination, thus enhancing
photocatalytic activity.%® ¢ So, the aim of this study was the development and evaluation of a
density functional theory (DFT) model to investigate the effects of Sn doping on the structural and

electronic properties of ZnO to enhance its photocatalytic activity.

However, to achieve this aim, it was essential to establish a comprehensive understanding of the
field of photocatalysis and identify relevant computational models. This foundational knowledge

was acquired through a review of the literature presented in Chapter 2.

5.1 Conclusions and Recommendations

Building on the knowledge from the literature review, three computational models for hexagonal
wurtzite, cubic rock salt, and zinc-blende ZnO** were developed in Chapter 3, using the
Cambridge Serial Total Energy Package (CASTEP)**? module within the Biovia Materials Studio
package (MS 2020).8! These models were validated against the literature.

The chapter began with a k-point grid and cut-off energy benchmarking to optimise computational
parameters for accurately exploring ZnO crystal structure bulk properties. Compared to the other
k-point grids and cut-off energies, an 11x11x11 k-point grid and 400 eV cut-off energy were found

to be optimal for all bulk structures, balancing energy convergence and computational efficiency.

The study highlighted the distinct electronic properties, such as density of state (DOS), band
structure, d-band centre, and structural properties, such as X-ray diffraction (XRD) patterns and
surface energies, of each crystal system, focusing on their implications for potential applications

in photocatalysis.
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The DOS analysis revealed that zinc 3d and oxygen 2p orbitals dominated the valence band (VB),
while zinc 4s orbitals were prevalent in the conduction band (CB). The calculated d-band centre
values relative to the valence band maximum (VBM) for ZnO crystal systems showed slight
variations, with hexagonal ZnO having the highest value at 7.204 eV, followed by zinc-blende at
6.464 eV, and cubic at 6.287 eV. These differences reflect variations in the binding strength and
electronic environment of the d-electrons across the structures. The closer d-band centre to the
VBM in the hexagonal system suggests stronger interactions with adsorbates, potentially
improving its catalytic performance compared to the cubic and zinc-blende forms. The d-band
centre analysis also showed significant interactions between p and d orbitals, particularly in the
hexagonal system, affecting band gap narrowing. The computed band gaps of 0.727 eV for
hexagonal, 0.730 eV for cubic, and 0.630 eV for zinc-blende aligned well with existing
computational literature,”** *! though they underestimated the band gap in comparison with
experimental values (3.370 eV for hexagonal, 2.450 eV for cubic, and 3.180 eV for
zinc-blende).?*3 35%:3¢0 Hubbard corrections with Ug-Zn and U,-O parameters®3* 32!

approximations (3.370 eV for hexagonal,*! 4.050 eV for cubic,®® and 3.250 eV for

provided closer

zinc-blende?®*) to experimental outcomes, highlighting the challenges of DFT/GGA methods in

accurately predicting band gaps for complex oxides like ZnO.

The X-ray diffraction (XRD) patterns for hexagonal, cubic, and zinc-blende ZnO were calculated
and compared with the literature,®® showing close agreement with experimental data®>> despite
some variations in peak intensities and slight differences in peak positions. For example, in the
hexagonal crystal system, slight differences in the 26 values were observed for peaks (100), (002),
and (101), with computed values of 31.4°, 33.8°, and 35.8°, compared to experimental values of
31.4°, 34.3°, and 36.8°. These discrepancies were also seen in the corresponding peak intensities,
where computed values were 35.4, 55.4, and 100.0, compared to experimental values of 50.8, 39.1,
and 100.0. In the cubic crystal system, the (111) peak had a computed 20 value of 35.7° versus an
experimental value of 35.9°, with intensity values of 43.9 (computed) compared to 80.9
(experimental). For the zinc-blende system, the (111) peak showed a computed 26 of 33.4° against
an experimental value of 34.1°, with matching intensity values of 100.0. These variations and
slight differences are common in computational studies and can result from sample preparation,
instrument limitations, and the inherent complexity of crystal structures. The close correspondence
between calculated and experimental data confirms the reliability of the computational methods
employed in this study, laying the groundwork for further investigation into the electronic and

structural properties of ZnO across various applications.
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Additionally, surface model optimisations clarified the electronic and structural properties of
various surface terminations, such as metal-terminated (MT) and oxygen-terminated (OT), across

the crystal systems.

The work function analysis of the various ZnO surfaces across hexagonal, cubic, and zinc-blende
crystal systems highlighted significant variations in their electronic properties, influenced by
Miller planes such as (002), (101), or (100) and either MT or OT surface terminations. Among
undoped ZnO, the hexagonal (002)ot surface exhibited the highest work function at 7.235 eV,
indicating less favourable conditions for surface reactions. In contrast, the hexagonal (101)mT
surface had the lowest work function at 3.728 eV, suggesting easier electron emission. This
analysis explores how variations in work function across different Miller planes and terminations
influence the catalytic activity and electron emission efficiency of ZnO, as higher work functions
reduce surface reactivity while lower work functions promote electron transfer, enhancing

catalytic performance.*'*

The surface energies of the ZnO surface slabs were calculated to assess stability, with notable
differences between MT and OT terminated surfaces. The hexagonal crystal system exhibited the
highest stability based on surface energy calculations, agreeing well with reported literature

364, 370, 371

values, confirming its thermodynamic stability. Conversely, the cubic and zinc-blende

systems exhibited higher surface energies, which was consistent with the literature,?*!: 362

indicating greater instability under certain conditions.

The Wulff constructions® based on the surface energies provided predictions of ZnO crystal
morphology, which aligned well with existing literature.>*”*? This study highlights the potential
for optimising the photocatalytic performance of ZnO through further investigation of its
hexagonal crystal system. Our findings aligned with experimental reports and support ongoing
research in photocatalysis to exploit the unique structural stability and electronic properties of ZnO

for enhanced photocatalytic applications.

In summary, Chapter 3 successfully achieved its goal of developing and validating a model for
optimising and calculating the electronic and structural properties of ZnO. The study provides a
refined understanding of ZnO crystal systems, supported by thorough computational modelling
and comparison with experimental data.’”® The findings emphasise the importance of optimised
computational parameters for accurate simulations of complex oxide materials, paving the way for

future studies to enhance their electronic and structural properties for technological advancements.
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In Chapter 4, the doping of Sn into the most stable ZnO crystal system, namely the hexagonal
crystal system identified in Chapter 3, was explored. The Supercell program developed by
Okhotnikov et al.®* was used to identify unique structural configurations for 6.25%, 12.50% and
18.75% Sn-doped ZnO. These unique configurations were then optimised. The lattice parameters

and cell angles for Sn-doped ZnO bulk structures closely aligned with literature values,>> 333375

376 showing deviations of only 3.648% for lattice parameters and 1.571% for cell angles observed
at 6.25% and 12.50% doping concentrations, respectively. These minor differences confirmed the
reliability of the approach in this study and the consistency of the modeled structures with previous
studies.’> 33375376 A5 Sn doping concentrations increased, there was a corresponding rise in the
volume and density of the ZnO bulk structures due to the larger atomic radius of Sn compared to
Zn. The 18.75% doping concentration could not be validated due to limited research available at

the time of this study.

The most stable configurations of Sn-doped ZnO (within each percentage doping) based on final
energies were examined to determine how varying Sn concentrations impact their structural and

electronic properties.

XRD analysis confirmed the successful incorporation of Sn into the ZnO lattice, as indicated by
shifts in peak intensities.>>> The (002) peak showed increased intensity with higher levels of Sn
doping, suggesting that Sn atoms are substituting Zn in the lattice rather than forming separate
SnO or SnO; phases. The increased intensity of the (002) peak in the XRD results indicated
improved crystallinity along this specific plane in Sn-doped ZnO. This enhancement likely
occurred because Sn atoms prefer certain substitution sites in the ZnO lattice. By replacing Zn
atoms at these favoured sites, Sn contributes to a more organised and stable structure along the
(002) plane, which reduces defects and structural irregularities in that direction. This improvement
in atomic arrangement and crystallinity affects the electronic properties of ZnO, as the alignment
of atoms influences electron movement within the lattice, thus, making doped ZnO more suitable

for applications such as photocatalysis.

The higher atomic number of Sn increases the number of electrons in the system, modifying the
electronic structure and affecting the DOS and band structure. The additional electrons influence
defect formation and charge carrier dynamics.*!> Specifically, Sn doping shifted DOS peaks
(d-band centres) to lower energies relative to pure ZnO and increased the intensity in the VB and

the CB due to contributions from Sn 4d and 5s states. This adjustment introduced a shallow donor
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level close to the conduction band minimum (CBM)), effectively raising the electron density near

the CB and enhancing n-type conductivity in ZnO.

The band gap initially decreased with increasing Sn content, then fluctuated, which was consistent
with other studies.’> > The study found that increasing Sn concentration at 6.25% and 12.50%
resulted in an 8.84% and 15.93% difference, respectively when compared to the theoretical band
gap of Sn-doped ZnO reported in the literature.”> At the time of this study, the 18.75% Sn
concentration could not be validated against theoretical literature values due to the unavailability
of relevant sources. However, the calculated band gap values for Sn-doped ZnO showed
significant differences compared to experimental values®?! 4419 due to DFT/GGA method
limitations. Applying the Hubbard corrections of U¢-Zn = 10 eV and Up-O = 7 eV improved the

accuracy of band gap calculations.

Sn-doping in ZnO shifted the band gap from direct to indirect as the Sn concentration increased,
reducing electron transition efficiency and photocatalytic effectiveness. Some direct band gap
properties were observed at lower doping levels such as 6.25%, maintaining moderate
photocatalytic activity. However, higher Sn concentrations led to greater misalignment of the

bands and a more pronounced indirect band gap, limiting the efficiency of Sn-doped ZnO.

Additionally, Sn doping led to notable reductions in the work function across most surfaces,
particularly for the (101)mr and (002)mr surfaces. For instance, the work function of the (100)
surface decreased from 4.961 eV in undoped ZnO to 3.872 eV at 6.25% Sn doping, indicating
improved electronic properties beneficial for photocatalytic applications. However, the impact of
Sn doping was not uniform across all surfaces. Some surfaces, such as (101)mr and (102)mr,
showed irregular fluctuations in work function, reflecting complex interactions between doping
concentration, surface orientation (i.e. the specific Miller plane such as (101) or (102)), and
electronic structure. These fluctuations were further explored using the Wulff construction
method® and surface property analysis. It was demonstrated that doping, surface energy, and work

416

function significantly affect the stability®'® and surface morphology of ZnO crystals.

For example, doping can lower the surface energy on certain Miller planes, such as the polar (002)
plane, making these planes more stable and influencing the overall crystal morphology. This
selective surface stabilisation may promote the growth of specific crystal faces, leading to
morphological changes that can improve the photocatalytic efficiency of ZnO by increasing active

sites or altering the surface band structure.
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Using the Wulff construction method,® equilibrium shapes of ZnO crystals were predicted based
on surface energies, highlighting the relative stability of different Miller planes. Miller planes with
lower surface energies are more stable and likely to dominate the crystal's final equilibrium shape.
In Sn-doped ZnO, the Wulff analysis revealed that specific crystal faces were more likely to appear
due to the effect of Sn on surface energy, further influencing the morphology. The study
systematically identified the most stable Sn-doped ZnO morphologies using DFT, demonstrating

how Sn incorporation influences ZnO stability.

In undoped ZnO (0%), only the (100) and (103) surfaces were present, producing a hexagonal
bipyramidal structure. With 6.25% Sn doping, the structure became slimmer due to decreased
growth on the (100) and (103) surfaces. When the doping increased to 12.50%, the shape evolved
into a truncated hexagonal prism, led by the development of the (002) surface. At 18.75% Sn, the
crystal further elongated, taking on a slim hexagonal prism shape as the (103) surface disappeared
and the growth of the (100) and (002) surfaces reduced. Although SEM images for each exact

69, 412, 413 ot close Sn levels were used to validate the

doping level were limited, images
computational model, strengthening the conclusion that Sn doping significantly affects the surface
morphology of ZnO as predicted. These findings could contribute to developing of advanced

photocatalytic materials with notable environmental benefits.

In conclusion, this study highlights the promising role of Sn doping in ZnO for enhancing its
photocatalytic properties through strategic band gap adjustment and surface morphology
optimisation. These advancements hold significant promise for environmental sustainability and

semiconductor technologies.

5.2 Future work

Key findings of this study include lattice expansion with increasing Sn doping, significant changes
in the DOS, and a reduction in band gaps, offering valuable theoretical insights into Sn-doped
ZnO. However, experimental validation is essential to corroborate computational predictions and
refine doping strategies. Advanced characterisation methods such as XRD, High-Resolution
Transmission Electron Microscopy (HRTEM), Scanning Electron Microscopy (SEM), and in-situ
techniques can provide insights into the structural, morphological, and phase transformation
changes induced by Sn doping. Specifically, exploring synthesis methodologies like chemical

vapour deposition, sol-gel processes, and hydrothermal synthesis will enable precise control over
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Sn doping levels, while in-situ XRD and HRTEM will allow the real-time monitoring of crystal

growth and phase transitions.

Further investigation into the effects of growth conditions, including temperature, pressure, and
environmental variables, is recommended, as these factors influence the kinetics of phase
transformations and crystal stability. Experimental studies should systematically assess the
stability of ZnO’s crystal systems under various conditions and employ techniques like
photoluminescence spectroscopy, time-resolved photoluminescence, and electrochemical
impedance spectroscopy to unravel the mechanisms behind enhanced photocatalytic activity and

charge separation in Sn-doped ZnO.

Additionally, the role of surfaces and interfaces, particularly the interactions of dopants with
different Miller planes and the impact of surface energy on stability, demands detailed
investigation using advanced techniques like Scanning Tunneling Microscopy (STM) and Atomic
Force Microscopy (AFM). Assessing the stability of the three ZnO crystal systems requires a
comprehensive analysis that considers not only surface energy but also thermodynamic and kinetic
factors. A complete approach, integrating experimental observations, theoretical calculations, and
a deeper understanding of the relationships between crystal structure and properties, is crucial for
determining the stability of these systems. Notably, this study identified a lack of research
specifically examining or validating the properties of bulk ZnO with 18.75% Sn doping,
highlighting a significant gap in this area.

To complement experimental efforts, theoretical models integrating thermodynamic and kinetic
factors, including DFT and molecular dynamics simulations, should be developed to predict phase
transformations, energy barriers, and crystal growth pathways. By integrating experimental
observations, advanced characterisation techniques, and theoretical modelling, a deeper
understanding of the structural, electronic, and photocatalytic properties of Sn-doped ZnO can be
achieved. This understanding enables the optimisation of its performance for applications in

photocatalysis and optoelectronics.

Extending the study to include higher Sn doping concentrations beyond 18.75% and investigating
larger bulk structures is recommended to explore doping limits and optimise its impact on ZnO's
electronic and structural properties. This investigation would involve synthesising bulk samples
with varying Sn concentrations and characterising their properties through experimental and

theoretical methods. Employing multi-scale modelling techniques to bridge the gap between
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atomic-scale simulations and macroscopic properties can provide a more comprehensive
understanding of how atomic-level interactions influence the overall stability and properties of Sn-

doped ZnO.

In addition to exploring higher Sn doping concentrations, Sn-doped ZnO can be effectively used
to model degradation reactions on its surface, which is crucial for improving reaction kinetics in
photocatalytic processes. By incorporating Sn into the ZnO lattice, the electronic structure of ZnO
is altered, potentially creating new active sites or enhancing existing ones on the surface. These
changes can improve the adsorption and activation of reactant molecules, thereby accelerating
degradation reactions. Modelling these surface reactions gives understanding into the specific role
that Sn plays in facilitating or hindering various reaction pathways. The reaction mechanisms can
be explained through a combination of DFT calculations and kinetic modelling, allowing for the
optimisation of Sn doping levels to achieve the most efficient catalytic activity. This approach not
only aids in understanding the fundamental interactions at the atomic level but also in designing
ZnO-based photocatalysts with superior performance in environmental remediation and other

applications.

Overall, Sn doping reduces the band gap of ZnO, enhancing its efficiency as a photocatalytic
material. These findings contribute to developing of advanced photocatalytic materials with
substantial environmental benefits. Further exploration of Sn doping percentages and larger bulk
structures is recommended to optimise these properties. By addressing the identified research gaps
and employing a comprehensive approach, future research can significantly advance the
understanding and application of Sn-doped ZnO in various technological and environmental fields.
Future research should experimentally validate these findings and explore synthesis methods to
achieve precise Sn doping levels in ZnO. Additionally, investigating the mechanisms underlying
enhanced photocatalytic activity and charge separation will further improve understanding and the

application potential of Sn-doped ZnO.
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Appendix: A3

The "accumulated density of states" refers to the total area under the pDOS plot for the d-orbitals,
helping to pinpoint the band centre. Similarly, the "half-accumulated density of states" represents
half the total area under the pDOS plot, which is used to locate the energy level where half of the
d-band states are filled.

Table A3-1: PpDOS for the Hexagonal, Cubic and Zinc-Blende crystal systems.

Density of states (electrons/eV) Hexagonal Cubic Zinc-Blende
Accumulated pDOS 633.521 1250.126 1272.138
d-band (eV) Half Accumulated pDOS 316.760 625.063 636.069
Band centre 7.204 6.287 6.464
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Table A3-2: Calculated surface energies and surface illustrations for the hexagonal, cubic and Zinc-Blende
crystal systems.
ZnO Crystal Surface energies® Literature
Surface?® Top view of surface
system (J/m?) values (J/m?)
(100) 0.596 0.68 364 ‘%‘
1
(002wt 0.807 ; v&:‘
2
(002)or 4331 5.4 230 "3:‘
3
(101)mr 1.113 1.1237 m
4
(101)or 1.939 2.003711.8537 ‘m
5
[ G
Hexagonal — (102)ur 1.338 : %::2:”
6
(102)ot 1.204 1.04 32 m
7
(210) 0.795 0.85731 &;fﬁ}ji
8
(103)mr 0.685 - W
9
(103)or 1.109 i m
10
(200) 2.101 - g
- 11

182



(112)umr 1.483 - %
12
(112)or 0.986 52&
13
(201 )ur 1.610 - mm
14
Y
(201)or 0.821 : T{%(;%d
=15
‘16
(111)or 0.966 1.53 3¢2 ﬁ‘
17
(200) 0.548 -
18
(220) 0.900 -
19
Cubic
(11)ur 0.610 -
(B11)or 0.541 -
(222)ur 0.905 -
(222)or 0.966 -

183




(400) 0.548 ]
24
(111)mt 1.061 1.02 %! %‘
25
(111)or 4.304 - é%:'
26
(200)mt 2.757 - ﬁ
27
(200)ot 2.766 - ﬁ
28
(220) 0.747 ] %
29
Zinc-Blende (B11)mr 1.420 - g%%{
- 30
31
oo oae - %
32
33
w2 - ﬁ
34
(400)ot 2.203 - %

184



Appendix: A4

Table A4-1: Supercell simulation data for 6.25% Sn-doped ZnO

[cayo-olaojo@login2 lustre]$ ./supercell -i ZnSnOhex00625.cif -s 2x2x2 -m -0
test20/ciftile10

- Supercell program (v2.1) -
https://orex.github.io/supercell/ -

Authors: * Kirill Okhotnikov -
(kirill.okhotnikov@gmail.com) -

- * Sylvian Cadars -

- (sylvian.cadars@cnrs-imn.fr) -

- * Thibault Charpentier -

- (Thibault.Charpentier@cea.fr) -

please cite: -
K. Okhotnikov, T. Charpentier and S. Cadars -
J. Cheminform. 8 (2016) 17 — 33. -

Command line: ./supercell -i ZnSnOhex00625.cif -s 2x2x2 -m -o test20/ciftile10
Random SEED: 3430414855
CIF file info:

INFO: Using symmetries from space group.

