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Abstract

This thesis utilises density functional theory and ab initio molecular dynamics

methods to model a realistic interface between the transition metal dichalcogenide

WS2 and SiO2, with confined water between the two materials.

The electronic structure of the bulk α-cristobalite phase of SiO2 was first

investigated, focusing on the characteristics of oxygen vacancies in various charge

states. It was found that the oxygen vacancy configuration with a stabilising Si-Si

bond (i.e. dimer configuration) for the positively charged oxygen vacancy is the

most stable in α-cristobalite, in contrast to the α-quartz phase of SiO2.

Subsequently, the impact of confined water at the WS2/SiO2 interface was

examined. The structure and dynamics of the water at this interface demonstrated

that it is strongly influenced by hydrogen bonding to silanol groups on the SiO2

surface, resulting in a hydrogen bonding network in one layer with very few water-

water hydrogen bonds.

Investigation of the electronic properties at this interface revealed that, on

average, the band alignment is not significantly affected by the presence of confined

water. However, at shorter timescales, in-gap states are formed between confined

water and WS2.

The oxidation of WS2 was also studied, showing that water dissociates

spontaneously only when both tungsten and sulphur atoms with dangling bonds

are exposed at defect sites and edges.

Further efforts were made to employ machine learning to generate density

functional tight binding repulsive potentials and confinement parameters for the
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SiO2/H2O/WS2 interface, allowing for exploration over longer timescales.
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Impact Statement

Transition metal dichalcogenides hold significant potential for improving the

efficiency of electronic devices, due to their high electron mobility and unique

properties as two-dimensional materials. The presence of an intrinsic band gap

makes transition metal dichalcogenides strong contenders to replace graphene,

which has been extensively pursued as an effective 2D material for electronic

applications.

Academically, this research establishes a foundational understanding of

substrate interactions in transition metal dichalcogenides, specifically the

influence of realistic SiO2 interfaces with water adsorbates on the properties of

monolayer WS2. By addressing this knowledge gap, these findings enable more

precise tailoring of transition metal dichalcogenide behaviour, driving

advancements in device design, semiconductor physics, and the exploration of

emerging 2D materials. These contributions are set to improve understanding of

the impact of experimental practices.

Beyond academia, the outcomes of this work may have implications for

the development of sustainable technology. As the global shift away from fossil

fuels intensifies, hydrogen is expected to serve as a cornerstone of renewable

energy systems. The demonstrated applicability of transition metal

dichalcogenides for hydrogen evolution reaction catalysis paves the way for more

efficient and scalable production methods. By exploring interfacial influences on

material performance and the interaction between water and defect sites, this

thesis establishes a foundation for optimising transition metal dichalcogenides in

catalysis and electronic device technologies.
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in blue, and sulphur atoms in yellow. . . . . . . . . . . . . . . . . . 47
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2.5 The calculated band structure of WS2 using DFT, PBE functional

and 6x6x1 Monkhorst-Pack grid. It illustrates the direct to

indirect band gap transition change in WS2. a) Band structure of

a monolayer; b) band structure of a bilayer. The red circles

indicate the lowest energy difference between the valence and

conduction bands. If the lowest energy is an indirect band gap, the

direct band gap is shown by a blue square. . . . . . . . . . . . . . . 48

3.1 Possible models for the SiO2/WS2 interface. The black lines

indicate the super cell boundaries under periodic boundary

conditions. a) WS2 aligned on a SiO2 substrate without strain,

showing a lattice mismatch between WS2 (a0) and SiO2. b) Slab

model of the interface, where WS2 is subjected to tensile strain so

that its lattice parameter a matches that of SiO2. c) Cluster

model of the interface, where a small WS2 cluster is placed in the

centre of the simulation box to prevent interactions with periodic

images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2 WS2 band structure for: a) pristine WS2 using a primitive

hexagonal unit cell; b) pristine WS2 with an orthorhombic unit

cell; c) strained WS2 with an orthorhombic unit cell. The red

circles indicate the lowest energy difference between the valence

and conduction bands. If the lowest energy is an indirect band

gap, the direct band gap is shown by a blue square. . . . . . . . . . 73

4.1 Pristine structures of SiO2 in different phases, viewed along the

a axis. Yellow atoms correspond to Si, red atoms correspond to

oxygen atoms. (a) α-cristobalite structure; (b) α-quartz structure.