Initial system:
Chemical Formula: O2 Sn0.125 Zn1.875

Supercell system (2x2x2):
Size a=6.4747, b=6.4747, c=10.4441

Current charge balance option is "try"
Total charge oxidation state (cif): 0
Total charge cell: 0

Charge balancing: yes

| Atom Label | charge | mult | occup x mult
| | Ox. state | Used | (cif) |

| Ol | -2 |2 12 |2
| Sn0 | 2 12 |2 |0.125
| ZnO | 2 12 |2 | 1.875

Chemical formula of the supercell: O16 Snl Zn15
Total charge of supercell: 0
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Identification of groups of crystallographic sites

Group 1 (16 atomic positions in supercell):
* Site #1: O1 (occ. 1) -> FIXED with occupancy 1.000.

Group 2 (16 atomic positions in supercell):

* Site #1: Zn0 (occ. 0.9375) -> distributed over 15 positions out of 16 (actual occ.: 0.938).
* Site #2: Sn0 (occ. 0.0625) -> distributed over 1 positions out of 16 (actual occ.: 0.062).
Number of combinations for the group is 16

Minimal distance between atoms of two distinct groups: 1.97279 A.

The total number of combinations is 16

96 symmetry operation found for supercell.
Total enumeration time: 0:00:0.00485069
Combinations after merge: 1
[cayo-olaojo@login2 lustre]$
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Table A4-2: Supercell simulation data for 12.50% Sn-doped ZnO

[cayo-olaojo@login2 lustre]$ ./supercell -i ZnSnOhex0125.cif -s 2x2x2 -m -0
test20/ciffile15

- Supercell program (v2.1) -
https://orex.github.io/supercell/ -

Authors: * Kirill Okhotnikov -
(kirill.okhotnikov@gmail.com) -

- * Sylvian Cadars -

- (sylvian.cadars@cnrs-imn.fr) -

- * Thibault Charpentier -

- (Thibault.Charpentier@cea.fr) -

please cite: -
K. Okhotnikov, T. Charpentier and S. Cadars -
J. Cheminform. 8 (2016) 17 — 33. -

Command line: ./supercell -i ZnSnOhex0125.cif -s 2x2x2 -m -o test20/ciffilel5
Random SEED: 4019886641
CIF file info:

INFO: Using symmetries from space group.

Initial system:
Chemical Formula: O2 Sn0.25 Znl1.75

Supercell system (2x2x2):
Size a=6.4747, b=6.4747, c=10.4441

Current charge balance option is "try"
Total charge oxidation state (cif): 0
Total charge cell: 0

Charge balancing: yes

| Atom Label | charge | mult | occup x mult
| | Ox. state | Used | (cif) |

| Ol | -2 212 |2
| Sn0 | 2 12 |2 ]0.25
| Zno | 2 12 |2 | 175

Chemical formula of the supercell: O16 Sn2 Zn14
Total charge of supercell: 0

Identification of groups of crystallographic sites
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Group 1 (16 atomic positions in supercell):
* Site #1: O1 (occ. 1) -=> FIXED with occupancy 1.000.

Group 2 (16 atomic positions in supercell):

* Site #1: ZnO0 (occ. 0.875) -> distributed over 14 positions out of 16 (actual occ.: 0.875).
* Site #2: Sn0 (occ. 0.125) -> distributed over 2 positions out of 16 (actual occ.: 0.125).
Number of combinations for the group is 120

Minimal distance between atoms of two distinct groups: 1.97279 A.

The total number of combinations is 120

96 symmetry operation found for supercell.
Total enumeration time: 0:00:0.0079298
Combinations after merge: 5
[cayo-olaojo@login2 lustre]$
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Table A4-3: Supercell simulation data for 18.75% Sn-doped ZnO

[cayo-olaojo@login2 ~]$ cd lustre
[cayo-olaojo@login2 lustre]$ ./supercell -i ZnSnOhex01875.cif -s 2x2x2 -m -o
test20/ciffile20

- Supercell program (v2.1) -
https://orex.github.io/supercell/ -

- Authors: * Kirill Okhotnikov -
- (kirill.okhotnikov(@gmail. com) -
- * Sylvian Cadars

- (sylvian. cadars@cnrs-lmn.fr) -

- * Thibault Charpentier -

- (Thibault.Charpentier@cea.fr) -

please cite:
K. Okhotnikov, T. Charpentier and S. Cadars -
J. Cheminform. 8 (2016) 17 — 33. -

Command line: ./supercell -i ZnSnOhex01875.cif -s 2x2x2 -m -o test20/ciffile20
Random SEED: 1252009633
CIF file info:

INFO: Using symmetries from space group.

Initial system:
Chemical Formula: O2 Sn0.375 Zn1.625

Supercell system (2x2x2):
Size a=6.4747, b=6.4747, c=10.4441

Current charge balance option is "try"
Total charge oxidation state (cif): 0
Total charge cell: 0

Charge balancing: yes

| Atom Label | charge | mult | occup x mult
| | Ox. state | Used | (cif) |

| Ol | -2 |2 12 |2
| Sn0 | 2 12 |2 |0375
| Zno | 2 12 |2 | 1.625

Chemical formula of the supercell: O16 Sn3 Zn13
Total charge of supercell: 0

Identification of groups of crystallographic sites
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Group 1 (16 atomic positions in supercell):
* Site #1: O1 (occ. 1) -> FIXED with occupancy 1.000.

Group 2 (16 atomic positions in supercell):

* Site #1: ZnO0 (occ. 0.8125) -> distributed over 13 positions out of 16 (actual occ.: 0.812).
* Site #2: Sn0 (occ. 0.1875) -> distributed over 3 positions out of 16 (actual occ.: 0.188).
Number of combinations for the group is 560

Minimal distance between atoms of two distinct groups: 1.97279 A.

The total number of combinations is 560

96 symmetry operation found for supercell.
Total enumeration time: 0:00:0.101792
Combinations after merge: 12
[cayo-olaojo@login2 lustre]$
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Figure A4-1:  XRD graph culled from literature®® for optimised Sn-doped ZnO bulk structures at various
doping percentages: (a) 0%, (b) 1%, (c) 3%, (d) 5%, (e) 7%, (f) 10%, (g) 15%
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Table A4-4: Surface illustrations for the 6.25% Sn-doped ZnO crystal systems.
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Table A4-5: Surface illustrations for the 12.50% Sn-doped ZnO crystal systems.
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Table A4-6: Surface illustrations for the 18.75% Sn-doped ZnO crystal systems.
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The fractional coordinates for the Sn-doped ZnO surface slabs, consisting of 2 to 8 layers and
derived from a 2x2x2 Sn-doped ZnO bulk structure at doping levels of 6.25%, 12.50%, and
18.75%, are presented in Tables A4-7 to A4-54.

Table A4-7: Fractional coordinates of (002)mur 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and a Hubbard U value of Us.zn = 10 eV and Up-0 =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% w
@) 1 0.861568 0.683810 0.006386
(@) 2 0.525725 0.514178 0.109593
@) 3 0.852148 0.660580 0.225263
(@) 4 0.534863 0.507284 0.343996
(@) 5 0.865616 0.177004 0.022645
(@) 6 0.527570 0.011494 0.116824
@) 7 0.846176 0.207814 0.223809
(@) 8 0.519609 0.011587 0.336303
0] 9 0.363148 0.681584 0.003787
(@) 10 0.033111 0.524581 0.110468
@) 11 0.362651 0.668471 0.223714
(@) 12 0.029813 0.517011 0.343304
0] 13 0.362270 0.179276 0.006901
(@) 14 0.025827 0.014152 0.143598
@) 15 0.377369 0.189066 0.225064
@) 16 0.018326 0.020330 0.323817

Zn 1 0.879290 0.706545 0.368162
Zn 2 0.528054 0.513539 0.015567
Zn 3 0.851450 0.666733 0.130693
Zn 4 0.529947 0.509299 0.253936
Zn 5 0.850308 0.178568 0.361989
Zn 6 0.519999 0.005983 0.022827
Zn 7 0.870299 0.184396 0.112388
Zn 8 0.522392 -0.000617 0.244529
Zn 9 0.368767 0.681509 0.361111
Zn 10 0.033432 0.521367 0.015476
Zn 11 0.359045 0.677928 0.130024
Zn 12 0.040614 0.522542 0.252839
Zn 13 0.336113 0.162723 0.367480
Zn 14 0.032320 0.014021 0.004870
Zn 15 0.374213 0.189106 0.130896
Sn 1 0.016444 0.021839 0.233444
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Table A4-8: Fractional coordinates of (002)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and a Hubbard U value of Us.zn =10 eV and Up-0 =7 eV.
Element Atom Fractional coordinates of atoms
Number u \4 w

0] 1 0.239030 0.751109 0.393101
0] 2 0.647887 0.492598 0.076158
0) 3 -0.018226 0.654836 0.178331
0] 4 0.753255 0.370226 0.263046
0) 5 0.069720 -0.001929 0.394990
0] 6 0.654340 0.982816 0.075987
0) 7 -0.021443 0.157674 0.187826
0] 8 0.666224 0.960900 0.309095
0) 9 0.644845 0.482476 0.363384
0] 10 0.153432 0.483918 0.076420
0] 11 0.474248 0.672500 0.190821
0] 12 0.178353 0.457104 0.303227
0] 13 0.288589 -0.002141 0.396989
0] 14 0.146640 0.985510 0.075686
0] 15 0.483082 0.157098 0.176734
0] 16 0.173558 0.956087 0.289485
Zn 1 -0.030771 0.613612 0.338297
Zn 2 0.668549 0.487368 -0.009555
Zn 3 -0.019411 0.650302 0.098884
Zn 4 0.631450 0.501815 0.213124
Zn 5 0.009224 0.128666 0.327271
Zn 6 0.668573 0.986697 -0.009336
Zn 7 -0.017405 0.154731 0.102272
Zn 8 0.650811 1.017781 0.228179
Zn 9 0.482183 0.645821 0.341306
Zn 10 0.157122 0.464810 -0.009430
Zn 11 0.480346 0.656500 0.105456
Zn 12 0.120936 0.489602 0.227326
Zn 13 0.532633 0.177088 0.329611
Zn 14 0.156078 0.964250 -0.009957
Zn 15 0.485825 0.155427 0.093130
Sn 1 0.156882 0.985758 0.209735
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Table A4-9: Fractional coordinates of (100) 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-points
and a Hubbard U value of Uis-zn = 10 eV and Up.o =7 eV.
Element Atom Fractional coordinates of atoms
Number u v w

0] 1 0.110703 0.843291 0.114027
0] 2 0.612417 0.840787 0.351960
0] 3 0.107661 0.089207 0.032713
0] 4 0.612829 0.089796 0.270465
0] 5 0.143001 0.337847 0.114288
0] 6 0.637906 0.342623 0.350701
0] 7 0.112910 0.587121 0.033164
0] 8 0.609405 0.590095 0.269775
0] 9 0.611490 0.841310 0.114357
0] 10 0.110338 0.839713 0.351985
0] 11 0.614190 0.085481 0.030959
@) 12 0.109387 0.089585 0.270680
0] 13 0.695985 0.314106 0.100144
@) 14 0.134165 0.344641 0.351118
0] 15 0.608831 0.587402 0.033015
@) 16 0.112233 0.590367 0.269692
0] 17 0.360513 0.839714 -0.002671
0] 18 0.860863 0.838038 0.231821
0] 19 0.864990 0.086303 0.154169
0] 20 0.362012 0.091913 0.386574
0] 21 0.361869 0.335029 -0.002435
0] 22 0.863795 0.341230 0.229365
0] 23 0.862428 0.588694 0.151865
0] 24 0.363017 0.592598 0.387144
0] 25 0.861780 0.833114 -0.002314
0] 26 0.361090 0.842750 0.231837
0] 27 0.362898 0.088810 0.152594
0] 28 0.862896 0.094698 0.386900
0] 29 0.867007 0.347109 -0.010539
0] 30 0.359225 0.333903 0.234502
0] 31 0.357302 0.604054 0.153094
0] 32 0.862244 0.583781 0.385170
Zn 1 0.108504 0.656405 0.113959
7n 2 0.612569 0.649731 0.350767
Zn 3 0.109401 0.897689 0.032426
7n 4 0.611562 0.900627 0.269412
Zn 5 0.109595 0.144508 0.114096
7n 6 0.610358 0.151226 0.350789
Zn 7 0.109995 0.395903 0.031844
7n 8 0.613262 0.401000 0.269566
Zn 9 0.612659 0.655668 0.114278
7n 10 0.110830 0.647057 0.350744
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Zn
/n
Zn
/n
Zn
Sn

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1

0.612039
0.109473
0.612712
0.112211
0.613324
0.109425
0.360287
0.860438
0.860666
0.360323
0.361012
0.860567
0.890867
0.389535
0.860958
0.360344
0.360348
0.861080
0.859639
0.360227

0.895863
0.900450
0.138260
0.153406
0.396742
0.401628
0.661750
0.647728
0.897619
0.913691
0.156792
0.151621
0.398648
0.415568
0.655682
0.655126
0.898030
0.916448
0.170578
0.142601

0.032293
0.269463
0.113767
0.350708
0.030296
0.270136
-0.001086
0.231313
0.152950
0.384611
-0.001131
0.231494
0.151170
0.384269
-0.001211
0.232164
0.152571
0.384607
-0.001042
0.231719

0.424303 0.398484 0.150496
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Table A4-10:  Fractional coordinates of (101)mr 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.788027 0.024496 0.115063
(@) 2 0.005142 0.638666 0.328941
@) 3 0.518900 0.923504 0.098402
(@) 4 0.734623 0.504648 0.309654
0] 5 0.103628 0.177821 0.023814
(@) 6 0.396932 0.820620 0.216824
(@) 7 0.880293 0.178096 -0.001622
(@) 8 0.126314 0.696258 0.209325
(0] 9 0.788424 0.522340 0.112354
(@) 10 0.005326 0.139588 0.328720
(0] 11 0.508255 0.390151 0.097826
(@) 12 0.735173 0.001638 0.309577
(0] 13 0.081904 0.681307 0.023102
(@) 14 0.394868 0.350445 0.217009
(0] 15 0.829293 0.335165 -0.001670
(@) 16 0.124122 0.194193 0.209094
(0] 17 0.705160 0.254569 0.014872
@) 18 0.893822 0.830279 0.224427
(0] 19 0.324849 -0.010212 0.015052
(@) 20 0.632059 0.705055 0.203770
(0] 21 0.278532 0.027915 0.123102
(@) 22 0.505186 0.638762 0.325994
(0] 23 -0.002123 0.886195 0.108396
(@) 24 0.237111 0.506150 0.308979
0] 25 0.618273 0.707250 0.023371
(@) 26 0.891232 0.330110 0.224115
0] 27 0.335949 0.606996 0.006994
(@) 28 0.619354 0.203909 0.207287
0] 29 0.261407 0.518570 0.116993
(@) 30 0.503678 0.139160 0.324471
(0] 31 0.010074 0.390498 0.107507
(@) 32 0.241731 0.009136 0.307941

Zn 1 0.954003 0.113362 0.072157
Zn 2 0.147381 0.707100 0.287006
Zn 3 0.673151 0.979984 0.056200
Zn 4 0.881740 0.576166 0.267512
Zn 5 0.557769 0.920964 0.173389
Zn 6 0.788659 0.518573 0.386088
Zn 7 0.259611 0.764114 0.158461
Zn 8 0.452466 0.363088 0.369753
Zn 9 0.948588 0.608951 0.073374
Zn 10 0.147807 0.210213 0.286527
Zn 11 0.663844 0.483036 0.056704
Zn 12 0.882362 0.075105 0.267375
Zn 13 0.552000 0.423602 0.173189
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Zn
/n

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1
2

0.789021
0.258059
0.455526
0.042526
0.288381
0.788770
0.950891
0.422371
0.650183
0.176792
0.382555
0.042084
0.289662
0.787710
0.954648
0.462787
0.656729

0.017243
0.270849
0.859616
0.898898
0.518263
0.771599
0.360209
0.106988
0.708506
0.962779
0.579246
0.399288
0.017938
0.272972
0.862216
0.640312
0.211462

0.386299
0.158434
0.369853
0.182264
0.386866
0.158030
0.368775
0.072992
0.283049
0.047319
0.267647
0.182594
0.394465
0.158037
0.368768
0.055282
0.283892

0.180302 0.485601 0.040043
0.386105 0.079943 0.260140
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Table A4-11:  Fractional coordinates of (101)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u % W

0.000519 0.647825 0.160939
0.225196 0.403702 0.368185
0.732080 0.506210 0.142350
0.943743 0.093684 0.344992
0.392777 0.674512 0.006693
0.609842 0.485791 0.274360
0.131936 0.698706 0.030769
0.339485 0.324614 0.245869
-0.000177 0.137281 0.159730
10 0.219404 0.634558 0.367944
11 0.734297 0.004620 0.136126
12 0.940048 0.566877 0.343965
13 0.398420 0.305853 0.057773
14 0.614517 0.956943 0.263516
15 0.131746 0.201147 0.031093
16 0.336688 0.815194 0.245175
17 0.897621 0.829799 0.049875
18 0.108859 0.431547 0.261336
19 0.631419 0.689716 0.032191
20 0.834359 0.308960 0.244299
21 0.497072 0.643842 0.158649
22 0.694526 0.113004 0.367405
23 0.234122 0.510266 0.135347
24 0.433576 0.136869 0.343839
25 0.895763 0.334819 0.049750
26 0.113447 0.944559 0.276563
27 0.618605 0.173829 0.031960
28 0.840064 0.814663 0.250100
29 0.507175 0.157019 0.166695
30 0.727529 0.645696 0.376646
31 0.229363 0.009697 0.143986
32 0.460519 0.663685 0.352135

O 001N DN b~ W=

olojojojojojojolojojojojololololololololololololclolcloRoRCRONE)

Zn 1 0.143344 0.710139 0.123103
Zn 2 0.370504 0.370673 0.335829
Zn 3 0.879182 0.577190 0.105929
Zn 4 0.094614 0.208510 0.325746
Zn 5 0.533587 0.885310 0.015269
Zn 6 0.753286 0.523197 0.233366
Zn 7 0.283214 0.827508 -0.009971
Zn 8 0.492328 0.397426 0.217696
Zn 9 0.145081 0.214149 0.123144
Zn 10 0.359863 0.843468 0.336227
Zn 11 0.883178 0.077580 0.100949
Zn 12 0.089034 0.650765 0.318489
Zn 13 0.544054 0.400928 0.016423
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Zn
/n

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1
2

0.758856
0.281727
0.487355
0.045688
0.253395
0.777485
0.982610
0.645151
0.844181
0.381443
0.594061
0.045660
0.253319
0.772637
0.990789
0.649586
0.870537

0.018869
0.202465
0.886415
0.904530
0.523865
0.766366
0.386768
0.709524
0.280987
0.567934
0.246469
0.404897
0.027901
0.265435
0.891781
0.212786
0.798583

0.224558
-0.007673
0.216213
0.016117
0.224719
-0.009258
0.211373
0.123297
0.336701
0.098084
0.328144
0.016591
0.234229
-0.009300
0.218327
0.123555
0.344245

0.385426 0.019901 0.105669
0.626236 0.793635 0.338762
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Table A4-12:  Fractional coordinates of (102)mr 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.230642 0.141342 0.317193
0] 2 0.958949 0.637335 0.133835
0] 3 0.584519 0.260561 -0.010188
0) 4 0.759612 0.645598 0.170382
0] 5 0.455967 0.123933 0.132517
0) 6 0.730070 0.639634 0.317560
0] 7 0.263557 0.141362 0.170943
0) 8 1.039605 0.742232 -0.009948
0] 9 0.230564 0.635597 0.317223
0] 10 0.961224 0.136900 0.131873
0] 11 0.584782 0.502130 -0.010250
0] 12 0.759840 0.132269 0.170325
0] 13 0.456480 0.649556 0.132785
0) 14 0.730073 0.137756 0.317632
0] 15 0.264477 0.634362 0.171546
0) 16 1.065380 -0.035649 -0.010900
0] 17 0.092232 0.389460 0.226762
0) 18 0.832438 0.889131 0.048170
0] 19 0.606513 0.886851 0.064874
0) 20 0.894306 0.388946 0.253158
0] 21 0.331919 0.388421 0.047835
0) 22 0.586773 0.889518 0.232934
0] 23 0.117515 0.360113 0.080721
0) 24 0.395337 0.889265 0.258859
0] 25 0.091018 0.889653 0.229238
0] 26 0.801366 0.388267 0.056360
0] 27 0.596976 0.388119 0.112779
0) 28 0.894431 0.889413 0.254394
0] 29 0.319724 0.890343 0.048561
0) 30 0.595595 0.389175 0.237295
0] 31 0.134749 0.856032 0.091560
0] 32 0.401354 0.388671 0.250014
Zn 1 0.046773 0.634519 0.072513
Zn 2 0.314686 0.139516 0.257853
Zn 3 0.120634 0.140511 0.284564
Zn 4 0.840611 0.638970 0.100163
Zn 5 0.545136 0.143235 0.066357
Zn 6 0.813933 0.639690 0.258391
Zn 7 0.334624 0.136471 0.096779
Zn 8 0.613265 0.641225 0.301387
Zn 9 0.051600 0.083358 0.072525
Zn 10 0.314708 0.640308 0.257943
Zn 11 0.120600 0.639544 0.284555
Zn 12 0.841376 0.140417 0.100379
Zn 13 0.545175 0.632810 0.066152
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Zn
/n

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1
2

0.813886
0.335706
0.613282
0.186427
0.481612
0.717496
0.976805
0.688179
0.984894
0.214193
0.474705
0.188043
0.481278
0.693650
0.975846
0.692170
0.984929

0.140119
0.642200
0.138950
0.389114
0.890088
0.889945
0.388713
0.889417
0.390099
0.391156
0.888910
0.889195
0.390084
0.389978
0.889534
0.389342
0.890070

0.258475
0.097786
0.301440
0.166707
0.325020
0.039557
0.184854
0.184558
0.316628
0.031758
0.191351
0.170867
0.326010
0.023699
0.185908
0.174650
0.317294

0.199166 0.816156 0.003901
0.491496 0.385525 0.180223
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Table A4-13:

Fractional coordinates of (102)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-

points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u \% W
(@) 1 0.696771 0.139402 0.058186
(0] 2 0.961909 0.640147 0.238194
@) 3 0.490886 0.140258 0.089528
O 4 0.752790 0.638418 0.259291
(@) 5 0.200076 0.610166 0.064768
O 6 0.465384 0.110655 0.241669
(@) 7 0.252197 0.136310 0.260108
(0] 8 0.998657 0.639518 0.086593
(@) 9 0.695855 0.638246 0.058187
(@) 10 0.962490 0.134792 0.237984
(0] 11 0.491159 0.635345 0.088459
(0] 12 0.753297 0.136025 0.259458
@) 13 0.200383 0.115219 0.064948
(0] 14 0.465689 0.612361 0.241276
0] 15 0.251814 0.639697 0.259714
(@) 16 0.998566 0.137902 0.086739
@) 17 0.094313 0.361438 0.332584
O 18 0.836296 0.889778 0.143197
(@) 19 0.358340 0.361464 -0.001770
(@) 20 0.618670 0.887323 0.174437
@) 21 0.335334 0.387472 0.149840
(@) 22 0.600085 0.861916 0.335414
(0] 23 0.121311 0.388642 0.182311
(@) 24 0.856035 0.862090 -0.002620
(@) 25 0.097433 0.860292 0.334852
(@) 26 0.837745 0.389683 0.144037
(@) 27 0.348331 0.861614 0.000316
(@) 28 0.624228 0.387952 0.175714
0] 29 0.342792 0.887419 0.148506
(0] 30 0.597679 0.358704 0.326005
@) 31 0.120836 0.887549 0.180862
(0] 32 0.857225 0.362947 -0.002533
Zn 1 0.049002 0.635850 0.171624
Zn 2 0.796573 0.111169 0.005082
Zn 3 0.580599 0.139831 0.030961
Zn 4 0.842651 0.640743 0.200650
Zn 5 0.293036 0.604966 -0.001211
Zn 6 0.551874 0.141157 0.175288
Zn 7 0.081419 0.638399 0.020084
Zn 8 0.348368 0.141264 0.208195
Zn 9 0.049974 0.142031 0.171482
Zn 10 0.795802 0.610712 0.005178
Zn 11 0.580229 0.640472 0.028888
Zn 12 0.842946 0.139318 0.200660
Zn 13 0.293078 0.117204 -0.001182
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Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Zn
/n

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1
2

0.551028
0.081836
0.348724
0.185988
0.920645
0.712661
0.999853
0.414425
0.694926
0.214451
0.508578
0.193894
0.920119
0.716220
1.005976
0.422647
0.685422

0.636477
0.141116
0.637287
0.389580
0.889276
0.889607
0.390974
0.388938
0.889522
0.361597
0.859675
0.889979
0.389352
0.389725
0.891134
0.888954
0.389399

0.173673
0.020762
0.208702
0.277101
0.074916
0.118071
0.283135
0.080015
0.283787
0.125379
0.283719
0.285486
0.074979
0.116982
0.283651
0.073696
0.269031

0.217365 0.862752 0.120277
0.466965 0.359627 0.315085
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Table A4-14:  Fractional coordinates of (103)mr 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u v w
0] 1 0.698350 0.984224 0.038031
0] 2 0.949739 0.586979 0.156223
0] 3 0.552390 0.906983 0.095256
0) 4 0.801133 0.538828 0.214026
0] 5 0.339538 0.292141 0.061933
0) 6 0.554833 0.922338 0.259392
0] 7 0.168567 0.208230 0.175867
0) 8 0.952553 0.605447 -0.009859
0] 9 0.698358 0.484141 0.038039
0] 10 0.949331 0.086915 0.155464
0] 11 0.552548 0.417282 0.094969
0] 12 0.801803 0.039866 0.213608
0] 13 0.340663 0.805446 0.067988
0) 14 0.555025 0.407923 0.259399
0] 15 0.165938 0.707696 0.175238
0) 16 0.951028 0.103025 -0.009801
0] 17 0.054220 0.391805 0.260415
0] 18 0.837357 0.793489 0.075427
0] 19 0.458775 0.105936 -0.016656
0] 20 0.664778 0.708612 0.176486
0] 21 0.198828 0.485585 0.036925
0] 22 0.450549 0.113235 0.149785
0] 23 0.053406 0.403183 0.096488
0] 24 0.300044 0.040386 0.204754
0] 25 0.054356 0.896118 0.260612
0) 26 0.837694 0.295399 0.075155
0] 27 0.453275 0.607267 -0.013249
0) 28 0.662157 0.207657 0.176965
0] 29 0.198008 0.983014 0.036659
0] 30 0.448337 0.611303 0.158260
0] 31 0.053319 0.904285 0.096957
0] 32 0.290376 0.538868 0.251751
Zn 1 0.014541 0.637002 0.063469
Zn 2 0.255703 0.270562 0.223290
Zn 3 0.099391 0.166524 0.242384
Zn 4 0.855813 0.548391 0.135493
Zn 5 0.411061 0.329616 -0.001933
Zn 6 0.646578 0.952987 0.118669
Zn 7 0.244348 0.256895 0.035737
Zn 8 0.494850 0.889820 0.184102
Zn 9 0.013858 0.136182 0.063372
Zn 10 0.255572 0.764519 0.215836
Zn 11 0.095928 0.664698 0.242445
Zn 12 0.855243 0.048764 0.133560
Zn 13 0.408684 0.837550 -0.000966
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Sn

14
15
16
17
18
19
20
21
22
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25
26
27
28
29
30
1
2

0.646591
0.245258
0.495292
0.147711
0.906884
0.745432
0.993164
0.514101
0.755687
0.355690
0.595533
0.147779
0.908281
0.745541
0.992990
0.515987
0.754996

0.451568
0.759279
0.382659
0.451343
0.830903
0.758487
0.357457
0.142402
0.767724
0.073414
0.685586
0.952641
0.333257
0.258658
0.858736
0.643631
0.266270

0.118715
0.043787
0.184125
0.118776
0.008074
0.044612
0.186341
0.062205
0.213491
0.128869
0.242501
0.118820
0.008073
0.044533
0.186413
0.055902
0.213447

0.344969 0.546129 0.138790
0.622207 0.198036 0.278264
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Table A4-15:  Fractional coordinates of (103)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

0] 1 0.717371 0.981489 0.016123
(@) 2 0.951702 0.602250 0.174291
0] 3 0.561372 0.921251 0.078941
(@) 4 0.799558 0.540335 0.233992
0] 5 0.334219 0.284996 0.090867
(@) 6 0.577411 0.925628 0.252067
(0] 7 0.187300 0.232018 0.159498
(@) 8 0.942633 0.607147 0.008953
(0] 9 0.716574 0.480863 0.016436
(@) 10 0.951459 0.100860 0.174254
(0] 11 0.561275 0.419716 0.079341
(@) 12 0.801459 0.040708 0.240548
(0] 13 0.334144 0.802518 0.090493
(@) 14 0.577298 0.426883 0.251907
0] 15 0.187001 0.732059 0.159271
(@) 16 0.943706 0.105504 0.008707
(0] 17 0.078449 0.424923 0.245250
(@) 18 0.832550 0.794969 0.096307
(0] 19 0.443485 0.106286 0.006319
(@) 20 0.683649 0.732469 0.156308
(0] 21 0.216768 0.480029 0.018364
(@) 22 0.451131 0.103471 0.172607
(0] 23 0.064858 0.420376 0.080497
(@) 24 0.303640 0.017251 0.240471
0] 25 0.077072 0.924419 0.252285
(@) 26 0.833084 0.292252 0.096129
0] 27 0.438842 0.603809 0.007231
(@) 28 0.683747 0.231489 0.156332
0] 29 0.210356 0.977128 0.018930
(@) 30 0.455115 0.605341 0.171489
0] 31 0.065900 0.920302 0.085287
(@) 32 0.301376 0.516732 0.241935

Zn 1 0.005010 0.640806 0.088528
Zn 2 0.251336 0.234527 0.231574
Zn 3 0.626044 0.952685 0.010246
Zn 4 0.854094 0.549193 0.151931
Zn 5 0.395415 0.327977 0.008885
Zn 6 0.627078 0.955010 0.171713
Zn 7 0.232116 0.234371 0.069409
Zn 8 0.492895 0.861885 0.221398
Zn 9 0.005257 0.141856 0.088335
Zn 10 0.250861 0.744998 0.231702
Zn 11 0.625174 0.452288 0.010044
Zn 12 0.853926 0.049041 0.153826
Zn 13 0.395491 0.836333 0.008841
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0.627214
0.232711
0.493061
0.125754
0.895343
0.736458
0.990722
0.504157
0.753047
0.122527
0.354139
0.126374
0.896249
0.736808
0.991300
0.506097
0.753459

0.455130
0.736717
0.355175
0.453761
0.833180
0.737219
0.359194
0.141865
0.768694
0.453079
0.049624
0.954169
0.332006
0.237409
0.859465
0.642966
0.265293

0.171628
0.069519
0.221404
0.163134
0.019148
0.070331
0.221077
0.086305
0.230748
-0.000378
0.153839
0.171679
0.019049
0.070335
0.221243
0.079617
0.230746

0.110174 0.919079 -0.015529
0.353412 0.552467 0.150825
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Table A4-16:  Fractional coordinates of (110) 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-points
and Hubbard U value of Us-zn = 10 eV and Uy.o = 7 éV.
Element Atom Fractional coordinates of atoms
Number u v w

0] 1 0.846133 0.588604 -0.002931

0] 2 0.836736 0.089154 0.163152

0] 3 0.088507 0.012013 0.081036

0] 4 0.078937 0.510640 0.250615

0] 5 0.325468 0.607099 -0.031556

0] 6 0.337701 0.088681 0.162731

0] 7 0.589099 0.011239 0.079126

0] 8 0.589671 0.510888 0.246399

0] 9 0.844960 0.339236 0.082750

@) 10 0.828867 0.837994 0.250801
0] 11 0.088976 0.263577 -0.003157
@) 12 0.087688 0.761479 0.163171
0] 13 0.340153 0.332173 0.078190
@) 14 0.341354 0.843899 0.242184
0] 15 0.591338 0.261019 -0.002531
@) 16 0.589776 0.759112 0.161919
0] 17 0.839793 0.838960 0.082395
0] 18 0.833516 0.335665 0.251134
0] 19 0.089457 0.767049 -0.002672
0] 20 0.088147 0.262173 0.163697
0] 21 0.339249 0.838799 0.077696
0] 22 0.335918 0.340121 0.243718
0] 23 0.585411 0.760834 -0.002187
0] 24 0.589114 0.261111 0.162347
0] 25 0.843146 0.087684 -0.003048
0] 26 0.842463 0.589531 0.163005
0] 27 0.094379 0.512644 0.080774
0] 28 0.081361 0.008213 0.244768
0] 29 0.333960 0.080141 -0.004107
0] 30 0.336484 0.591386 0.169636
0] 31 0.601523 0.509544 0.080120
0] 32 0.577921 0.008903 0.242589
Zn 1 0.670932 0.613770 0.007949
7n 2 0.646389 0.092910 0.165739
Zn 3 0.898632 0.005691 0.079123
7n 4 0.900934 0.491465 0.240297
Zn 5 0.157898 0.610511 0.007182
7n 6 0.146209 0.094546 0.167240
Zn 7 0.398099 0.005426 0.078754
7n 8 0.412307 0.493817 0.240902
Zn 9 0.656037 0.341339 0.078802
7n 10 0.650804 0.855631 0.239305
Zn 11 0.912173 0.242037 0.008435
7n 12 0.896720 0.758567 0.169378
Zn 13 0.144857 0.342780 0.078968
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0.161063
0.416166
0.399015
0.649299
0.656453
0.914411
0.897242
0.148782
0.157327
0.403080
0.398278
0.666943
0.654400
0.901846
0.902167
0.158256
0.143128

0.856066
0.228011
0.758740
0.844236
0.354803
0.743921
0.255991
0.845578
0.359577
0.752950
0.255782
0.107797
0.595099
0.506574
-0.008617
0.108838
0.593739

0.238739
0.007087
0.160850
0.078442
0.239682
0.008603
0.169479
0.078917
0.240064
-0.002026
0.165506
0.007611
0.168365
0.078973
0.239795
0.008046
0.169806

0.395299 0.517567 0.066048
0.382549 0.025865 0.268153
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Table A4-17:  Fractional coordinates of (112)mr 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.406643 0.705309 -0.003408
0] 2 0.920929 0.833250 0.146793
0] 3 0.355592 0.445723 -0.003674
0) 4 0.843127 0.541296 0.166250
0] 5 0.927973 0.163914 -0.011470
0) 6 0.412218 0.341893 0.147319
0] 7 0.341468 0.086329 0.146800
0) 8 0.850457 0.902706 0.007496
0] 9 0.160212 0.773940 0.070084
0] 10 0.666182 0.919594 0.219676
0] 11 0.092765 0.519088 0.062908
0] 12 0.593677 0.669021 0.220446
0] 13 0.656288 0.267252 0.070545
0) 14 0.167271 0.418422 0.210498
0] 15 0.594740 0.021470 0.071049
0) 16 0.094949 0.166695 0.219123
0] 17 0.662577 0.774032 0.071487
0] 18 0.166319 0.916331 0.220981
0] 19 0.592487 0.531198 0.070792
0] 20 0.098944 0.666111 0.219813
0] 21 0.168211 0.273928 0.067104
0] 22 0.655323 0.414760 0.219780
0] 23 0.096717 0.021164 0.071832
0] 24 0.595264 0.166096 0.220589
0] 25 0.905662 0.645697 0.009410
0) 26 0.421791 0.836217 0.147585
0] 27 0.832121 0.394356 0.010399
0) 28 0.336605 0.589265 0.145889
0] 29 0.413046 0.210320 -0.003709
0] 30 0.921260 0.311132 0.150148
0] 31 0.838893 0.098252 0.134780
0] 32 0.347998 0.947914 -0.002248
Zn 1 0.442194 0.117720 0.219901
Zn 2 0.927733 0.980580 0.080480
Zn 3 0.840659 0.762050 0.061204
Zn 4 0.319585 0.869187 0.219569
Zn 5 0.422938 0.478714 0.080995
Zn 6 0.947194 0.617799 0.219340
Zn 7 0.338673 0.228402 0.081446
Zn 8 0.815568 0.384595 0.208692
Zn 9 0.676586 0.055013 0.166644
Zn 10 0.195660 0.914382 0.020047
Zn 11 0.070723 0.667165 0.019655
Zn 12 0.592759 0.804290 0.166557
Zn 13 0.666007 0.416584 0.020102
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0.163066
0.552843
0.096645
0.172159
0.687476
0.559277
0.088752
0.202749
0.664312
0.086494
0.581204
0.938547
0.423480
0.332594
0.827132
0.911166
0.440215

0.553886
0.150205
0.299677
0.053192
0.917737
0.677950
0.804199
0.415159
0.554290
0.160284
0.301632
0.116503
0.974313
0.727181
0.886339
0.508442
0.617492

0.156130
0.019605
0.161089
0.166908
0.019962
0.020086
0.166694
0.019134
0.166517
0.019385
0.166834
0.219351
0.081482
0.081118
0.220373
0.061812
0.220350

0.840829 0.242510 0.063310
0.340935 0.398379 0.244001
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Table A4-18:  Fractional coordinates of (112)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

0] 1 0.474719 0.713758 0.017402
(@) 2 0.948248 0.834987 0.150519
0] 3 0.290643 0.468578 0.008348
(@) 4 0.795302 0.598415 0.171531
0] 5 0.935382 0.241119 0.082091
(@) 6 0.460991 0.348133 0.180685
(@) 7 0.309680 0.108247 0.181215
(@) 8 0.825879 0.963732 0.028535
(0] 9 0.221692 0.773551 0.087859
(@) 10 0.707535 0.848926 0.240946
(0] 11 0.038629 0.529086 0.088784
(@) 12 0.558069 0.596824 0.240230
(0] 13 0.691402 0.275017 0.097467
(@) 14 0.228676 0.381350 0.250687
0] 15 0.555018 0.019224 0.098784
(@) 16 0.057058 0.160316 0.211232
(0] 17 0.723193 0.779238 0.080088
(@) 18 0.174862 0.893259 0.239950
(0] 19 0.542259 0.527118 0.079737
(@) 20 0.063290 0.627823 0.231631
(@) 21 0.225552 0.285672 0.089138
(@) 22 0.712455 0.343564 0.231484
(0] 23 0.064007 0.032245 0.088744
(@) 24 0.556085 0.099581 0.240972
0] 25 0.971172 0.698282 0.008159
(@) 26 0.453821 0.839470 0.182175
0] 27 0.794783 0.445581 0.007818
(@) 28 0.308103 0.585693 0.162428
0] 29 0.448969 0.209290 0.017924
(@) 30 0.954647 0.379149 0.202210
0] 31 0.815262 0.090867 0.190642
(@) 32 0.319392 0.966749 0.037343

Zn 1 0.390206 0.837868 0.020275
Zn 2 0.934549 0.997475 0.151174
Zn 3 0.394138 0.582585 0.019667
Zn 4 0.802784 0.758411 0.180452
Zn 5 0.842568 0.294606 -0.000074
Zn 6 0.454064 0.505467 0.181322
Zn 7 0.858897 0.104840 -0.001223
Zn 8 0.313632 0.268887 0.182047
Zn 9 0.686053 0.002830 0.231642
Zn 10 0.172902 0.920117 0.089764
Zn 11 0.094942 0.675162 0.078653
Zn 12 0.570806 0.753297 0.231652
Zn 13 0.660439 0.420978 0.069100
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Zn
/n
Zn
/n
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Zn
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14
15
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26
27
28
29
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1
2