Both phases are on the same scale as α-quartz has a smaller unit

cell than α-cristobalite. . . . . . . . . . . . . . . . . . . . . . . . . 77
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4.2 Local pristine structures of a) α-cristobalite with two connected

tetrahedrons and b) α-quartz with two connected tetrahedrons with

a ring containing back bonding OB. In α-quartz, SiA and SiB are

not equivalent, but in α-cristobalite they are equivalent. The SiA

and SiB notations are therefore used to distinguish the Si atoms in

defects which are later introduced to the pristine structure, more

detail can be found in the text. . . . . . . . . . . . . . . . . . . . . 78

4.3 Square modulus of the wavefunction of the highest occupied state

in the studied dimer oxygen defects in α-C shown in purple, the

isosurface shown is |0.1|. Yellow atoms are silicon and red atoms

are oxygen. (a) V 0
O neutral dimer configuration. (b) E ′

di, positive

dimer. (c) V −
O , negative dimer.(a-c) are general HOMOs applicable

to either α-cristobalite or α-quartz. . . . . . . . . . . . . . . . . . 84

4.4 Square modulus of the wavefunction of the highest occupied state in

the studied oxygen E ′ defects shown in purple, the isosurface shown

is |0.1|. Yellow atoms are silicon and red atoms are oxygen. (a)

E ′
puck, α-quartz puckered, forward projected; (b) E ′

bp, α-cristobalite,

back projected; (c) E ′
bp, α-quartz, puckered, back projected. . . . . 84

4.5 Charge transition level diagram of oxygen vacancy defects in (a)

α-cristobalite and (b) α-quartz. 0 eV is the valence band maximum

and the graph cuts off at the conduction band minimum. The dotted

lines show the charge transition levels between the different charge

states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.1 Snapshot geometric structures used in this work, with three water

layers shown for all interface structures. a) Shows the SiO2/H2O

interface, b) shows the WS2/H2O interface, and c) shows the

SiO2/H2O/WS2 interface. For every interface, there is an extended

vacuum region above and below, not shown in this figure. Colour

coding: blue = W, yellow = S, red = O, white = H, beige = Si. . . 100
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5.2 RDF between Ht-Ow of H2O/SiO2/H2O from CMD calculations, the

distance on the z axis is in Å. Red lines show the cutoff of different

layers used in DFT calculations. Red highlight section is 1 layer of

water, blue is 2 layers, and orange is 3 layers. . . . . . . . . . . . . 102

5.3 Schematics for relative angles of water relative to the surface normal

of O-H orientations. a) gives the overall calculation of both OH-OH

bond angles, and b) highlights different OH bond orientations. . . 105

5.4 1D number density profiles of water for a,c,e) hydrogen (Hw) and

b,d,f) oxygen (Ow). The interfaces shown are: a,b) SiO2/H2O,

c,d) WS2/H2O, e,f) SiO2/H2O/WS2. 0 on the x axis corresponds

to the top Si atom of the SiO2 surface for SiO2/H2O and

SiO2/H2O/WS2 interfaces, and the closest sulfur plane for the

WS2/H2O interface. The different water layers are given by

different colours: black: one layer, blue: two layers, orange: three

layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.5 The joint probability distribution of OH-OH water angles for a)

SiO2/H2O, c) WS2/H2O and e) SiO2/H2O/WS2. The colour bar

shows the probability. The right-hand side (b,d,f) shows the

corresponding water orientations, which are highlighted in the

JPD graph; duplicates have been removed for clarity. . . . . . . . . 109

5.6 The XY 2D number density profiles of water on the underlying

substrate. The interfaces are a-c) SiO2/H2O d-f) WS2/H2O, and

g-i) SiO2/H2O/WS2. The first column is for 1 water layer, the

second column is for 2 water layers within 4 Å of the interface,

and the third column is for 3 water layers also within 4 Å of the

substrate. For interfaces with SiO2 present, the average position of

silanol group oxygens on the surface are represented by white circles.110

5.7 Different hydrogen bonding types at the interfaces, highlighting the

different hydrogen bonding types between silanol groups and water

and water-water hydrogen bonds. . . . . . . . . . . . . . . . . . . . 113
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5.8 Average number of hydrogen bonds for different number of water

layers, a) Hbonding of water-water and b) water to silanol groups

HBonding. The HBonds to silanol Hs or Os are w.r.t the total

number of silanol groups, and the Hw-Ow HBonds are w.r.t total

number of water molecules. The different interfaces are shown as

different colours: blue: SiO2/H2O, black: WS2/H2O, and orange:

WS2/H2O/SiO2. It is noted that a) has a large overlap between

SiO2/H2O and WS2/H2O/SiO2 markers. . . . . . . . . . . . . . . . 114

5.9 2D MSD in the XY direction for all interfaces based on the number

of water layers. a) 1 layer, b) 2 layers, c) 3 layers. The different

interfaces are shown as different colours: blue: SiO2/H2O, black:

WS2/H2O, and orange: WS2/H2O/SiO2. The linear fit of the data

is shown by the dashed line corresponding to the material colour. . 115

5.10 Hydrogen bonding autocorrelation for different layers of water in

a-c) SiO2/H2O, d) WS2/H2O, and e-g) SiO2/H2O/WS2. The first

column (a,d,e) is the autocorrelation of water-water hydrogen

bonds (Ow – Hw). The second column (b,f) is the autocorrelation

for water hydrogen and silanol oxygen (Os – Hw). The final

column (c,g) is the autocorrelation between water oxygen - silanol

group hydrogen bonds (Ow – Hs). The biexponential fit from

which the HBond lifetime is derived is shown in grey. . . . . . . . . 116

6.1 Snapshot geometric structures of the SiO2/H2O/WS2 interfaces

with a) 1 layer of water; b) 2 layers of water; c) 3 layers of water.

Color coding: blue = W, yellow = S, red = O, white = H, beige =

Si. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.2 The rigid band alignment of the WS2/H2O/SiO2 interface with

reference to the vacuum level (VL), shown for a) experimental

values from the literature and b) values calculated in this work

using the PBE0-TC-LRC functional (see Table 6.1 for detailed

comparison and references). . . . . . . . . . . . . . . . . . . . . . . 131
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6.3 The band alignment derived from the local density of states

(LDoS) at the SiO2/H2O/WS2 interface, applying a threshold

cutoff of 0.5. Red lines indicate the VBM and CBM at the

interface. The colour map represents the LDoS in arbitrary units,

illustrating the atomic contributions to the eigenstates across the

energy spectrum. The blue dotted line marks the termination of

WS2, while the green dashed line indicates the start of the SiO2

slab. Arrows denote the band gaps of water in contact with WS2

and SiO2, with corresponding values in eV. The white line at 0 eV

corresponds to the vacuum level. a) 1 layer of water, b) 2 layers of

water, c) 3 layers of water. . . . . . . . . . . . . . . . . . . . . . . 133

6.4 LDoS of water layers: a,b) 1 layer, c,d) 2 layers, and e,f) 3 layers,

from averaging AIMD snapshots with a threshold of a,c,e) 0.1, and

b,d,f) 0.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.5 IPR Analysis of two snapshots in the two layer system at a-c) 5.5

ps, and d-f) 8ps. a) and d) show the IPR spectrum imposed on

the PDoS of the snapshots, with the two largest IPR peaks labelled

according to the relevant wfn, i.e. b) corresponds to label b in a).

The Molecular Orbitals shown in b,c,e,f) are with isosurface: 0.01. 140

6.6 The band alignment with a 0.1 cutoff threshold at the

SiO2/H2O/WS2 interface, red lines show the VBM and CBM of

the interface, the surface on the right indicates the contribution of

the atoms to the eigenstate at each energy. The diagram on the

left is a scaled diagram of the average interface position. a) 1 layer

of water, b) 2 layers of water, c) 3 layers of water. . . . . . . . . . . 141

6.7 Average Bader charge difference between water and WS2 at the

SiO2/H2O/WS2 interface. The Positions of the atoms are averaged

over snapshots of the AIMD run. a) 1 layer of water, b) 2 layers of

water, c) 3 layers of water. Hw and Ow is the water hydrogen and

oxygen, respectively. Ht and Ot are the silanol groups hydrogen and

oxygen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
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7.1 The Different edges of the TMD WS2. The tungsten zigzag edge

is highlighted in purple, the sulphur zigzag edge is highlighted in

pink, and finally the armchair edge is highlighted in orange. . . . . 148

7.2 Figure describing the two possible reaction mechanisms a)

exothermic and b) endothermic. The total energy change between
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3S), g) Sulphur
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work. a) VS, b) VA
2S, c) VP