0.195834
0.577975
0.087493
0.171005
0.673021
0.617814
0.073498
0.159158
0.692885
0.092295
0.571158
0.889461
0.444957
0.894473
0.332444
0.373632
0.952335

0.529609
0.165301
0.303599
0.040784
0.928559
0.665246
0.780464
0.427721
0.501387
0.184633
0.250339
0.820873
1.006517
0.564215
0.740503
0.341976
0.534394

0.231258
0.078846
0.241937
0.221976
0.069096
0.078442
0.221327
0.078682
0.222059
0.110963
0.222020
0.039892
0.181290
0.010494
0.161848
0.019768
0.180828

0.287816 0.120523 0.000641
0.837968 0.258041 0.170192
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Table A4-19:  Fractional coordinates of (200) 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-points
and Hubbard U value of Us-zn = 10 eV and Uy.o = 7 éV.
Element Atom Fractional coordinates of atoms
Number u \4 w
0] 1 0.109346 0.844446 0.244158
0] 2 0.111198 0.081357 0.145370
0] 3 0.042442 0.335309 0.242233
0] 4 0.109117 0.581386 0.149000
0] 5 0.609341 0.843766 0.244175
0] 6 0.611519 0.081528 0.145935
0] 7 0.542642 0.336741 0.242434
0] 8 0.607756 0.581479 0.148763
0] 9 0.359583 0.829351 0.090384
@) 10 0.359572 0.093235 -0.007067
0] 11 0.356967 0.329435 0.093585
@) 12 0.327155 0.584141 -0.004351
0] 13 0.859540 0.829078 0.090361
@) 14 0.859125 0.095723 -0.005149
0] 15 0.855656 0.336838 0.090974
@) 16 0.828922 0.581797 -0.001133
Zn 1 0.109051 0.676743 0.229914
7n 2 0.109019 0.892397 0.151010
Zn 3 0.110196 0.171875 0.229327
7n 4 0.109134 0.391710 0.152010
Zn 5 0.608897 0.676103 0.229898
7n 6 0.609469 0.892404 0.151094
Zn 7 0.610082 0.173234 0.229495
7n 8 0.610664 0.391852 0.152295
Zn 9 0.359700 0.638715 0.087564
7n 10 0.359178 0.926475 0.009940
Zn 11 0.359538 0.141016 0.087139
7n 12 0.356716 0.416659 0.009684
Zn 13 0.860246 0.636804 0.088668
7n 14 0.859245 0.927848 0.010330
Zn 15 0.859530 0.145729 0.088322
Sn 1 0.817949 0.392275 -0.015978
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Table A4-20:  Fractional coordinates of (201)mr 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.565767 0.385890 0.068069
0] 2 0.074976 0.137875 0.212847
0] 3 0.348090 0.148242 0.019274
0] 4 0.944101 0.073881 0.136096
0] 5 0.724201 0.467813 -0.012178
0] 6 0.324075 0.265387 0.161182
0] 7 0.184838 0.191882 0.095387
0] 8 0.703594 0.948133 0.221768
0] 9 0.565252 0.883774 0.068031
@) 10 0.076391 0.636032 0.222024
0] 11 0.348324 0.914573 0.019282
@) 12 0.944984 0.580017 0.134847
0] 13 0.723976 0.960775 -0.012069
@) 14 0.324060 0.763454 0.160594
0] 15 0.177026 0.696560 0.096754
@) 16 0.704296 0.450301 0.221665
0] 17 0.066558 0.381913 0.068470
0] 18 0.574705 0.136085 0.221386
0] 19 0.848613 0.296068 0.029752
0] 20 0.445334 0.077611 0.127510
0] 21 0.232874 0.472407 -0.002109
0] 22 0.835784 0.264615 0.189926
0] 23 0.686921 0.197727 0.095414
0] 24 0.204187 0.949107 0.224033
0] 25 0.062426 0.886568 0.068384
0] 26 0.573721 0.636147 0.212984
0] 27 0.860452 0.796833 0.009842
0] 28 0.440174 0.574871 0.120441
0] 29 0.214261 0.961404 -0.013393
0] 30 0.812241 0.755461 0.139838
0] 31 0.686938 0.698044 0.093350
0] 32 0.208541 0.451705 0.222253
Zn 1 0.651832 0.424207 0.048613
7n 2 0.165181 0.176911 0.190236
Zn 3 0.032678 0.118578 0.106726
7n 4 0.539365 0.864860 0.250771
Zn 5 0.393407 0.297578 0.098277
7n 6 0.946925 0.078918 0.230986
Zn 7 0.261950 0.218482 0.018318
7n 8 0.782770 0.994310 0.181864
Zn 9 0.651412 0.927789 0.048574
7n 10 0.164063 0.676592 0.190952
Zn 11 0.031939 0.614174 0.098377
7n 12 0.539885 0.370875 0.250826
Zn 13 0.393559 0.804035 0.098055
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0.951412
0.260792
0.783582
0.154128
0.663837
0.532787
0.040548
0.892763
0.448238
0.763632
0.280843
0.148269
0.664177
0.531025
0.039831
0.896733
0.441100

0.578462
0.753128
0.483528
0.426987
0.177414
0.117407
0.870867
0.298519
0.079524
0.232345
0.991187
0.926729
0.677109
0.616110
0.365512
0.800014
0.577820

0.230018
0.018175
0.181772
0.048959
0.190686
0.098424
0.251195
0.108605
0.222168
0.018204
0.180961
0.048659
0.190664
0.098761
0.251472
0.097373
0.228715

0.769364 0.736458 0.029448
0.303660 0.504083 0.223965
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Table A4-21:  Fractional coordinates of (201)or 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.538830 0.363398 0.086744
(@) 2 0.076991 0.142675 0.231396
0] 3 0.401167 0.296036 0.026664
(@) 4 0.934869 0.068761 0.170423
(@) 5 0.777888 0.476265 0.016249
(@) 6 0.310905 0.263541 0.165122
(0] 7 0.167022 0.193649 0.107097
(@) 8 0.707050 0.950800 0.241968
(@) 9 0.538977 0.861340 0.086222
(@) 10 0.077162 0.640979 0.231160
(0] 11 0.400956 0.798115 0.026465
(@) 12 0.935072 0.569135 0.170430
(0] 13 0.778536 1.008232 0.017184
(@) 14 0.311248 0.756857 0.162955
0] 15 0.166626 0.695047 0.095206
(@) 16 0.707565 0.450620 0.241866
(0] 17 0.038297 0.362290 0.088573
(@) 18 0.577531 0.142258 0.230589
(0] 19 0.903309 0.297245 0.027999
(@) 20 0.436538 0.070284 0.169342
(@) 21 0.270348 0.489376 0.026958
(@) 22 0.810578 0.253438 0.160368
(0] 23 0.668942 0.196966 0.088496
(@) 24 0.206151 0.949828 0.242320
0] 25 0.037200 0.862915 0.088509
(@) 26 0.577392 0.642509 0.230805
0] 27 0.898889 0.794462 0.028728
(@) 28 0.436482 0.570127 0.169285
0] 29 0.268924 0.991377 0.025757
(@) 30 0.808209 0.752771 0.157875
0] 31 0.668732 0.696746 0.078160
(@) 32 0.208361 0.452075 0.240626

Zn 1 0.623805 0.421229 0.069515
Zn 2 0.161602 0.177228 0.221171
Zn 3 0.487697 0.358403 0.009277
Zn 4 0.023161 0.109349 0.160729
Zn 5 0.865247 0.522654 -0.002170
Zn 6 0.400823 0.301141 0.140098
Zn 7 0.254479 0.234390 0.079462
Zn 8 0.786025 0.990917 0.210588
Zn 9 0.623792 0.930182 0.069519
Zn 10 0.161503 0.675577 0.224449
Zn 11 0.487460 0.858440 0.009237
Zn 12 0.023324 0.609532 0.160567
Zn 13 0.865549 0.031427 -0.002166
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0.401035
0.254739
0.786910
0.126480
0.660898
0.990998
0.522985
0.353495
0.902098
0.756072
0.285522
0.125677
0.660634
0.988797
0.523214
0.352088
0.903094

0.802446
0.733176
0.486047
0.423582
0.176168
0.359516
0.109452
0.520726
0.302388
0.233482
0.992902
0.926953
0.675467
0.858776
0.609397
0.020330
0.802851

0.139993
0.078929
0.210792
0.079405
0.222273
0.009059
0.160933
0.008425
0.140181
0.078446
0.209871
0.079320
0.232140
0.008918
0.160813
0.008504
0.140169

0.760957 0.732787 0.065653
0.304725 0.505770 0.242594
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Table A4-22:  Fractional coordinates of (210) 6.25% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-points
and Hubbard U value of Us-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.847805 0.676847 -0.011168
(@) 2 0.833753 0.315349 0.125739
0] 3 0.076028 0.290789 0.018620
(@) 4 0.075277 0.931624 0.135715
@) 5 0.331801 0.683353 -0.014043
(@) 6 0.333751 0.315232 0.119445
(@) 7 0.589772 0.290997 0.020243
(@) 8 0.586697 0.929687 0.136156
(0] 9 0.848413 0.495473 0.060750
(@) 10 0.830897 0.130033 0.174275
(0] 11 0.084792 0.106082 0.070818
(@) 12 0.090632 0.757283 0.198733
(0] 13 0.328548 0.492261 0.050110
(@) 14 0.341666 0.139180 0.171230
(0] 15 0.586444 0.107705 0.071669
(@) 16 0.579476 0.750123 0.190155
(0] 17 0.838406 0.175724 -0.001909
@) 18 0.834065 0.814275 0.114782
@) 19 0.089881 0.794485 0.017222
(@) 20 0.090868 0.429541 0.137401
(0] 21 0.331200 0.178466 -0.002179
(@) 22 0.334162 0.821190 0.115236
(0] 23 0.582546 0.788909 0.015908
(@) 24 0.581282 0.429546 0.135270
0] 25 0.832066 0.995032 0.050535
(@) 26 0.846782 0.638504 0.172407
0] 27 0.092645 0.613097 0.072074
(@) 28 0.088542 0.245610 0.189806
0] 29 0.334262 0.998999 0.052065
(@) 30 0.331024 0.638110 0.177042
(0] 31 0.614569 0.608398 0.070567
(@) 32 0.571945 0.243224 0.189610

Zn 1 0.671844 0.694620 -0.000718
Zn 2 0.640837 0.322641 0.123785
Zn 3 0.899913 0.272877 0.031064
Zn 4 0.900410 0.920252 0.114131
Zn 5 0.153413 0.691681 -0.000656
Zn 6 0.141891 0.323883 0.114700
Zn 7 0.415157 0.269273 0.030218
Zn 8 0.412471 0.925624 0.114014
Zn 9 0.671556 0.498401 0.074034
Zn 10 0.655118 0.150034 0.166156
Zn 11 0.893635 0.098574 0.072543
Zn 12 0.915003 0.740293 0.187278
Zn 13 0.152169 0.505540 0.073195
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0.164184
0.395590
0.400437
0.661545
0.640975
0.914240
0.913562
0.154280
0.142063
0.402118
0.405823
0.657981
0.672021
0.896676
0.912113
0.158758
0.154489

0.150420
0.104286
0.741986
0.189916
0.823850
0.773479
0.418386
0.191846
0.827976
0.780473
0.418685
1.003909
0.660401
0.604661
0.227862
1.000800
0.660081

0.157479
0.072005
0.187591
0.008870
0.114629
0.021568
0.124343
0.008167
0.116660
0.020555
0.113951
0.072723
0.166568
0.071753
0.187600
0.072918
0.166304

0.405072 0.605192 0.068827
0.379561 0.249454 0.222631

224



12.50%

Table A4-23:  Fractional coordinates of (002)ur 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ui.zn = 10 eV and Up.0 =7 eV.
Element Atom Fractional coordinates of atoms
Number u v w

0) 1 0.249115 0.538732 -0.003382
0] 2 0.916687 0.389440 0.106721
0] 3 0.248455 0.543835 0.217769
0] 4 0.921649 0.379234 0.341720
0) 5 0.244066 0.055633 -0.003238
0] 6 0.919099 0.881708 0.107065
0) 7 0.248946 0.049325 0.218431
0] 8 0.919516 0.888764 0.341669
0) 9 0.754352 0.544957 -0.002672
0] 10 0.422058 0.385864 0.107212
0) 11 0.749864 0.548836 0.223647
0] 12 0.412513 0.380553 0.341801
0] 13 0.761064 0.049980 -0.003529
0] 14 0.419669 0.883861 0.105287
0) 15 0.760364 0.054462 0.216644
0] 16 0.415293 0.884127 0.395972
Zn 1 0.260658 0.567825 0.362417
Zn 2 0.917720 0.381219 0.016737
Zn 3 0.245772 0.544488 0.131366
Zn 4 0.918542 0.381587 0.251788
Zn 5 0.255941 0.043553 0.362502
Zn 6 0.912889 0.868926 0.016917
Zn 7 0.250888 0.054363 0.132186
Zn 8 0.917265 0.882091 0.251680
Zn 9 0.751594 0.549873 0.360488
Zn 10 0.430505 0.387337 0.016989
Zn 11 0.750461 0.554018 0.137277
Zn 12 0.416098 0.378972 0.251842
Zn 13 0.731720 0.039925 0.362437
Zn 14 0.760401 0.059007 0.129540
Sn 1 0.416666 0.883406 0.015673
Sn 2 0.425376 0.882977 0.260745
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Table A4-24:  Fractional coordinates of (002)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.381001 0.744676 0.395131
(@) 2 0.903994 0.409127 0.076567
0] 3 0.235347 0.566798 0.182505
(@) 4 0.956954 0.250182 0.268347
(@) 5 0.388060 -0.031816 0.395027
(@) 6 0.909486 0.894510 0.076256
(0] 7 0.240139 0.080785 0.186845
(@) 8 0.955497 0.825290 0.297118
(0] 9 0.894914 0.423125 0.364326
(@) 10 0.412185 0.403110 0.076806
(0] 11 0.727941 0.580873 0.192366
(@) 12 0.410673 0.378329 0.306990
(0] 13 0.636632 -0.195775 0.386777
(@) 14 0.402355 0.897523 0.071225
0] 15 0.730709 0.064238 0.175510
(@) 16 0.429332 0.861516 0.290589
Zn 1 0.180825 0.508677 0.323291
Zn 2 0.920540 0.394845 -0.009501
Zn 3 0.235073 0.563183 0.099955
Zn 4 0.889035 0.410698 0.213635
Zn 5 0.257087 0.038143 0.326988
Zn 6 0.879996 0.872098 -0.009070
Zn 7 0.240584 0.070313 0.101720
Zn 8 0.904311 0.940644 0.229662
Zn 9 0.723014 0.585234 0.346503
Zn 10 0.440293 0.431726 -0.008786
Zn 11 0.736438 0.571324 0.109462
Zn 12 0.398297 0.413098 0.228034
Zn 13 0.735864 0.098118 0.345414
Zn 14 0.743966 0.070982 0.093707
Sn 1 0.414801 0.893157 -0.017982
Sn 0.409864 0.904148 0.212183
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Table A4-25:  Fractional coordinates of (100) 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-

points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

(@) 1 0.424829 0.002433 -0.010809
(@) 2 0.921818 0.011579 0.228039
0] 3 0.922461 0.257658 0.153541
(@) 4 0.429892 0.234821 0.384906
(0] 5 0.424829 0.502431 -0.010809
(@) 6 0.921818 0.511579 0.228039
(0] 7 0.922461 0.757658 0.153541
(@) 8 0.429892 0.734821 0.384906
(0] 9 0.964665 -0.039914 -0.017665
(@) 10 0.424175 0.010427 0.226192
(0] 11 0.419803 0.257428 0.153475
(@) 12 0.912618 0.234208 0.384866
(0] 13 0.964661 0.460086 -0.017664
(@) 14 0.424175 0.510428 0.226192
(0] 15 0.419803 0.757427 0.153475
(@) 16 0.912618 0.734209 0.384866
(0] 17 0.171227 0.000770 0.109842
@) 18 0.671252 -0.005545 0.346195
(0] 19 0.180051 0.237445 0.034027
(@) 20 0.671288 0.255188 0.268474
(0] 21 0.171227 0.500770 0.109842
(@) 22 0.671252 0.494455 0.346195
(0] 23 0.180051 0.737445 0.034027
(@) 24 0.671288 0.755188 0.268474
0] 25 0.674131 0.014695 0.107205
(@) 26 0.171160 -0.031573 0.395333
0] 27 0.649682 0.279083 0.039482
(@) 28 0.171583 0.269774 0.270269
0] 29 0.674130 0.514695 0.107205
(@) 30 0.171160 0.468427 0.395333
(0] 31 0.649682 0.779090 0.039482
(@) 32 0.171583 0.769774 0.270269
Zn 1 0.408325 0.823627 -0.001663
Zn 2 0.919948 0.818436 0.231178
Zn 3 0.922479 0.066991 0.150666
Zn 4 0.421847 0.056940 0.385576
Zn 5 0.408328 0.323625 -0.001663
Zn 6 0.919948 0.318436 0.231178
Zn 7 0.922479 0.566991 0.150666
Zn 8 0.421847 0.556939 0.385575
Zn 9 0.919666 0.787386 -0.002151
Zn 10 0.423171 0.818201 0.230922
Zn 11 0.421393 0.067881 0.149662
Zn 12 0.921062 0.056466 0.385517
Zn 13 0.919666 0.287386 -0.002151
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0.423171
0.421393
0.921062
0.171669
0.671475
0.173308
0.670895
0.171669
0.671475
0.173308
0.670896
0.671472
0.171176
0.671472
0.171176

0.318201
0.567880
0.556467
0.810092
0.803771
0.047192
0.066498
0.310092
0.303771
0.547191
0.566498
0.822318
0.802218
0.322317
0.302218

0.230922
0.149662
0.385517
0.111269
0.350970
0.030438
0.269610
0.111269
0.350970
0.030438
0.269610
0.116100
0.361192
0.116100
0.361192

0.709623 0.066159 0.016509
0.178136 0.064383 0.282700
0.709622 0.566160 0.016509
0.178135 0.564383 0.282700
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Table A4-26:  Fractional coordinates of (101)mr12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.613512 0.216840 0.029675
(@) 2 0.821116 0.825723 0.240970
0] 3 0.346493 0.100528 0.012048
(@) 4 0.561745 0.713024 0.223136
0] 5 0.236745 0.042440 0.134023
(@) 6 0.444694 0.654924 0.343457
(@) 7 0.949637 0.897854 0.120602
(@) 8 0.171965 0.509575 0.326506
(0] 9 0.615921 0.755073 0.028807
(@) 10 0.817372 0.336670 0.241092
(0] 11 0.346368 0.597288 0.012567
(@) 12 0.560058 0.203218 0.223245
(0] 13 0.234658 0.546785 0.138413
(@) 14 0.444930 0.130228 0.343115
@) 15 0.950897 0.395846 0.122271
(@) 16 0.171161 -0.005947 0.326581
(0] 17 0.726304 0.033971 0.134017
@) 18 0.941240 0.632894 0.333978
(0] 19 0.453692 0.900312 0.119926
(@) 20 0.661161 0.497602 0.326685
(0] 21 0.115990 0.238157 0.040266
(@) 22 0.329249 0.833822 0.241518
(0] 23 0.852540 0.106049 0.010586
(@) 24 0.060540 0.711342 0.217867
0] 25 0.722719 0.532356 0.133288
(@) 26 0.941143 0.136382 0.367679
0] 27 0.460643 0.407739 0.117082
(@) 28 0.680849 0.008159 0.326086
0] 29 0.115402 0.735937 0.039732
(@) 30 0.334480 0.334717 0.241779
(0] 31 0.817948 0.585602 0.015862
(@) 32 -0.003687 0.176397 0.250672

Zn 1 0.765838 0.296002 -0.002067
Zn 2 0.973629 0.922316 0.199259
Zn 3 0.706203 0.772791 0.182598
Zn 4 0.952320 0.447436 0.401221
Zn 5 0.375848 0.111560 0.089383
Zn 6 0.592590 0.713517 0.302672
Zn 7 0.099460 0.979405 0.080643
Zn 8 0.315667 0.579974 0.291508
Zn 9 0.769862 0.827233 -0.002048
Zn 10 0.970237 0.420925 0.201110
Zn 11 0.703439 0.266839 0.182475
Zn 12 0.952732 0.841099 0.394886
Zn 13 0.371092 0.613402 0.090033
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW~

0.593354
0.100830
0.315464
0.875344
0.093672
0.598355
0.804302
0.260304
0.471787
0.212422
0.446592
0.881149
0.098636
0.262652
0.480281

0.209758
0.481011
0.076046
0.112090
0.710939
0.975719
0.576286
0.305007
0.917775
0.790532
0.392746
0.612897
0.215390
0.806518
0.422012

0.302827
0.081578
0.291617
0.090034
0.299584
0.081473
0.292178
0.006404
0.199070
0.183528
0.393212
0.089951
0.318218
0.006411
0.205807

0.604918 0.482584 0.070014
0.840224 0.092005 0.293908
0.192357 0.265785 0.187152
0.429231 0.887586 0.404546
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Table A4-27:  Fractional coordinates of (101)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.616813 0.222673 -0.011732

0] 2 0.822382 0.825507 0.198804

0] 3 0.560481 0.698593 0.176092

0) 4 0.763665 0.322625 0.384400

0] 5 0.228778 0.019098 0.095888

0) 6 0.437338 0.647110 0.301003

0] 7 0.961313 0.924993 0.088798

0) 8 0.174641 0.515905 0.291198

0] 9 0.602344 0.736107 -0.011015

0] 10 0.820688 0.333988 0.199761
0] 11 0.560824 0.198707 0.176321
0] 12 0.766314 0.798447 0.384492
0] 13 0.233605 0.570554 0.092220
0) 14 0.437036 0.131481 0.302788
0] 15 0.961181 0.387028 0.088887
0) 16 0.175772 -0.000344 0.292028
0] 17 0.722629 0.030905 0.092032
0] 18 0.941790 0.654626 0.307979
0] 19 0.459535 0.911998 0.075931
0] 20 0.667830 0.504445 0.276481
0] 21 0.164102 0.258484 0.007312
0] 22 0.332175 0.833729 0.200170
0] 23 0.061873 0.707618 0.188304
0] 24 0.307172 0.326395 0.385554
0] 25 0.739352 0.542294 0.089970
0) 26 1.006538 0.193799 0.352969
0] 27 0.465229 0.407020 0.074143
0) 28 0.657928 -0.000418 0.283855
0] 29 0.034669 0.694465 0.007495
0] 30 0.323760 0.330279 0.199140
0] 31 0.007873 0.179098 0.215185
0] 32 0.290778 0.807566 0.385867
Zn 1 0.978845 0.922492 0.166338
Zn 2 0.224278 0.518518 0.367804
Zn 3 0.708289 0.770326 0.140825

Zn 4 0.908382 0.388596 0.352007
Zn 5 0.373518 0.115606 0.064567
Zn 6 0.582798 0.708514 0.263925

Zn 7 0.103064 0.979014 0.030406
Zn 8 0.315164 0.578263 0.249284
Zn 9 0.976259 0.416968 0.166655
Zn 10 0.239137 0.045393 0.367765
Zn 11 0.708220 0.269622 0.140841
Zn 12 0.910614 0.897228 0.351939
Zn 13 0.380467 0.617321 0.064398
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/n
Zn
/n
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/n
Zn
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/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW~

0.581623
0.104231
0.316203
0.874561
0.087086
0.604785
0.818951
0.474823
0.664227
0.207119
0.461876
0.909837
0.090423
0.474391
0.705022

0.213110
0.479422
0.076261
0.113141
0.712129
0.978866
0.582227
0.904346
0.513314
0.772938
0.408701
0.630117
0.212514
0.403674
0.029701

0.264532
0.030127
0.249365
0.065253
0.267866
0.031833
0.250113
0.157500
0.368573
0.148250
0.352819
0.063402
0.284079
0.165081
0.368687

0.617624 0.483024 0.027350
0.835909 0.083821 0.256210
0.180621 0.273968 0.138576
0.463501 0.892774 0.365015
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Table A4-28:  Fractional coordinates of (102)mr12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.520291 0.411989 -0.003953
0] 2 0.784078 0.923138 0.175654
0] 3 0.302436 0.427888 0.025775
0) 4 0.573180 0.924746 0.202907
0] 5 0.014474 0.911377 -0.004246
0) 6 0.282617 0.422906 0.174983
0] 7 0.072800 0.422113 0.202935
0) 8 0.801123 0.923331 0.025707
0] 9 0.521098 0.945079 -0.010552
0] 10 0.783679 0.424721 0.175197
0] 11 0.302758 0.919513 0.025590
0] 12 0.573054 0.420940 0.202888
0] 13 0.014526 0.440691 -0.003940
0) 14 0.282279 0.925178 0.174718
0] 15 0.072806 0.923426 0.202953
0) 16 0.801093 0.424345 0.025737
0] 17 0.649827 0.172351 0.088582
0] 18 0.918073 0.672562 0.269168
0] 19 0.440995 0.172098 0.114034
0] 20 0.701050 0.672994 0.288356
0] 21 0.145974 0.672956 0.088398
0] 22 0.414704 0.172589 0.268675
0] 23 0.200017 0.173013 0.288579
0] 24 0.938133 0.673123 0.116604
0] 25 0.641724 0.674449 0.083803
0) 26 0.917796 0.172679 0.269573
0] 27 0.441964 0.674494 0.112458
0) 28 0.696359 0.173207 0.297404
0] 29 0.145138 0.172973 0.083523
0] 30 0.418838 0.672716 0.269083
0] 31 0.199196 0.673189 0.297547
0] 32 0.941393 0.173017 0.113475
Zn 1 0.128377 0.418252 0.290568
Zn 2 0.867628 0.919734 0.100744
Zn 3 0.661646 0.922360 0.139232
Zn 4 0.973639 0.425428 0.316708
Zn 5 0.369901 0.419828 0.100698
Zn 6 0.626890 0.916554 0.290586
Zn 7 0.161351 0.422558 0.139103
Zn 8 0.472470 0.925887 0.316633
Zn 9 0.128335 0.927503 0.290567
Zn 10 0.867856 0.425590 0.100723
Zn 11 0.660749 0.422740 0.138968
Zn 12 0.973377 0.919352 0.316699
Zn 13 0.368902 0.925631 0.100886
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
1

2
3
4

0.626796
0.161264
0.472435
-0.000077
0.742910
0.533287
0.800263
0.238521
0.497634
0.028069
0.297101
0.000743
0.742158
0.246577
0.504405
0.523372
0.793593
0.024981
0.294954

0.429395
0.922475
0.418926
0.672515
0.173801
0.172014
0.673567
0.673624
0.172450
0.676252
0.174031
0.172508
0.673691
0.173644
0.672664

0.290603
0.139071
0.316644
0.195043
0.026034
0.044923
0.234994
0.026182
0.195183
0.045614
0.234402
0.195002
0.025700
0.025718
0.194398

0.683379 0.033411
0.175449 0.235350
0.175674 0.036408
0.675288 0.234548
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Table A4-29:  Fractional coordinates of (102)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
(@) 1 0.044290 0.422733 0.335843
(@) 2 0.783572 0.920139 0.146059
0] 3 0.306482 0.426814 -0.001498
(@) 4 0.574465 0.922076 0.182725
(0] 5 0.281351 0.420742 0.145804
(@) 6 0.544080 0.922784 0.335679
(@) 7 0.076252 0.425383 0.183122
(@) 8 0.807728 0.922662 -0.001056
(0] 9 0.044230 0.923471 0.335871
(@) 10 0.783660 0.427520 0.145929
(0] 11 0.306725 0.919101 -0.001424
(@) 12 0.574585 0.423780 0.182813
(0] 13 0.281120 0.927274 0.145380
(@) 14 0.544000 0.423406 0.335673
(0] 15 0.076131 0.920499 0.183353
(@) 16 0.806882 0.423496 -0.000865
(0] 17 0.650010 0.174367 0.064098
@) 18 0.910874 0.672742 0.238470
(0] 19 0.443931 0.174604 0.090361
(@) 20 0.707061 0.672901 0.267990
(0] 21 0.145983 0.674313 0.063291
(@) 22 0.412881 0.172701 0.237810
(0] 23 0.208095 0.172902 0.267225
(@) 24 0.945330 0.674409 0.090713
0] 25 0.642758 0.673929 0.060664
(@) 26 0.914682 0.172831 0.236690
O 27 0.442818 0.673826 0.088855
(@) 28 0.707574 0.173013 0.269912
0] 29 0.145907 0.173998 0.060054
(@) 30 0.412703 0.672875 0.236466
(0] 31 0.207657 0.673047 0.270396
(@) 32 0.946194 0.173954 0.089280

Zn 1 0.139292 0.417573 0.284713
Zn 2 0.874414 0.921258 0.074305
Zn 3 0.655416 0.921711 0.116280
Zn 4 0.953697 0.425936 0.284670
Zn 5 0.373097 0.420723 0.073854
Zn 6 0.638967 0.918052 0.284717
Zn 7 0.155201 0.421880 0.115702
Zn 8 0.453568 0.925371 0.284398
Zn 9 0.139271 0.927720 0.284735
Zn 10 0.873990 0.424924 0.074618
Zn 11 0.655372 0.423710 0.116211
Zn 12 0.953691 0.918842 0.284694
Zn 13 0.372910 0.925703 0.074314

235



/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn
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AW~

0.638903
0.154123
0.453488
0.002702
0.745459
0.533536
0.790439
0.241106
0.505442
0.029706
0.293501
0.010237
0.744965
0.248537
0.506302

0.427179
0.923509
0.419355
0.672541
0.172519
0.166349
0.673345
0.672853
0.172701
0.666374
0.173178
0.172687
0.673259
0.172641
0.672524

0.284692
0.115515
0.284421
0.172529
0.006401
0.021224
0.207146
0.006378
0.171884
0.020163
0.206963
0.170179
0.006768
0.006404
0.168571

0.522169 0.695483 0.004265
0.791331 0.174272 0.201988
0.025334 0.195125 0.004461
0.289506 0.674969 0.201557
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Table A4-30:  Fractional coordinates of (103)mr 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.037757 0.454323 0.233577
0] 2 0.809177 0.800575 0.079300
0] 3 0.405786 0.140484 -0.004655
0) 4 0.623206 0.737872 0.184720
0] 5 0.168660 0.488530 0.007680
0) 6 0.410452 0.144941 0.158693
0] 7 0.011025 0.433670 0.091608
0) 8 0.260678 0.055334 0.214213
0] 9 0.036491 0.948922 0.231913
0] 10 0.799233 0.348395 0.077909
0] 11 0.406532 0.630150 -0.002336
0] 12 0.649857 0.276921 0.137166
0] 13 0.169096 0.007969 0.007980
0) 14 0.416579 0.630030 0.164393
0] 15 0.011631 0.947041 0.090691
0) 16 0.265815 0.529469 0.214685
0] 17 0.697508 -0.010098 0.064702
0] 18 0.915358 0.641171 0.158079
0] 19 0.517822 0.944766 0.098654
0] 20 0.764496 0.531191 0.223049
0] 21 0.294255 0.324858 0.081285
0] 22 0.514548 0.950221 0.264041
0] 23 0.146458 0.235986 0.141510
0] 24 0.911557 0.630940 -0.011372
0] 25 0.700438 0.496593 -0.018078
0) 26 0.899586 0.139590 0.158553
0] 27 0.527019 0.449442 0.072689
0) 28 0.751993 0.042568 0.212236
0] 29 0.296798 0.821531 0.076705
0] 30 0.526880 0.415444 0.240009
0] 31 0.150808 0.735292 0.142324
0] 32 0.902532 0.137698 -0.010409
Zn 1 0.092913 0.455583 0.139410
Zn 2 0.865650 0.856312 -0.000328
Zn 3 0.705053 0.736960 0.026176
Zn 4 0.953177 0.406877 0.184640
Zn 5 0.475370 0.176291 0.063874
Zn 6 0.714198 0.746796 0.214975
Zn 7 0.315237 0.080025 0.134222
Zn 8 0.551959 0.709392 0.251936
Zn 9 0.094587 0.958690 0.139409
Zn 10 0.856863 0.368902 -0.000178
Zn 11 0.693003 0.297603 0.047569
Zn 12 0.953311 0.922073 0.177656
Zn 13 0.475947 0.671757 0.064936
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0.697866
0.322662
0.584259
0.204593
0.973040
0.090574
0.819779
0.356635
0.614077
0.196239
0.458278
0.233395
0.973787
0.365848
0.580628

0.272435
0.577904
0.198644
0.268558
0.670685
0.228960
0.576165
0.360717
0.979047
0.262518
0.919775
0.774643
0.173991
0.864990
0.453556

0.232556
0.136677
0.270639
0.224014
0.061793
0.269909
0.147465
0.008811
0.127715
0.054726
0.186194
0.214518
0.053183
0.000078
0.148191

0.070013 0.721711 0.291937
0.797593 0.072112 0.125110
0.195518 0.761003 0.048414
0.416066 0.375133 0.235964
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Table A4-31:  Fractional coordinates of (103)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

0] 1 0.038902 0.457525 0.253801
(@) 2 0.797460 0.814678 0.089929
0] 3 0.407387 0.143911 0.008132
(@) 4 0.647585 0.739343 0.160604
0] 5 0.173098 0.500226 0.016781
(@) 6 0.417509 0.135762 0.171496
(0] 7 0.029185 0.452345 0.086518
(@) 8 0.264103 0.045207 0.232169
(@) 9 0.038812 0.956049 0.253423
(@) 10 0.795464 0.333463 0.090029
(0] 11 0.406908 0.628761 0.007912
(@) 12 0.647408 0.234210 0.160600
(0] 13 0.170178 0.013749 0.016135
(@) 14 0.413779 0.639336 0.171300
0] 15 0.027413 0.945184 0.085541
(@) 16 0.261794 0.545012 0.232774
(0] 17 0.679441 0.010311 0.018241
(@) 18 0.913712 0.633326 0.172974
(0] 19 0.529405 0.947897 0.082733
(@) 20 0.766609 0.546079 0.240238
(@) 21 0.293485 0.321330 0.094355
(@) 22 0.536860 0.954489 0.259543
(0] 23 0.146150 0.235716 0.158955
(@) 24 0.908199 0.631238 0.007291
0] 25 0.674084 0.508162 0.018885
(@) 26 0.917124 0.135383 0.171469
0] 27 0.530417 0.452454 0.079711
(@) 28 0.764656 0.045373 0.241173
0] 29 0.297375 0.825617 0.089290
(@) 30 0.533856 0.455326 0.243543
0] 31 0.146985 0.737285 0.157175
(@) 32 0.903915 0.138639 0.008307

Zn 1 0.086735 0.452040 0.174249
Zn 2 0.864506 0.860461 0.008901
Zn 3 0.693784 0.765764 0.069910
Zn 4 0.954368 0.393088 0.221418
Zn 5 0.473912 0.173856 0.088513
Zn 6 0.713951 0.763895 0.231396
Zn 7 0.074435 0.451803 -0.003473
Zn 8 0.322056 0.081117 0.151420
Zn 9 0.086141 0.957302 0.173008
Zn 10 0.856854 0.364708 0.008936
Zn 11 0.693180 0.265849 0.069646
Zn 12 0.954431 0.886921 0.221490
Zn 13 0.470735 0.671961 0.088652
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0.713782
0.071390
0.317480
0.214551
0.969393
0.584731
0.816428
0.356793
0.586537
0.195696
0.454258
0.215925
0.974548
0.368400
0.587049

0.275165
0.954659
0.577221
0.269051
0.670174
0.953674
0.580185
0.360974
0.954853
0.265399
0.892069
0.772799
0.174260
0.867403
0.454738

0.231488
-0.004979
0.151485
0.230747
0.088028
-0.000334
0.152993
0.018632
0.179268
0.071188
0.221014
0.231901
0.079407
0.009015
0.168912

0.575714 0.481485 -0.020180
0.815766 0.082557 0.149236
0.196608 0.771377 0.066243
0.434028 0.389070 0.253421
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Table A4-32:  Fractional coordinates of (110) 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.863825 0.806256 -0.030658
0] 2 0.876034 0.286789 0.165959
0] 3 0.125043 0.213157 0.081563
0) 4 0.129679 0.710520 0.251863
0] 5 0.363825 0.806262 -0.030659
0) 6 0.376028 0.286787 0.165951
0] 7 0.625048 0.213157 0.081567
0) 8 0.629678 0.710519 0.251863
0] 9 0.870913 0.517149 0.079554
0] 10 0.874722 0.043775 0.242701
0] 11 0.125605 0.459964 -0.002477
0] 12 0.127461 0.958053 0.163118
0] 13 0.370913 0.517155 0.079554
0) 14 0.374724 0.043778 0.242701
0] 15 0.625604 0.459968 -0.002478
0) 16 0.627461 0.958054 0.163118
0] 17 0.870931 0.036665 0.078800
0] 18 0.877931 0.536770 0.251528
0] 19 0.114538 0.973035 -0.002749
0] 20 0.125716 0.462323 0.165135
0] 21 0.370931 0.036660 0.078798
0] 22 0.377938 0.536767 0.251527
0] 23 0.614558 0.973033 -0.002750
0] 24 0.625717 0.462318 0.165134
0] 25 0.875133 0.273288 -0.004812
0) 26 0.883917 0.791811 0.171220
0] 27 0.210358 0.717066 0.078338
0) 28 0.115956 0.205895 0.244248
0] 29 0.375145 0.273288 -0.004810
0] 30 0.383915 0.791809 0.171219
0] 31 0.710360 0.717063 0.078339
0] 32 0.615971 0.205900 0.244251
Zn 1 0.689330 0.821067 -0.003208
Zn 2 0.684455 0.293174 0.168049
Zn 3 0.934605 0.202587 0.080105
Zn 4 0.951895 0.690819 0.241428
Zn 5 0.189332 0.821081 -0.003208
Zn 6 0.184433 0.293174 0.168048
Zn 7 0.434607 0.202582 0.080106
Zn 8 0.451894 0.690819 0.241428
Zn 9 0.678501 0.542865 0.079268
Zn 10 0.693872 0.054013 0.239390
Zn 11 0.951929 0.424094 0.008094
Zn 12 0.936927 0.959611 0.161678
Zn 13 0.178500 0.542866 0.079268
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW~

0.193871
0.451930
0.436925
0.680657
0.700040
0.936002
0.934193
0.180654
0.200048
0.436021
0.434191
0.701452
0.691609
0.201464
0.191606

0.054011
0.424099
0.959610
0.044864
0.556453
0.953792
0.454948
0.044864
0.556456
0.953790
0.454940
0.306887
0.793798
0.306886
0.793798

0.239389
0.008094
0.161678
0.079494
0.240641
-0.001594
0.169185
0.079494
0.240641
-0.001594
0.169184
0.008469
0.172005
0.008469
0.172003

0.921788 0.708605 0.066073
0.919794 0.223710 0.270588
0.421786 0.708607 0.066071
0.419802 0.223714 0.270585