2S, d) VS
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7.6 a) The adsorption energy of a single water molecule above different

defect complexes on the surface of WS2. b) Diagram of the position

of water inside the V3S defect site. c) The total energy change from

the dissociation of water at defect sites. d) Diagram of the water

dissociated at the VT
WS2

defect. . . . . . . . . . . . . . . . . . . . . 160

7.7 Images of the large defect sites: a) V2(WS2), and b) V3(WS2), and
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7.9 Schematic of the two interaction mechanisms of water and a

partially oxidised edge when water is close to the oxidised edge

(left) or further away (right). The illustration is of a) one water

molecule and b) two water molecules. Black dotted lines show the

bonds being formed, and the double red line shows the bonds

broken. Light blue dotted lines show non-bonding, stabilising

interactions. The grey lines represent the periodic boundary

conditions of the simulation. . . . . . . . . . . . . . . . . . . . . . . 169

7.10 Schematic of the interaction mechanism involving eight water

molecules and two oxygen molecules with the W-ZZ edge is

illustrated, but it is not drawn to scale. Dashed lines are drawn to
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first step, and blue the second. In b) orange is the third step,
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with black as the final step. . . . . . . . . . . . . . . . . . . . . . . 170
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energy change for all cases of spontaneous dissociation of either O2
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Chapter 1

Introduction

1.1 Motivation

In recent years, transition metal dichalcogenides (TMDs) have shown great

potential in many applications due to their stability, high electron mobility, and

semiconductor-type band gap3–8. The applications explored so far have ranged

across many areas, such as sensors9,10, electrocatalysts in the hydrogen evolution

reaction (HER)11, flexible electronic devices12, and components in field effect

transistors (FETs)1,13,14.

In all these applications, TMD films are deposited or grown on substrates,

typically a dielectric.3,15,16 In the case of FETs, a gate dielectric is required to

prevent charge leakage when a voltage is applied. The gate dielectric must possess

a sufficiently large band gap and a low defect density to inhibit electron leakage

from the TMD into the gate electrode during FET operation. The most commonly

used gate dielectrics at present are silica (SiO2) and hafnia (HfO2). Dielectric

substrates are also commonly utilised in various applications, with typical options

including Al2O3, mica, SiO2, and, more recently, h-BN.

SiO2 is widely employed in both academic and industrial settings, largely

due to its insulating properties and cost-effectiveness. However, SiO2 is known

to form hydrophilic silanol (Si-OH) groups on its surface. This hydrophilicity

can result in confined water at the SiO2 and TMD interface, which is influenced
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by the preparation method.17 Furthermore, relative humidity has been shown to

affect the performance of TMD metal-oxide-semiconductor field-effect transistors

(MOSFETs).18 Despite this, the realistic interface of SiO2/H2O/WS2 has not been

thoroughly investigated, and the impact of this confined water remains poorly

understood.

One barrier to modelling SiO2 as a dielectric substrate is its amorphous

nature in both academic and industrial settings. The surface of crystalline

α-cristobalite SiO2 has been proposed as a surrogate for amorphous silica,

primarily because it mimics the density of silanol groups on amorphous

surfaces.19 However, the α-cristobalite phase of SiO2 has not been thoroughly

studied experimentally and theoretically due to the lack of high quality samples.

In particular, the properties of common oxygen vacancy defects have not been

established. The presence of such defects in devices can facilitate trap-assisted

tunnelling of charge carriers from WS2 into SiO2, depending on the alignment of

the defect energy levels with WS2. Therefore, it is important to establish how

well such defects in the model α-cristobalite can represent those in real

amorphous SiO2 substrates.

Focusing on the application of TMDs as electrocatalysts for HER, it is

established that hydrogen is generated through the process of water splitting.