242



Table A4-33:  Fractional coordinates of (112)mr12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
(@) 1 0.271814 0.006793 0.072838
(@) 2 0.759747 0.143547 0.221177
0] 3 0.197656 0.757752 0.068578
(@) 4 0.701614 0.891850 0.220504
(@) 5 0.771803 0.506798 0.072844
(@) 6 0.259715 0.643569 0.221178
(0] 7 0.697656 0.257752 0.068585
(@) 8 0.201619 0.391868 0.220503
(0] 9 0.028222 0.055161 0.152697
(@) 10 0.514563 0.891693 0.018436
(@) 11 0.452019 0.631560 0.009629
(@) 12 0.948617 0.836349 0.137104
(0] 13 0.014549 0.391691 0.018435
(@) 14 0.528222 0.555113 0.152783
0] 15 0.952006 0.131571 0.009625
(@) 16 0.448606 0.336350 0.137100
(0] 17 0.507678 0.026366 0.170869
(@) 18 0.021775 0.888924 -0.002058
(0] 19 0.956956 0.632474 0.009613
(@) 20 0.441800 0.776945 0.162158
(0] 21 0.521783 0.388922 -0.002057
(@) 22 0.007681 0.526381 0.170860
(0] 23 0.456964 0.132471 0.009614
(@) 24 0.941810 0.276958 0.162174
0] 25 0.759651 0.006269 0.071150
(@) 26 0.285443 0.157356 0.218157
0] 27 0.696924 0.756415 0.063024
(@) 28 0.195389 0.893692 0.220990
0] 29 0.259657 0.506270 0.071149
(@) 30 0.785472 0.657355 0.218160
(0] 31 0.196924 0.256417 0.063021
(@) 32 0.695398 0.393670 0.220992

Zn 1 0.294100 0.152144 0.019759
Zn 2 0.761763 0.275715 0.165806
Zn 3 0.693009 0.028007 0.167291
Zn 4 0.180495 0.902380 0.019881
Zn 5 0.794092 0.652142 0.019759
Zn 6 0.261756 0.775727 0.165804
Zn 7 0.680504 0.402377 0.019882
Zn 8 0.193015 0.528017 0.167288
Zn 9 0.010605 0.250035 0.063263
Zn 10 0.540280 0.322009 0.229921
Zn 11 0.460537 0.146851 0.230875
Zn 12 0.946711 0.988298 0.062601
Zn 13 0.510606 0.750036 0.063261
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW~

0.040287
0.446724
0.960561
0.512947
0.038984
0.922092
0.461492
0.012944
0.538987
0.961483
0.422054
0.789266
0.286968
0.289274
0.786978

0.822011
0.488293
0.646858
0.256344
0.375135
0.128865
1.008403
0.756346
0.875093
0.508406
0.628859
0.151153
0.299698
0.651150
0.799693

0.229922
0.062606
0.230875
0.059836
0.209888
0.209396
0.073626
0.059833
0.209885
0.073622
0.209401
0.020710
0.158077
0.020709
0.158077

0.202314 0.036283 0.170696
0.693893 0.898133 -0.009624
0.193882 0.398135 -0.009625
0.702335 0.536276 0.170713
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Table A4-34:  Fractional coordinates of (112)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

FElement Atom Fractional coordinates of atoms
Number u % W

0.307785 0.019828 0.130601
0.819428 0.101706 0.241369
0.164292 0.773247 0.089220
0.655026 0.863966 0.231605
0.807813 0.519841 0.130595
0.319487 0.601696 0.241372
0.664294 0.273253 0.089220
0.155057 0.363945 0.231607
0.075259 0.087153 0.182878
10 0.563484 0.949383 0.052126
11 0.425114 0.702258 0.007759
12 0.932412 0.845900 0.172753
13 0.063507 0.449328 0.052096
14 0.575282 0.587151 0.182836
15 0.925111 0.202239 0.007758
16 0.432409 0.345906 0.172751
17 0.551659 0.084746 0.182292
18 0.088197 0.947978 0.016897
19 0.926439 0.687427 0.018102
20 0.414832 0.804284 0.159651
21 0.588201 0.447993 0.016899
22 0.051739 0.584726 0.182289
23 0.426432 0.187443 0.018104
24 0.914843 0.304292 0.159652
25 0.844196 0.035021 0.090099
26 0.305914 0.148828 0.271728
27 0.697190 0.769664 0.100200
28 0.211862 0.873726 0.261232
29 0.344199 0.535023 0.090097
30 0.805877 0.648858 0.271728
31 0.197184 0.269641 0.100200
32 0.711876 0.373753 0.261232

O 001N DN b~ W=

olojojojojojojolojojojojololololololololololololclolcloRoRCRONE)

Zn 1 0.309659 0.161993 0.088249
Zn 2 0.808244 0.255587 0.231892
Zn 3 0.679343 0.017019 0.231887
Zn 4 0.231717 0.919038 0.069075
Zn 5 0.809648 0.662004 0.088233
Zn 6 0.308247 0.755572 0.231893
Zn 7 0.731725 0.419045 0.069074
Zn 8 0.179424 0.516984 0.231886
Zn 9 0.454825 0.041044 -0.001647
Zn 10 0.076156 0.249750 0.171786
Zn 11 0.438576 0.851144 -0.001304
Zn 12 0.923051 1.008557 0.181128
Zn 13 -0.045169 0.541025 -0.001646
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
1

2
3
4

0.576152
0.938591
0.423074
-0.011427
0.546420
1.026306
0.478100
0.488579
0.046413
0.526291
0.978120
0.807691
0.303481
0.307693
0.803454

0.749757

0.171785

0.351124 -0.001304

0.508555
0.065791
0.233459
0.807194
0.954394
0.565811
0.733443
0.307219
0.454399
0.189996
0.285172
0.689996
0.785205

0.181124
0.019642
0.161806
0.019819
0.150140
0.019643
0.161808
0.019820
0.150142
0.080777
0.223328
0.080778
0.223323

0.224282 0.025981 0.227503
0.744110 0.904290 0.038845
0.244145 0.404257 0.038848
0.724288 0.525999 0.227489
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Table A4-35:  Fractional coordinates of (200) 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u v w

O 1 0.388344 0.851309 0.244619
0] 2 0.389711 0.091106 0.148070
O 3 0.388344 0.351308 0.244619
0] 4 0.389711 0.591106 0.148070
O 5 0.888112 0.851130 0.245188
0] 6 0.888901 0.090996 0.148042
O 7 0.888112 0.351131 0.245189
0] 8 0.888901 0.590996 0.148042
O 9 0.638421 0.838036 0.092730
0] 10 0.640141 0.095268 -0.005089
O 11 0.638421 0.338035 0.092731
0] 12 0.640141 0.595265 -0.005089
O 13 0.137990 0.848477 0.090671
0] 14 0.141366 0.099728 -0.000846
O 15 0.137990 0.348477 0.090671
0] 16 0.141366 0.599728 -0.000846
Zn 1 0.390063 0.683799 0.230108
Zn 2 0.388723 0.901546 0.151673
Zn 3 0.390063 0.183798 0.230108
Zn 4 0.388723 0.401546 0.151673
Zn 5 0.889750 0.683765 0.230127
Zn 6 0.890680 0.901381 0.152166
Zn 7 0.889749 0.183766 0.230127
Zn 8 0.890680 0.401381 0.152166
Zn 9 0.639826 0.649396 0.087932
Zn 10 0.636376 0.927417 0.009930
Zn 11 0.639826 0.149396 0.087932
Zn 12 0.636376 0.427414 0.009930
Zn 13 0.140339 0.654603 0.089856
Zn 14 0.140339 0.154604 0.089856
Sn 1 0.094921 0.912525 -0.014988
Sn 2 0.094921 0.412525 -0.014988

247



Table A4-36:  Fractional coordinates of (201)mr 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

FElement Atom Fractional coordinates of atoms
Number u % W

0.540621 0.646696 0.059255
0.062614 0.392487 0.205972
0.387419 0.580470 0.036403
0.917491 0.324694 0.181601
0.730995 0.729890 0.016837
0.306381 0.515789 0.151842
0.142183 0.419938 0.099322
0.698990 0.231175 0.241669
0.541255 0.133949 0.059581
10 0.052373 0.886472 0.205978
11 0.386601 0.074371 0.026653
12 0.896069 0.803612 0.196307
13 0.728654 0.246177 0.008891
14 0.307364 0.014707 0.149830
15 0.138910 0.940045 0.098999
16 0.706762 0.721568 0.231502
17 0.048648 0.605979 0.048464
18 0.564154 0.392393 0.210944
19 0.902334 0.664412 0.030531
20 0.444029 0.323093 0.159307
21 0.247689 0.735304 0.019105
22 0.803702 0.509518 0.143131
23 0.655126 0.453133 0.104948
24 0.194805 0.217762 0.231487
25 -0.008900 0.077774 0.079675
26 0.573568 0.893819 0.216954
27 0.860559 0.081646 0.039318
28 0.440654 0.830213 0.160368
29 0.255679 0.242072 0.018714
30 0.797262 0.027569 0.151085
31 0.664854 0.961330 0.101475
32 0.197063 0.732190 0.221805

O 001N DN b~ W=

olojojojojojojolojojojojololololololololololololclolcloRoRCRONE)

Zn 1 0.642862 0.698874 0.057879
Zn 2 0.152482 0.453995 0.209728
Zn 3 0.464526 0.607075 -0.001655
Zn 4 0.050700 0.354360 0.109085
Zn 5 0.395970 0.544354 0.130932
Zn 6 0.984709 0.330526 0.240311
Zn 7 0.297493 0.516809 0.038032
Zn 8 0.774473 0.267674 0.200611
Zn 9 0.641594 0.199663 0.057363
Zn 10 0.144042 0.953802 0.209746
Zn 11 0.467617 0.110844 -0.002000
Zn 12 0.048397 0.860884 0.108751
Zn 13 0.396350 0.055546 0.120481
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Zn
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Zn
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/n
/n
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Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW~

0.973498
0.294864
0.789410
0.167535
0.653185
0.974502
0.532101
0.893061
0.492308
0.748149
0.271644
0.178873
0.662592
0.895852
0.422549

0.828416
1.004377
0.760330
0.695380
0.456135
0.573836
0.390135
0.552119
0.256202
0.488355
0.241691
0.199926
0.955096
0.053039
0.936520

0.240137
0.037427
0.201251
0.058965
0.213237
0.008282
0.121178
0.129177
0.250528
0.068242
0.189674
0.059383
0.211283
0.134255
0.261127

0.935465 -0.015355 -0.008599
0.533254 0.883167 0.130157
0.764518 1.012479 0.053624
0.293029 0.762777 0.219820
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Table A4-37:  Fractional coordinates of (201)or 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

FElement Atom Fractional coordinates of atoms
Number u % W

0.540621 0.646696 0.059255
0.062614 0.392487 0.205972
0.387419 0.580470 0.036403
0.917491 0.324694 0.181601
0.730995 0.729890 0.016837
0.306381 0.515789 0.151842
0.142183 0.419938 0.099322
0.698990 0.231175 0.241669
0.541255 0.133949 0.059581
10 0.052373 0.886472 0.205978
11 0.386601 0.074371 0.026653
12 0.896069 0.803612 0.196307
13 0.728654 0.246177 0.008891
14 0.307364 0.014707 0.149830
15 0.138910 0.940045 0.098999
16 0.706762 0.721568 0.231502
17 0.048648 0.605979 0.048464
18 0.564154 0.392393 0.210944
19 0.902334 0.664412 0.030531
20 0.444029 0.323093 0.159307
21 0.247689 0.735304 0.019105
22 0.803702 0.509518 0.143131
23 0.655126 0.453133 0.104948
24 0.194805 0.217762 0.231487
25 -0.008900 0.077774 0.079675
26 0.573568 0.893819 0.216954
27 0.860559 0.081646 0.039318
28 0.440654 0.830213 0.160368
29 0.255679 0.242072 0.018714
30 0.797262 0.027569 0.151085
31 0.664854 0.961330 0.101475
32 0.197063 0.732190 0.221805

O 001N DN b~ W=

olojojojojojojolojojojojololololololololololololclolcloRoRCRONE)

Zn 1 0.642862 0.698874 0.057879
Zn 2 0.152482 0.453995 0.209728
Zn 3 0.464526 0.607075 -0.001655
Zn 4 0.050700 0.354360 0.109085
Zn 5 0.395970 0.544354 0.130932
Zn 6 0.984709 0.330526 0.240311
Zn 7 0.297493 0.516809 0.038032
Zn 8 0.774473 0.267674 0.200611
Zn 9 0.641594 0.199663 0.057363
Zn 10 0.144042 0.953802 0.209746
Zn 11 0.467617 0.110844 -0.002000
Zn 12 0.048397 0.860884 0.108751
Zn 13 0.396350 0.055546 0.120481
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AW~

0.973498
0.294864
0.789410
0.167535
0.653185
0.974502
0.532101
0.893061
0.492308
0.748149
0.271644
0.178873
0.662592
0.895852
0.422549

0.828416
1.004377
0.760330
0.695380
0.456135
0.573836
0.390135
0.552119
0.256202
0.488355
0.241691
0.199926
0.955096
0.053039
0.936520

0.240137
0.037427
0.201251
0.058965
0.213237
0.008282
0.121178
0.129177
0.250528
0.068242
0.189674
0.059383
0.211283
0.134255
0.261127

0.935465 -0.015355 -0.008599
0.533254 0.883167 0.130157
0.764518 1.012479 0.053624
0.293029 0.762777 0.219820
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Table A4-38:  Fractional coordinates of (210) 12.50% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.825479 0.584156 -0.023221
0] 2 0.829148 0.208600 0.121446
0] 3 0.078780 0.184227 0.018154
0) 4 0.076925 0.827287 0.138912
0] 5 0.325499 0.584154 -0.023222
0) 6 0.329148 0.208601 0.121446
0] 7 0.578780 0.184227 0.018154
0) 8 0.576926 0.827287 0.138913
0] 9 0.829658 0.384971 0.050280
0] 10 0.831673 0.034983 0.168758
0] 11 0.082148 0.000108 0.068203
0] 12 0.070396 0.650367 0.190261
0] 13 0.329659 0.384969 0.050280
0) 14 0.331674 0.034983 0.168758
0] 15 0.582148 0.000108 0.068203
0) 16 0.570394 0.650362 0.190259
0] 17 0.831144 0.069059 -0.003333
0] 18 0.826498 0.712545 0.115963
0] 19 0.074879 0.693380 0.016520
0] 20 0.077602 0.321478 0.135925
0] 21 0.331144 0.069059 -0.003333
0] 22 0.326499 0.712544 0.115963
0] 23 0.574878 0.693385 0.016518
0] 24 0.577606 0.321478 0.135925
0] 25 0.830440 0.890258 0.059208
0) 26 0.818219 0.532343 0.188222
0] 27 0.122429 0.505192 0.066933
0) 28 0.073593 0.139125 0.188607
0] 29 0.330441 0.890258 0.059209
0] 30 0.318180 0.532347 0.188220
0] 31 0.622429 0.505194 0.066939
0] 32 0.573592 0.139126 0.188607
Zn 1 0.649948 0.594923 -0.001609
Zn 2 0.637038 0.216382 0.115712
Zn 3 0.904631 0.161645 0.030815
Zn 4 0.900896 0.816447 0.123601
Zn 5 0.149973 0.594925 -0.001609
Zn 6 0.137037 0.216383 0.115712
Zn 7 0.404630 0.161645 0.030815
Zn 8 0.400897 0.816446 0.123601
Zn 9 0.652181 0.393746 0.073208
Zn 10 0.653284 0.046960 0.157034
Zn 11 0.892068 -0.004631 0.072374
Zn 12 0.893519 0.633030 0.188261
Zn 13 0.152181 0.393745 0.073208
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
/n
/n
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AW N —

0.153285
0.392068
0.393515
0.655353
0.635373
0.898109
0.902975
0.155352
0.135375
0.398109
0.402979
0.653702
0.646708
0.153702
0.146662

0.046959
-0.004631
0.633023
0.084460
0.723136
0.674111
0.311450
0.084460
0.723136
0.674113
0.311449
0.895824
0.555229
0.895824
0.555220

0.157034
0.072374
0.188261
0.007783
0.115371
0.020654
0.114133
0.007783
0.115371
0.020655
0.114133
0.072891
0.166586
0.072891
0.166585

0.888423 0.504486 0.068794
0.880814 0.140825 0.223138
0.388419 0.504485 0.068797
0.380813 0.140826 0.223138
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18.75%

Table A4-39:  Fractional coordinates of (002)mr18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.540836 0.691271 0.004555
(@) 2 0.210420 0.547868 0.107695
(@) 3 0.530781 0.705652 0.215800
(@) 4 0.203035 0.520139 0.331613
@) 5 0.536763 0.195890 0.004458
(@) 6 0.214571 0.016177 0.108157
(0] 7 0.543749 0.198644 0.218679
(@) 8 0.198803 0.034368 0.327719
@) 9 0.037961 0.695708 0.004428
(@) 10 0.700522 0.528412 0.107923
(0] 11 0.042558 0.696721 0.217468
(@) 12 0.706663 0.521557 0.380685
(0] 13 0.034802 0.195863 0.025240
(@) 14 0.683505 0.019349 0.107846
0] 15 0.040456 0.196845 0.209544
(@) 16 0.719546 0.034342 0.331993

Zn 1 0.538670 0.701084 0.368626
Zn 2 0.213003 0.539880 0.013454
Zn 3 0.536166 0.692459 0.131656
Zn 4 0.204958 0.525225 0.248190
Zn 5 0.519266 0.169783 0.369573
Zn 6 0.207078 0.025510 0.013253
Zn 7 0.541976 0.203767 0.132636
Zn 8 0.209549 0.029786 0.246077
Zn 9 0.057799 0.713061 0.369339
Zn 10 0.707797 0.526462 0.015051
Zn 11 0.024994 0.688499 0.132365
Zn 12 0.690333 0.019154 0.013486
Zn 13 0.712558 0.031993 0.248305
Sn 1 0.703296 0.541517 0.261435
Sn 0.049003 0.194111 0.386307
Sn 3 0.037721 0.194181 0.118146

254



Table A4-40:  Fractional coordinates of (002)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.556974 0.737434 0.075058
(@) 2 0.229645 0.595843 0.183598
@) 3 0.487399 0.532721 0.285414
(@) 4 0.308110 0.688242 0.386040
0] 5 0.556325 0.245872 0.075597
(@) 6 0.224611 0.099834 0.181959
(0] 7 0.414286 -0.020836 0.270178
(@) 8 -0.000454 -0.099585 0.376973
(0] 9 0.051235 0.738757 0.074979
(@) 10 0.733897 0.599847 0.188484
(0] 11 -0.057942 0.544634 0.284863
(@) 12 0.629297 0.248701 0.377675
(0] 13 0.052174 0.242232 0.070133
(@) 14 0.720890 0.086840 0.181902
0] 15 0.004402 0.150291 0.292301
(@) 16 0.561516 -0.250296 0.393620

Zn 1 0.560795 0.729151 -0.009985
Zn 2 0.225627 0.577196 0.100243
Zn 3 0.562284 0.774151 0.226756
Zn 4 0.195586 0.497079 0.321989
Zn 5 0.583054 0.243021 -0.009108
Zn 6 0.220534 0.073018 0.099387
Zn 7 0.576556 0.282309 0.228048
Zn 8 0.311297 -0.006434 0.346280
Zn 9 0.048705 0.708603 -0.009325
Zn 10 0.723535 0.573420 0.108748
Zn 11 0.075955 0.787327 0.225733
Zn 12 0.716172 0.069101 0.099802
Zn 13 0.791276 0.069199 0.357243
Sn 1 0.734101 0.580299 0.346830
Sn 0.049592 0.237126 -0.018614
Sn 3 0.051703 0.260177 0.214795

255



Table A4-41:  Fractional coordinates of (100) 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

FElement Atom Fractional coordinates of atoms
Number u % W

0.421910 0.248188 0.114998
0.924780 0.245412 0.358757
0.421432 0.493901 0.026406
0.958080 0.484889 0.284479
0.455739 0.736649 0.099838
0.916590 0.752717 0.357799
0.414364 -0.001980 0.025551
0.948588 0.001191 0.278610
0.925209 0.251905 0.109821
10 0.422036 0.248980 0.354212
11 0.927258 0.497189 0.026759
12 0.418861 0.498723 0.279127
13 0.941341 0.748416 0.107328
14 0.431767 0.753500 0.356386
15 0.936486 -0.002386 0.024753
16 0.404971 0.002038 0.277341
17 0.669167 0.243207 -0.002504
18 0.174393 0.253990 0.232629
19 0.173717 0.500447 0.151838
20 0.673165 0.503719 0.393927
21 0.676963 0.750460 -0.012191
22 0.171025 0.729264 0.250243
23 0.170972 0.016787 0.150591
24 0.672861 -0.011128 0.386279
25 0.177681 0.247911 -0.002045
26 0.679904 0.328878 0.231157
27 0.675420 0.492587 0.141546
28 0.175602 0.507518 0.401019
29 0.174467 0.732198 -0.003588
30 0.675536 0.835140 0.226936
31 0.674141 -0.013257 0.133430
32 0.175532 -0.000532 0.401007

O 001N DN b~ W=

olojojojolojojolojojojojololololololololololololololololoRCRONE)

Zn 1 0.420696 0.062437 0.106346
Zn 2 0.928253 0.052799 0.359553
Zn 3 0.424398 0.303354 0.037127
Zn 4 0.924372 0.294326 0.278500
Zn 5 0.420541 0.550316 0.106594
Zn 6 0.926781 0.562665 0.359664
Zn 7 0.424101 0.805901 0.023775
Zn 8 0.920830 0.807529 0.276624
Zn 9 0.925094 0.063758 0.105985
Zn 10 0.419063 0.056117 0.358953
Zn 11 0.921394 0.304810 0.030569
Zn 12 0.422186 0.306168 0.275589
Zn 13 0.925573 0.556763 0.106649

256
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0.419950
0.924163
0.424093
0.675471
0.174937
0.170768
0.672431
0.673053
0.175641
0.675111
0.173219
0.680871
0.174722
0.206420
0.673142
0.178952
0.681599
0.176640
0.696988

0.562656 0.359014
0.805416 0.024696
0.810075 0.276220
0.065387 -0.001508
0.064666 0.231823
0.307967 0.152648
0.327330 0.385005
0.574112 -0.001566
0.547079 0.232784
0.303012 0.151408
0.334019 0.385121
0.797790 0.146660
0.824704 0.384948
0.803962 0.157339
0.803102 0.417605
0.062402 -0.033479
0.046678 0.226085
0.544126 -0.032743
0.546134 0.233311

257



Table A4-42:  Fractional coordinates of (101)mr 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.428045 0.136088 0.125822
(@) 2 0.702977 0.770990 0.328656
0] 3 0.158604 0.010563 0.107461
(@) 4 0.452837 0.642693 0.307280
0] 5 0.812717 0.330424 0.015917
(@) 6 0.077210 0.972156 0.219082
(0] 7 0.549151 0.075323 0.006907
(@) 8 0.812922 0.830307 0.212414
(0] 9 0.430206 0.654020 0.126103
(@) 10 0.707293 0.280105 0.332820
(@) 11 0.157948 0.518915 0.108338
(@) 12 0.446715 0.145321 0.308256
(0] 13 0.812724 0.840866 0.015945
(@) 14 0.071972 0.452853 0.221875
0] 15 0.548206 0.838716 0.006955
(@) 16 0.817236 0.330005 0.212670
(0] 17 0.338127 0.352442 0.024041
(@) 18 0.595648 0.983723 0.221771
(0] 19 0.068578 0.206094 0.006138
(@) 20 0.284928 0.823049 0.218701
(@) 21 0.924845 0.138060 0.119575
(@) 22 0.287806 0.792302 0.370392
(0] 23 0.667536 0.015258 0.110633
(@) 24 0.937219 0.647997 0.310570
0] 25 0.316777 0.842417 0.023290
(@) 26 0.603202 0.475539 0.215823
0] 27 0.038322 0.697309 -0.000823
(@) 28 0.321111 0.342676 0.205491
0] 29 0.915220 0.633378 0.123060
(@) 30 0.201909 0.265376 0.329522
(0] 31 0.655529 0.509329 0.099725
(@) 32 0.937373 0.143218 0.316945

Zn 1 0.670420 0.240085 0.056103
Zn 2 0.853387 0.857134 0.291079
Zn 3 0.410026 0.133578 0.039078
Zn 4 0.603068 0.731818 0.259955
Zn 5 0.277762 0.066943 0.165979
Zn 6 0.492899 0.674650 0.393278
Zn 7 1.002140 0.922725 0.149300
Zn 8 0.166374 0.516702 0.376879
Zn 9 0.669852 0.792133 0.055811
Zn 10 0.855718 0.359791 0.291499
Zn 11 0.408047 0.642325 0.039232
Zn 12 0.602386 0.230452 0.266760
Zn 13 0.281376 0.581746 0.165926

258
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0.495300
1.000310
0.175520
0.767988
0.990736
0.514984
0.662064
0.190389
0.355463
0.496036
0.651693
0.893997
0.071446
0.913615
0.114637
0.761217
0.981139
0.161356
0.351361

0.173071
0.421208
-0.036787
0.058095
0.673264
0.940536
0.508124
0.289636
0.841568
0.426876
-0.003390
0.626575
0.206573
0.136665
0.734279
0.551431
0.142151
0.765723
0.350017

0.393332
0.150115
0.376630
0.173519
0.391779
0.149909
0.376176
0.055999
0.292954
0.149252
0.368845
0.031717
0.266869
0.032835
0.267293
0.168709
0.405420
0.051919
0.286664
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Table A4-43:  Fractional coordinates of (101)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

0] 1 0.473008 0.173515 0.159457
(@) 2 0.704476 0.733813 0.367855
0] 3 0.215402 0.043686 0.143517
(@) 4 0.440469 0.635459 0.351809
0] 5 0.862911 0.430604 0.030986
(@) 6 0.098531 0.973293 0.269131
(@) 7 0.586690 0.206936 0.041469
(@) 8 0.826199 0.845154 0.249708
(0] 9 0.472513 0.670291 0.159574
(@) 10 0.701206 0.300418 0.367707
(0] 11 0.216988 0.543483 0.145075
(@) 12 0.421015 0.139854 0.351642
(0] 13 0.875472 0.885322 0.054447
(@) 14 0.098747 0.494004 0.275130
0] 15 0.586762 0.721845 0.040667
(@) 16 0.831581 0.334827 0.249737
(0] 17 0.365186 0.361500 0.049989
(@) 18 0.586047 0.961782 0.267604
(0] 19 0.098545 0.248575 0.033117
(@) 20 0.324609 0.846506 0.251405
(0] 21 1.002001 0.175822 0.167425
(@) 22 0.222662 0.618361 0.374624
(0] 23 0.703326 0.021791 0.148898
(@) 24 0.941872 0.644310 0.351814
(@) 25 0.356509 0.857930 0.049172
(@) 26 0.582661 0.454335 0.260206
0] 27 0.087926 0.743078 -0.019522
(@) 28 0.318319 0.345318 0.258317
0] 29 0.972511 0.666634 0.166064
(@) 30 0.178240 0.098436 0.374565
@) 31 0.713633 0.535770 0.143222
(@) 32 0.930209 0.138750 0.343321

Zn 1 0.620220 0.235815 0.122749
Zn 2 0.849148 0.847306 0.345353
Zn 3 0.360770 0.109268 0.098915
Zn 4 0.586498 0.708725 0.319410
Zn 5 0.020983 0.465020 0.013676
Zn 6 0.242841 0.054105 0.231293
Zn 7 0.727370 0.294690 -0.012146
Zn 8 0.977997 0.920933 0.216351
Zn 9 0.617933 0.738747 0.121360
Zn 10 0.846861 0.343752 0.344981
Zn 11 0.361374 0.610497 0.098590
Zn 12 0.574158 0.201144 0.326203
Zn 13 0.022804 0.951842 0.014369
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0.240256
0.736042
0.985853
0.516541
0.733343
0.256914
0.468954
0.136017
0.354112
0.250188
0.454622
0.858904
0.082225
0.865303
0.107748
0.509358
0.740795
0.119571
0.321691

0.556145
0.802260
0.421215
0.430277
0.047758
0.300701
0.922025
0.257485
0.841602
0.798726
0.416470
0.616512
0.233340
0.159456
0.765847

0.232532
-0.010552
0.216747
0.014928
0.233756
-0.018396
0.210426
0.115590
0.343196
-0.018522
0.209058
0.098661
0.326258
0.104645
0.338771

0.925659 -0.014407

0.542798
0.740961
0.350740

0.230766
0.111412
0.352697
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Table A4-44:  Fractional coordinates of (102)mr 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.479946 0.425036 0.138844
(@) 2 0.742996 0.921980 0.326044
0] 3 -0.024613 0.917533 0.004990
(@) 4 0.279890 0.443229 0.182667
0] 5 0.247963 0.426389 0.326367
(@) 6 0.985816 0.933053 0.138585
(0] 7 0.504722 0.311028 0.007418
(@) 8 0.784890 0.938391 0.185319
(0] 9 0.479724 0.922303 0.139762
(@) 10 0.744586 0.424864 0.325481
(0] 11 -0.023867 0.430891 0.005005
(@) 12 0.282044 0.917499 0.172526
(0] 13 0.251992 0.920752 0.320349
(@) 14 0.985831 0.419779 0.139127
0] 15 0.520903 1.086255 -0.001141
(@) 16 0.779899 0.417554 0.184815
(0] 17 0.358290 0.683367 0.040709
@) 18 0.611351 0.173482 0.230564
(0] 19 0.146096 0.673061 0.080050
(@) 20 0.411641 0.175366 0.257069
(0] 21 0.115956 0.674200 0.228168
(@) 22 0.813196 0.175070 0.058130
(0] 23 0.640653 0.171446 0.091785
(@) 24 0.914550 0.674256 0.260573
0] 25 0.313533 0.181601 0.075560
(@) 26 0.620828 0.674692 0.220638
0] 27 0.136013 0.173673 0.079587
(@) 28 0.415568 0.674615 0.259697
0] 29 0.120543 0.173492 0.223665
(@) 30 0.811568 0.674182 0.074814
(0] 31 0.635372 0.682860 0.082790
(@) 32 0.919580 0.174715 0.265652

Zn 1 0.570637 0.422083 0.074791
Zn 2 0.832836 0.924730 0.270164
Zn 3 0.390489 0.419370 0.073947
Zn 4 0.648018 0.924252 0.276226
Zn 5 0.065851 0.921929 0.057630
Zn 6 0.333246 0.422583 0.266957
Zn 7 0.148032 0.421855 0.282779
Zn 8 0.881314 0.924343 0.056374
Zn 9 0.560832 0.929828 0.070964
Zn 10 0.832628 0.420690 0.267981
Zn 11 0.374088 0.921404 0.092061
Zn 12 0.648734 0.421864 0.276136
Zn 13 0.066829 0.423269 0.057371
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0.333280
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0.495162
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0.467891
0.227187
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0.702968
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0.727605
1.001056
0.218393
0.493554

0.923152
0.923747
0.422217
0.173470
0.671310
0.672333
0.173955
0.674597
0.169398
0.172834
0.671526
0.669934
0.175136
0.190377
0.677595
0.681659
0.197522
0.187477
0.698361

0.258810
0.283170
0.056925
0.164547
0.343387
0.022517
0.189784
0.158249
0.334930
0.006818
0.189114
0.007877
0.191757
0.002734
0.187881
0.153132
0.344630
0.153058
0.337982
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Table A4-45:  Fractional coordinates of (102)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% w

(@) 1 0.481438 0.425190 0.148585
0] 2 0.736219 0.922137 0.336736
(@) 3 0.001150 0.921347 0.001402
0] 4 0.280213 0.429286 0.177175
(@) 5 0.250553 0.423705 0.336137
(@) 6 0.985873 0.950163 0.146041
(@) 7 0.506776 0.420162 0.003942
(@) 8 0.784075 0.932718 0.176153
(@) 9 0.482734 0.922350 0.147840
(0] 10 0.736272 0.427357 0.336697
(@) 11 0.000728 0.437899 0.000524
(0] 12 0.279976 0.927510 0.176550
(@) 13 0.250309 0.925713 0.336389
0] 14 0.985070 0.424487 0.149852
(@) 15 0.506432 0.935901 0.003441
(0] 16 0.779426 0.425956 0.175738
(@) 17 0.346452 0.673745 0.058635
(0] 18 0.612687 0.173597 0.235240
(@) 19 0.144333 0.672643 0.093097
(0] 20 0.413556 0.174461 0.270730
(@) 21 0.116784 0.674165 0.242212
(0] 22 0.843002 0.177403 0.057654
(@) 23 0.647238 0.176508 0.089586
0] 24 0.907084 0.674379 0.275700
(@) 25 0.346993 0.174442 0.057126
0] 26 0.609497 0.674249 0.237468
(@) 27 0.145348 0.177217 0.088532
O 28 0.414948 0.675124 0.273955
(@) 29 0.108699 0.174107 0.244422
0] 30 0.851221 0.675189 0.058915
(@) 31 0.644553 0.674509 0.087754
0] 32 0.907411 0.174640 0.275156
Zn 1 0.566355 0.420730 0.082082
Zn 2 0.838687 0.927524 0.294582
Zn 3 0.365898 0.422134 0.109615
Zn 4 0.644600 0.927342 0.286428
Zn 5 0.073488 0.920334 0.073542
Zn 6 0.356252 0.423554 0.294394
Zn 7 0.151697 0.423645 0.293550
Zn 8 0.867157 0.924363 0.107718
Zn 9 0.569927 0.926993 0.080810
Zn 10 0.838453 0.419663 0.294340
Zn 11 0.366586 0.924250 0.109485
Zn 12 0.645400 0.419179 0.285706
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0.176756

0.074783
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0.172572
0.019831
0.203396
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0.014334
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0.013958
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0.199328 0.004270
0.691827 0.205399
0.179732 -0.029176
0.683671 0.171445
0.179227 0.174098
0.681838 -0.030552
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Table A4-46:  Fractional coordinates of (103)mr 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.302482 0.571942 0.037128
0] 2 0.558473 0.203000 0.155289
0] 3 0.153528 0.493906 0.090995
0) 4 0.407906 0.125898 0.212826
0] 5 0.166426 0.498423 0.260618
0) 6 0.946931 0.897672 0.087993
0] 7 0.553291 0.189495 -0.009690
0) 8 0.800803 0.846126 0.135312
0] 9 0.303367 0.085305 0.037028
0] 10 0.558488 0.708267 0.155583
0] 11 0.154343 0.014344 0.091435
0] 12 0.407779 0.643547 0.212863
0] 13 0.167294 0.020188 0.260988
0) 14 0.947113 0.392924 0.092185
0] 15 0.553055 0.710645 -0.009185
0) 16 0.801785 0.304797 0.135963
0] 17 0.445819 0.398835 0.075908
0] 18 0.682379 0.015564 0.240388
0] 19 0.034867 0.690683 0.006855
0] 20 0.270195 0.307974 0.177061
0] 21 0.066518 0.710077 0.167315
0] 22 0.887955 0.117412 -0.002196
0] 23 0.669930 0.013353 0.091452
0] 24 0.907890 0.637458 0.222272
0] 25 0.443932 0.897840 0.073784
0) 26 0.696604 0.518485 0.211494
0] 27 0.052379 0.202334 -0.018590
0) 28 0.284913 0.817011 0.157688
0] 29 0.051623 0.199834 0.168573
0] 30 0.810240 0.579567 0.033789
0] 31 0.655714 0.505844 0.079456
0] 32 0.905001 0.135281 0.224318
Zn 1 0.615030 0.208381 0.062986
Zn 2 0.853256 0.863699 0.234101
Zn 3 0.463822 0.163492 0.131848
Zn 4 0.739442 0.793606 0.269900
Zn 5 0.248125 0.546315 0.118548
Zn 6 0.996244 0.947273 0.001499
Zn 7 0.105657 0.453597 0.184976
Zn 8 0.848715 0.877904 0.045285
Zn 9 0.615384 0.763379 0.062948
Zn 10 0.853325 0.357402 0.234107
Zn 11 0.463880 0.670019 0.131914
Zn 12 0.738880 0.295461 0.269910
Zn 13 0.248684 0.049625 0.118313
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0.995641
0.107762
0.852760
0.515771
0.741842
0.353464
0.603289
0.112428
0.365139
0.345559
0.605420
0.199916
0.958363
0.235629
0.966917
0.483418
0.751263
0.157085
0.344562

0.394664
1.006785
0.328992
0.430523
0.047582
0.354664
0.979414
0.735001
0.363365
0.850018
0.480035
0.775017
0.142289

0.008178
0.185216
0.045303
0.007822
0.157904
0.044271
0.187163
0.063718
0.211587
0.054294
0.177756
0.278111
0.149444

0.294607 0.279447
0.661312 0.143873
0.915393 -0.028106
0.548769 0.118433
0.253375 0.013739
0.853273 0.242322
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Table A4-47:  Fractional coordinates of (103)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.309915 0.582927 0.026177
(@) 2 0.558037 0.223639 0.152122
0] 3 0.161875 0.495783 0.072278
(@) 4 0.411647 0.130864 0.212234
0] 5 0.175021 0.472424 0.242543
(@) 6 0.946775 0.888720 0.091652
(0] 7 0.027243 0.307853 0.279631
(@) 8 0.794883 0.853528 0.118346
(@) 9 0.309234 0.077214 0.026212
(@) 10 0.557963 0.709005 0.150907
(@) 11 0.161929 0.011656 0.072694
(@) 12 0.411741 0.641565 0.211776
@) 13 0.178997 0.003030 0.244161
(@) 14 0.947854 0.398727 0.095198
0] 15 0.066253 1.131305 0.288916
(@) 16 0.796507 0.295867 0.125329
(@) 17 0.445926 0.414813 0.073776
(@) 18 0.753631 -0.011082 0.239920
(0] 19 0.290207 0.315262 0.147725
(@) 20 0.619623 1.008773 0.277656
(0] 21 0.056947 0.709691 0.168582
(@) 22 0.900313 0.133330 -0.003011
(0] 23 0.659323 0.013148 0.083663
(@) 24 0.878041 0.606765 0.215478
0] 25 0.447552 0.915982 0.073831
(@) 26 0.700963 0.511205 0.193751
0] 27 0.276775 0.804801 0.161466
(@) 28 0.619850 0.533790 0.290484
0] 29 0.059811 0.205107 0.146590
(@) 30 0.818861 0.580680 0.026242
(0] 31 0.659407 0.514144 0.053499
(@) 32 0.899021 0.100502 0.216316

Zn 1 0.607592 0.233551 0.063901
Zn 2 0.829540 0.854790 0.213370
Zn 3 0.461856 0.170931 0.130809
Zn 4 0.678883 0.787198 0.270257
Zn 5 0.256119 0.546478 0.108281
Zn 6 0.997141 0.888930 0.007926
Zn 7 0.082135 0.455052 0.213486
Zn 8 0.855029 0.879810 0.036420
Zn 9 0.605310 0.740170 0.062374
Zn 10 0.841713 0.302479 0.212927
Zn 11 0.461449 0.671177 0.130502
Zn 12 0.656436 0.289058 0.279027
Zn 13 0.256622 0.047917 0.108922
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0.994549
0.092442
0.854666
0.517601
0.728492
0.353644
0.579790
0.123322
0.363777
0.355127
0.593718
0.213241
0.961884
0.173779
0.955463
0.509791
0.747469
0.097460
0.352258

0.451365
1.006720
0.325202
0.421223
0.043837
0.351338
0.976342
0.734028
0.362376
0.852952
0.486176
0.754084
0.144544

0.008072
0.204572
0.044320
0.008368
0.147631
0.036634
0.194985
0.063728
0.203953
0.035047
0.196757
0.240618
0.149401