This reaction primarily occurs at defects or at the edges of TMD flakes.20 These

sites are also recognised as oxidation sites, where the introduction of O2 and/or

H2O can facilitate oxidation of TMDs, which may also enhance hydrogen

evolution.21 However, the precise mechanisms governing both water splitting and

the oxidation processes involving water remain unclear, despite their significance

for HER functionality and the degradation of TMDs.

Consequently, this thesis examines the SiO2/H2O/WS2 interface to

elucidate its properties. Furthermore, the defects of both α-cristobalite and WS2

will be studied to analyse the properties of oxygen vacancies and the role of

defects in WS2 in the mechanism of oxidation.
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1.2 Main Questions

I aim to examine both aspects of the WS2/H2O/SiO2 interface: how the

confinement affects the properties of water and how the presence of water

impacts the properties of the WS2 film. My objectives are to:

1. Characterise the oxygen vacancy defects in the α-cristobalite phase of SiO2.

This SiO2 phase effectively replicates the density and character of silanol

groups found on amorphous silica surfaces, making it suitable for

theoretical calculations. However, the presence of defects can influence the

tunnelling of charge carriers from semiconductors into the SiO2 due to the

alignment of defect energy levels. This consideration is particularly

significant for evaluating the performance of SiO2 as a gate dielectric in an

FET.

2. Investigate how the confinement of water between SiO2 and WS2 affects the

properties of water. This is significant as the SiO2 substrate can hydrogen

bond to water, potentially altering the behaviour of water confined at the

interface. To my knowledge, no previous study has explored the influence

of such hydrogen bonding interactions on the properties of confined water.

By addressing this gap, I aim to enhance the fundamental understanding of

water behaviour at these interfaces.

3. Explore how the electronic properties of WS2 are affected by the confined

water layer introduced by the SiO2 substrate. A critical aspect of this study

is understanding the band alignment at the WS2/H2O/SiO2 interface. This

is important for applications in MOSFETs, where maintaining charge

carriers within the semiconductor (WS2) and preventing migration into the

gate dielectric is essential for proper device operation.

4. Understand how the amount of water influences both the confined water

structure and the electronic properties of WS2.

5. Investigate the role of interaction of H2O with defects and edges at the WS2

surface in the oxidation pathways of WS2. This research aims to elucidate
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the initiation of oxidation and assess the impact of defects and edges on this

process.

1.3 Methods

To address these objectives, I employ computational approaches, namely static

Density Functional Theory (DFT) and DFT-based molecular dynamics (Ab Initio

Molecular Dynamics (AIMD)) simulations.

The decision to utilise DFT arises from its capacity to effectively describe

electronic properties by calculating the ground state of a system, without imposing

a significant computational cost.

AIMD simulations can effectively describe the dynamic properties of

water by integrating the Newtonian dynamics of atomic nuclei with electronic

structure calculations at each time step, thereby enabling the exploration of

dynamic systems. In contrast, classical molecular dynamics, which are

computationally cheaper, permit the representation of a system’s movement and

dynamics solely through the application of potentials, so do not account for the

electronic structure.

This ab initio approach allowed us to investigate the structure and

hydrogen bonding of confined water at the SiO2/H2O/WS2 interface. The

structures generated from AIMD can subsequently be utilised to understand the

electronic properties of the system.

Together, the use of DFT and AIMD provides a comprehensive framework

for understanding the interplay between SiO2, confined water, and WS2 at the

interface, offering both electronic and dynamic insights critical to this study.

1.4 Main Results

By addressing the outlined questions, we have obtained the following main results.

• Oxygen vacancy defects have been calculated in α-cristobalite phase of SiO2
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in comparison with those in better studied α-quartz. The so called ”dimer”

configuration of the positively charged oxygen vacancy E′
di, characterised

by the formation of a Si-Si bond, has been found to be the most stable in

α-cristobalite. This configuration has not been experimentally observed in

the amorphous or α-quartz phases of SiO2, thus presenting new avenues for

investigation of this defect. However, the oxygen vacancy stabilised by the

formation of a Si-O bond (E′
puck) was not found in α-cristobalite despite it

being the most stable configuration of the positively charged oxygen vacancy

in α-quartz.

• I have calculated the structure and behaviour of confined water at the

SiO2/H2O/WS2 interface. This interface has not been previously

investigated, and, to our knowledge, similar interfaces have not been

studied using ab-initio methods.