0.236988 0.315008
0.653397 0.152829
0.944882 -0.013395
0.549799 0.104528
0.221874 0.051585
0.855941 0.243682
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Table A4-48:  Fractional coordinates of (110) 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.207414 0.391173 -0.002498
0] 2 0.216519 0.889347 0.163632
0] 3 0.461442 0.814695 0.077739
0) 4 0.446712 0.310030 0.263614
0] 5 0.721073 0.412719 -0.011465
0) 6 0.710461 0.884472 0.170322
0] 7 0.960363 0.813805 0.078017
0) 8 0.958966 0.293455 0.271040
0] 9 0.211542 0.141899 0.086973
0] 10 0.215980 0.642742 0.259108
0] 11 0.447228 0.051888 -0.002656
0] 12 0.457934 0.597493 0.170607
0] 13 0.701795 0.172244 0.049259
0) 14 0.711062 0.644584 0.252384
0] 15 0.970266 0.055178 -0.002539
0) 16 0.959952 0.586651 0.171022
0] 17 0.209483 0.639321 0.080993
0] 18 0.210147 0.135870 0.251455
0] 19 0.465983 0.564431 -0.001605
0] 20 0.467625 0.075195 0.163325
0] 21 0.718052 0.640489 0.079985
0] 22 0.698471 0.140317 0.271375
0] 23 0.958530 0.563481 -0.001749
0] 24 0.959588 0.060416 0.163734
0] 25 0.203871 0.889226 -0.001191
0) 26 0.296074 0.400574 0.163243
0] 27 0.459695 0.309712 0.066002
0) 28 0.458429 0.841861 0.251617
0] 29 0.700220 0.907063 0.007325
0] 30 0.799172 0.388768 0.169401
0] 31 0.963833 0.307033 0.070570
0] 32 0.972363 0.831836 0.251518
Zn 1 0.029435 0.409187 -0.000838
Zn 2 0.026498 0.894333 0.161375
Zn 3 0.269199 0.806310 0.079183
Zn 4 0.269357 0.293383 0.241266
Zn 5 0.542463 0.407049 -0.000961
Zn 6 0.512488 0.902487 0.161508
Zn 7 0.767274 0.812485 0.080829
Zn 8 0.780568 0.288251 0.251734
Zn 9 0.022014 0.141690 0.078915
Zn 10 0.043319 0.676456 0.242000
Zn 11 0.269578 0.045051 0.009817
Zn 12 0.265528 0.573528 0.170652
Zn 13 0.522702 0.143533 0.070065
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0.765412
0.016047
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0.273989
0.526398
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0.286853
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0.799803
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0.748167
0.009019
0.009956
0.509282
0.508723

0.691980
0.056036
0.563754
0.643972
0.145027
0.540178
0.058029
0.647055
0.158065
0.307720
0.795872
0.326145
0.791686

0.593491 -

0.075111

0.873643 -

0.391929

0.241897
-0.001676
0.169700
0.079759
0.241901
0.008967
0.169994
0.079950
0.250592
0.078346
0.241319
0.070221
0.241731
0.029843
0.165968
0.027486
0.175521

0.876263 -0.027468

0.402936

0.170483
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Table A4-49:  Fractional coordinates of (112)mr 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

FElement Atom Fractional coordinates of atoms
Number u % W

0.385503 0.582366 0.069639
0.893483 0.723016 0.210864
0.325346 0.332409 0.063136
0.813146 0.478870 0.210471
0.889106 0.070841 0.063314
0.401488 0.214419 0.209501
0.820831 0.830438 0.072259
0.308680 0.971382 0.219581
0.620459 0.461926 0.011539
10 0.140438 0.661581 0.147012
11 0.556295 0.228108 0.011034
12 0.072360 0.411689 0.145062
13 0.152807 -0.038716 -0.001110
14 0.642604 0.106300 0.157740
15 0.072379 0.712994 0.010016
16 0.570268 0.874487 0.167594
17 0.130103 0.463874 0.007711
18 0.640660 0.652279 0.136891
19 0.066985 0.205239 0.018929
20 0.589589 0.352591 0.166723
21 0.654786 0.026902 -0.014896
22 0.146198 0.134806 0.156008
23 0.557097 0.787418 -0.001389
24 0.061854 0.914909 0.136030
25 0.886342 0.584056 0.062574
26 0.390354 0.700986 0.220590
27 0.822976 0.335910 0.063995
28 0.317657 0.456470 0.210133
29 0.390840 0.075239 0.063689
30 0.900474 0.221531 0.210933
31 0.323993 0.821524 0.078868
32 0.834879 0.980341 0.221064

O 001N DN b~ W=

olojojojolojojolojojojojololololololololololololclolcloRoRCRONE)

Zn 1 0.423757 0.713630 0.019954
Zn 2 0.901459 0.862902 0.167256
Zn 3 0.292347 0.480758 0.019364
Zn 4 0.810947 0.621602 0.157447
Zn 5 0.897409 0.214478 0.018266
Zn 6 0.405622 0.351737 0.156195
Zn 7 0.319765 0.106176 0.157882
Zn 8 0.777827 0.956580 0.019688
Zn 9 0.140760 0.798191 0.081560
Zn 10 0.672410 0.961428 0.219496
Zn 11 0.068395 0.571606 0.071987
Zn 12 0.540599 0.631227 0.231317
Zn 13 0.636471 0.322717 0.069807
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0.186495
0.574594
0.074665
0.644093
0.152169
0.555813
0.058862
0.141183
0.643763
0.779876
0.287956
0.823029
0.315310
0.075560
0.577980
0.894083
0.394590
0.378848
0.903984

0.367742
0.085065
0.206480
0.791022
0.899143
0.552827
0.725207
0.328068
0.468588
0.491855
0.593324
0.105594
0.954722

0.231492
0.061716
0.240009
0.082558
0.231432
0.081083
0.230709
0.061883
0.231268
0.019006
0.168152
0.157840
0.019487

0.054814 0.072322
0.210363 0.239252
0.725364 -0.012142
0.847269 0.175329
0.213177 -0.014205
0.364939 0.160933
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Table A4-50:  Fractional coordinates of (112)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.438518 0.584520 0.017264
(@) 2 0.889823 0.729009 0.192755
0] 3 0.280460 0.344375 0.037385
(@) 4 0.810295 0.464197 0.190913
0] 5 0.892851 0.084406 0.039931
(@) 6 0.403045 0.234577 0.182220
(0] 7 0.788604 0.825769 0.028365
(@) 8 0.301572 0.961241 0.181843
(0] 9 0.201470 0.624763 0.068685
(@) 10 0.591886 0.799500 0.251269
(0] 11 0.053221 0.397478 0.110351
(@) 12 0.535040 0.497117 0.240401
(0] 13 0.646066 0.155175 0.119253
(@) 14 0.099635 0.287707 0.250937
0] 15 0.043100 -0.004172 0.251596
(@) 16 0.539567 0.896250 0.100717
(0] 17 0.643494 0.645441 0.123252
@) 18 0.158798 0.748101 0.195848
(0] 19 0.536940 0.379175 0.082053
(@) 20 0.058964 0.506135 0.241151
(0] 21 0.139289 0.144002 0.120309
(@) 22 0.657283 0.266061 0.263113
(0] 23 0.545838 0.010347 0.240917
(@) 24 0.046136 0.893594 0.088522
0] 25 0.904285 0.593444 0.059206
(@) 26 0.413274 0.715003 0.181406
0] 27 0.806966 0.336035 0.017510
(@) 28 0.304423 0.476828 0.169839
0] 29 0.400000 0.102673 0.048603
(@) 30 0.901643 0.217302 0.191188
(0] 31 0.290596 0.842481 0.028007
(@) 32 0.807370 0.969948 0.170323

Zn 1 0.372627 0.718190 0.018970
Zn 2 0.926351 0.865696 0.151449
Zn 3 0.305229 0.495237 0.041003
Zn 4 0.807151 0.612023 0.150104
Zn 5 0.941760 0.243482 -0.000941
Zn 6 0.452762 0.400536 0.171189
Zn 7 0.300007 0.115968 0.150607
Zn 8 0.759218 0.987517 0.018050
Zn 9 0.174583 0.791556 0.098531
Zn 10 0.696459 0.910119 0.223567
Zn 11 0.059597 0.538488 0.070091
Zn 12 0.555178 0.648527 0.229146
Zn 13 0.681549 0.288706 0.069698
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0.564090
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0.651958
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0.125811
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0.776815
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0.820219
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0.075589
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0.456372
0.438195
0.962356

0.398337
0.037302
0.139313
0.784704
0.899434
0.538670
0.650483
0.278308
0.410383
0.490062
0.628912
0.115782
0.992836

0.221906
0.049230
0.221789
0.079493
0.230901
0.058203
0.222054
0.059127
0.232437
0.007807
0.171414
0.139145
0.009488

0.042626 0.040301
0.165957 0.210629
0.700222 -0.024049
0.875542 0.190906
0.268920 0.006635
0.373467 0.198760
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Table A4-51:  Fractional coordinates of (200) 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.

Element Atom Fractional coordinates of atoms
Number u \% W

0] 1 0.958844 0.221921 0.106099
(@) 2 1.006379 0.384453 -0.012215
@) 3 0.983870 0.707723 0.047214
(@) 4 0.885629 1.036368 -0.001204
0] 5 0.432671 0.269003 0.078943
(@) 6 0.425861 0.533506 0.000982
(0] 7 0.429995 0.712666 0.116601
(@) 8 0.456771 0.881872 -0.004579
(0] 9 0.732823 0.273213 0.229196
(@) 10 0.737050 0.506635 0.129211
(0] 11 0.551739 0.596588 0.261472
(@) 12 0.635886 0.989913 0.151412
(0] 13 0.286526 0.138015 0.231227
(@) 14 0.233323 0.456169 0.173032
0] 15 0.145500 0.753345 0.231460
(@) 16 0.144015 0.949798 0.130145

Zn 1 0.888599 0.043138 0.106898
Zn 2 0.929285 0.212310 -0.000591
Zn 3 0.918794 0.523462 0.048276
Zn 4 0.919186 0.863974 0.007625
Zn 5 0.422922 -0.042887 0.080627
Zn 6 0.298287 0.368677 0.008651
Zn 7 0.425581 0.519085 0.106483
Zn 8 0.421241 0.710428 0.006417
Zn 9 0.576122 0.120262 0.220431
Zn 10 0.699661 0.306930 0.121807
Zn 11 0.670402 0.440289 0.241641
Zn 12 0.205119 0.267834 0.160666
Zn 13 0.138002 0.751749 0.131705
Sn 1 0.685108 0.725102 0Z183318
Sn 0.093237 -0.027987 0.240122
Sn 3 0.217848 0.565020 0.267312
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Table A4-52:  Fractional coordinates of (201)mr 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.277784 0.069187 -0.012161

0] 2 0.876241 0.841096 0.152196

0] 3 0.729431 0.792846 0.071622

0) 4 0.263573 0.574644 0.221775

0] 5 0.112071 0.996138 0.057535

0) 6 0.626453 0.733792 0.209078

0] 7 0.971995 0.758547 0.017325

0) 8 0.494749 0.660032 0.139013

0] 9 0.278475 0.583867 -0.003382

0] 10 0.879230 0.361720 0.162221

0] 11 0.729852 0.277357 0.071503
0] 12 0.263649 0.063203 0.222740
0] 13 0.111051 0.458808 0.057336
0) 14 0.626523 0.225129 0.209328
0] 15 0.971472 0.541660 0.017804
0) 16 0.495498 0.175859 0.139257
0] 17 0.869395 0.107236 0.030981
0] 18 0.396190 0.877104 0.192973
0] 19 0.197202 0.767391 0.099123
0] 20 0.750570 0.538549 0.211943
0] 21 0.596658 0.960248 0.060215
0] 22 0.126062 0.753059 0.212817
0] 23 0.409403 0.895005 0.029511
0] 24 1.008696 0.672750 0.144768
0] 25 0.805291 0.574126 -0.001203
0) 26 0.374906 0.366589 0.160724
0] 27 0.230016 0.283230 0.091401
0) 28 0.757428 0.041275 0.210811
0] 29 0.612432 0.468785 0.069551
0] 30 0.129745 0.264437 0.221689
0] 31 0.409275 0.390680 0.006865
0] 32 0.992193 0.167045 0.135240
Zn 1 0.948965 0.891494 0.097624
Zn 2 0.494811 0.669174 0.248346
Zn 3 0.822423 0.839573 0.038241

Zn 4 0.348095 0.613869 0.191489
Zn 5 0.204341 0.018089 0.038186
Zn 6 0.716905 0.774112 0.178853

Zn 7 0.585814 0.703417 0.108968

Zn 8 0.080518 0.481882 0.260272
Zn 9 0.943218 0.389757 0.097047
Zn 10 0.494976 0.173957 0.248437
Zn 11 0.821505 0.322565 0.035872
Zn 12 0.348741 0.094246 0.191701
Zn 13 0.201835 0.516423 0.038391
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0.717402
0.586076
0.087050
0.450309
0.994628
0.327551
0.832037
0.683303
0.218816
0.320178
0.839238
0.071352
0.586898
0.097566
0.612864
0.448953
0.972844
0.699378
0.219288

0.266942
0.206422
0.987626
0.893646
0.700920
0.854320
0.579662
0.013764
0.798562
0.347010
0.081121
0.206769
0.958525
0.720994
0.472752
0.392406
0.160104
0.520212
0.296544

0.179090
0.108910
0.251345
0.108077
0.240627
0.007616
0.181490
0.048416
0.191352
0.007714
0.180445
0.095132
0.249943
0.106665
0.277796
0.093674
0.243821
0.007467
0.188844
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Table A4-53:  Fractional coordinates of (201)or 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7%1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up-o =7 eV.
Element Atom Fractional coordinates of atoms
Number u A% w

0] 1 0.859074 0.857269 0.094330
0] 2 0.399385 0.610284 0.231696
0] 3 0.722339 0.758588 0.028986
0) 4 0.264568 0.572489 0.171433
0] 5 0.095467 0.987952 0.011594
0) 6 0.630588 0.728818 0.168468
0] 7 0.488532 0.655586 0.098840
0) 8 0.032597 0.470265 0.242846
0] 9 0.855523 0.348201 0.090423
0) 10 0.398868 0.109338 0.231914
0] 11 0.721160 0.275098 0.028419
0) 12 0.267364 0.058442 0.171596
0] 13 0.096573 0.472621 0.018494
0] 14 0.630864 0.243185 0.166696
0] 15 0.487951 0.177558 0.098784
0] 16 0.022672 0.985449 0.241387
0] 17 0.363418 0.858287 0.085543
0] 18 0.919961 0.501631 0.200316
0] 19 0.217370 0.791167 0.040883
0] 20 0.759679 0.545610 0.171521
0] 21 0.594783 0.959062 0.027082
0] 22 0.157349 0.771315 0.222202
0] 23 0.982419 0.666982 0.047726
0] 24 0.531135 0.444860 0.242011
0] 25 0.357157 0.357441 0.086195
0) 26 0.892138 0.023971 0.230817
0] 27 0.221790 0.290926 0.035200
0) 28 0.751379 0.040949 0.170832
0] 29 0.597151 0.461452 0.028763
0] 30 0.134389 0.248679 0.170516
0] 31 0.988410 0.175263 0.105669
0] 32 0.528607 0.945260 0.243466
Zn 1 0.942338 0.897499 0.068885
Zn 2 0.483965 0.672365 0.231450
Zn 3 0.811074 0.829682 0.009317
Zn 4 0.357523 0.609409 0.151843
Zn 5 0.182417 0.017765 -0.002074
Zn 6 0.718428 0.768155 0.140140
Zn 7 0.578897 0.702718 0.080420
Zn 8 0.117095 0.494600 0.221749
Zn 9 0.940347 0.396691 0.069278
Zn 10 0.483040 0.175661 0.231470
Zn 11 0.809733 0.325008 0.008475
Zn 12 0.358040 0.109392 0.151592
Zn 13 0.183262 0.522915 -0.001829
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/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
Zn
/n
/n
/n
Sn
Sn
Sn
Sn

Sn

14
15
16
17
18
19
20
21
22
23
24
25
26

AN DN AW~

0.719017
0.578614
0.107077
0.453106
0.983722
0.308964
0.846206
0.679817
0.218592
0.311258
0.837658
0.075144
0.608240
0.075348
0.626774
0.452673
0.968102
0.674624
0.227370

0.278196
0.203252
0.982104
0.898301
0.712365
0.827703
0.606539
-0.006646
0.796431
0.328108
0.104157
0.212239
0.976992

0.139900
0.079933
0.221488
0.079306
0.223382
0.008550
0.161180
0.009125
0.149617
-0.001093
0.160911
0.068749
0.210989

0.725690 0.077048
0.482363 0.246118
0.399693 0.035381
0.225102 0.214532

0.495395 -

0.033002

0.293276 0.140757
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Table A4-54:  Fractional coordinates of (210) 18.75% Sn-doped ZnO using 400 eV cut-off energy, 7x7x1 k-
points and Hubbard U value of Ua-zn = 10 eV and Up.o =7 eV..

Element Atom Fractional coordinates of atoms
Number u \% W
0] 1 0.203814 0.959183 -0.002253
(@) 2 0.199306 0.597921 0.124306
0] 3 0.440608 0.574479 0.018573
(@) 4 0.450473 0.215444 0.133640
(0] 5 0.703138 0.962247 -0.002180
(@) 6 0.701090 0.599014 0.119675
(@) 7 0.956709 0.572621 0.019912
(@) 8 0.950389 0.213909 0.125950
(0] 9 0.192848 0.775406 0.051566
(@) 10 0.196497 0.418939 0.176465
(@) 11 0.445643 0.390277 0.073909
(@) 12 0.446023 0.026618 0.189711
(0] 13 0.707798 0.777025 0.061026
(@) 14 0.701221 0.414554 0.177164
(0] 15 0.945510 0.389373 0.073172
(@) 16 0.958371 0.027466 0.189438
(0] 17 0.200126 0.457428 -0.002779
@) 18 0.198670 0.104470 0.115490
(0] 19 0.457137 0.072898 0.020277
(@) 20 0.450507 0.709907 0.126229
(0] 21 0.693760 0.463543 -0.001270
(@) 22 0.701743 0.104868 0.116833
(0] 23 0.941925 0.065027 0.019690
(@) 24 0.940049 0.706992 0.126438
0] 25 0.190414 0.280924 0.061963
(@) 26 0.198236 0.921861 0.167643
O 27 0.451114 0.885988 0.070849
(@) 28 0.457717 0.529482 0.197368
0] 29 0.687372 0.282395 0.062578
(@) 30 0.696287 0.926560 0.167471
(0] 31 0.953940 0.886407 0.072137
(@) 32 0.944615 0.528826 0.199078

Zn 1 0.026017 0.968481 0.009561
Zn 2 0.005930 0.602223 0.124077
Zn 3 0.265694 0.553752 0.030502
Zn 4 0.269369 0.208999 0.124768
Zn 5 0.523245 0.968849 0.010074
Zn 6 0.508341 0.602462 0.116286
Zn 7 0.780888 0.555275 0.029812
Zn 8 0.768004 0.210787 0.125508
Zn 9 0.012766 0.778704 0.061889
Zn 10 0.017805 0.433095 0.166506
Zn 11 0.251326 0.385949 0.075749
Zn 12 0.266471 0.023356 0.178388
Zn 13 0.527346 0.782315 0.061840
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Sn
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Sn
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22
23
24
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AN DN AW~

0.524688
0.750458
0.778946
0.023598
0.005747
0.281698
0.272002
0.514804
0.509855
0.255291
0.281024
0.763062
0.767093
0.748536
0.749328
-0.001941
0.003124
0.493755
0.501062

0.430640
0.387915
0.024558
0.471125
0.105130
0.052522
0.701929
0.474466
0.106921
0.879846
0.515747
0.886630
0.516495

0.166030
0.073567
0.177466
0.009098
0.114792
0.029366
0.113403
0.009048
0.124127
0.070571
0.188514
0.071408
0.188197

0.083658 -0.006778

0.717352
0.273035
0.905429
0.271712
0.905863

0.161357
0.027009
0.193269
0.030796
0.192900
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