• At the SiO2/H2O/WS2 interface, the presence of silanol groups (Si-OH) on

the SiO2 surface significantly influences the average structure of water. The

structure of water closely resembles that at the SiO2/H2O interface due to

the hydrogen bonding between water molecules and the silanol groups.

This similarity is particularly evident when the number of water molecules

is reduced. The WS2 exerts a limited influence on the structuring of water.

Water molecules exhibit slight reorientation near the WS2 surface, a

phenomenon that becomes more pronounced with an increase in the

number of water layers, resulting in greater distance from the silanol

groups.

• The average band alignment between SiO2 and WS2 remains consistent with

the introduction of confined water, exhibiting a typical straddling alignment.

Furthermore, the band gap of confined water aligns closely with that of SiO2.

However, when examining fluctuations in water configurations, local in-gap

states between WS2 and H2O are formed, which can alter the alignment for

specific water configurations.

• Water can spontaneously dissociate at WS2 edges or WS2 vacancy defects,
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where both tungsten and sulphur with dangling bonds are present. When

two or more water molecules are present at an armchair edge, water

molecules can spontaneously dissociate on the edge. This dissociation is

facilitated by a proton hopping between the water molecules. A similar

proton hopping dissociation mechanism is also observed when both water

and oxygen molecules are introduced in both zigzag and armchair edges,

leading to the formation of species such as H2O2 from O2.

1.5 Structure of Thesis

Chapter 2 offers an overview of the properties of FET devices, with particular

emphasis on the impact of band alignment on interface characteristics, including

band offset and defect energy levels. Subsequently, a summary of common

oxygen vacancy defects in SiO2 is presented. The basic properties of WS2 and

related TMDs are then discussed to explain the importance of the selected

materials for electronic devices. The synthesis and preparation methods of TMDs

is also highlighted to provide context on how H2O can be confined at the

WS2/SiO2 interface and an introduction to WS2 defects is provided.

Chapter 3 will outline the theory and methodology underlying the

theoretical techniques employed in this thesis. I will discuss the code used in this

thesis, CP2K, with a focus on the specifics of the Gaussian plane wave basis sets

and other relevant aspects of the code.

From Chapter 4 onwards, the main body of research is then presented.

In Chapter 4, the properties of α-cristobalite are introduced, and details of

its structure are analysed and compared to α-quartz. The results of investigating

E′ centres are then presented.

Water at the SiO2/H2O/WS2 interface is examined in Chapter 5.

Background information on the interactions between SiO2 and H2O is provided,

along with a brief overview of the interaction between TMDs and water. The

dynamics and structure of water at the confined interface are subsequently

discussed, with comparisons made to the water structures at the WS2/H2O and
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SiO2/H2O interfaces.

Chapter 6 discusses the electronic properties of the SiO2/H2O/WS2

interface, starting with an overview of previous research conducted in this area.

The interaction between WS2, H2O, and SiO2 will be examined, with calculated

values being compared to experimental results.

Results concerning the oxidation of WS2 are discussed in Chapter 7. This

chapter begins with a comprehensive literature overview of TMD oxidation. The

findings for water oxidation at WS2 defects and edges are then presented.

In Chapter 8 the use of machine learning for modelling materials is

introduced. The methodologies and theories underpinning machine learning,

especially in relation to the semi-empirical density functional tight binding

method, are explained. Subsequently, initial findings on employing machine

learning to model the WS2/H2O/SiO2 interface are presented.

Finally, in Chapter 9, I summarise the findings of my research, emphasising

both the novelty and limitations of my work.
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Chapter 2

Literature Overview

I commence this overview by examining the operation of MOSFETs. This provides

essential background information that underpins the motivation for investigating

SiO2 defects and band alignment in this thesis.

2.1 MOSFET Functioning

The most commonly used FETs are silicon-based MOSFETs. The silicon material

is doped in two ways: n-type and p-type. N-type doping, traditionally via the

introduction of phosphorus, creates an excess of electrons in the material. These

electrons can be transported along the silicon to the drain by application of a

potential that allows electrons to move into the conduction band. The p-type

doping, traditionally by the introduction of boron, works similarly, but holes are

the predominant charge carriers instead of electrons.

To explain the functioning of MOSFETs, consider the schematic of an

n-type MOSFET shown in Figure 2.1a. When a voltage is applied to the gate, it

creates a positive potential across the gate dielectric. If this potential exceeds the

threshold voltage, an inversion layer forms in the n-channel. This layer is

characterised by an accumulation of electrons, enabling current conduction

between the source and drain. Conversely, reducing the gate voltage below the

threshold eliminates the inversion layer, turning the MOSFET off and preventing
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conduction.

An example of a TMD MOSFET can be seen in Figure 2.1b, where the

TMD is the n-channel and interfaces with SiO2 to ensure that there is no current

leakage from the TMD to the back gate. Due to the 2D nature and easy

manipulation of TMDs, they are optimal for reducing the channel length and

thus increasing current.22 Additionally, they have high carrier mobility, thus

improving the device’s efficiency.

(a)
(b)

Figure 2.1 Schematic of MOSFET devices. a) traditional MOSFET set up of
doped silicon based devices. b) MOSFET based on TMD semiconductors based
on the work of Radisavljevic et al.1

2.1.1 Gate Dielectric

At the gate-to-channel and back gate-to-channel interface, when the thickness

of the dielectric SiO2 is reduced or defects are present in SiO2, current leakage

can occur. In the SiO2/WS2 system, current leakage involves the movement of

charge carriers from the semiconductor channel (WS2) into the insulating substrate

(SiO2). Current leakage leads to failure in FETs, as the device cannot be turned

off due to consistent charge transfer across the interface. The tunnelling current

through the oxide can be approximated23 as

Jg =
A

t2
e
−2t

√
2m∗q
ℏ2 (ΦB−Vox

2
)
. (2.1)

The current can be seen to depend exponentially on three terms: t, the thickness

of the dielectric; the potential barrier height ΦB; and the voltage drop across the
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dielectric, Vox.

Here, I focus on the potential barrier height. The large band gap in

dielectrics allows for the formation of high barriers. However, the exact barrier

height also depends on the positioning of the semiconductor’s valence band

maximum (VBM) and conduction band minimum (CBM). If the band offset is

sufficiently large and no defects are present, direct tunnelling is the exclusive

mechanism for electron leakage (Figure 2.2a). Therefore, type I straddling gaps

are desirable for interfaces with semiconductors and insulators. Conversely, when

the band offset is reduced (Figure 2.2b), the Fowler-Nordheim tunnelling

mechanism can occur under bias; tunnelling takes place from the semiconductor

into the insulator CBM, subsequently leaking to the gate.24 This highlights the

significant importance of studying band alignment when examining the interface

of a system.

However, tunnelling directly through or via the CBM of a dielectric to gate

is not the sole mechanism responsible for electron leakage; another mechanism is

trap-assisted tunnelling. In the trap-assisted tunnelling model, defect states within

the material’s band gap can function as acceptors for charge carriers. When the

defect states’ energy levels are aligned to the energy of the semiconductor CBM for

n-type doping or VBM for p-type doping, charge carriers can hop between these

states in a dielectric. In MOSFETs, this ultimately results in current flowing into

the gate, causing device breakdown as the device is always on. The defect levels are

determined by the band alignment of the materials and in-gap states; an example

schematic is shown in Figure 2.2c.

Overall, it is crucial for the SiO2/WS2 interface under investigation to

calculate the band offsets between the two materials. This accurate calculation

of band alignment is essential for evaluating whether the use of WS2/SiO2 offers

adequate band offset for device applications. Furthermore, as highlighted by the

trap-assisted tunnelling mechanism, it is important that the positions of SiO2

defect states in the band gap are understood.
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(a) (b)

(c)

Figure 2.2 Description of band alignment at an interface between a
semiconductor/dielectric/gate. The labels used in this figure are based on equation
2.1. a) Shows a diagram of direct tunnelling through an insulator. b) Shows the
band alignment with a small band offset and potential drop across the insulator,
facilitating Fowler-Nordheim tunnelling. c) Is a diagram of the trap-assisted
tunnelling mechanism where the electron, shown in orange, hops between dark
blue in gap defect states.

2.1.2 Oxygen vacancy configurations in SiO2

To further investigate the defects in SiO2, an overview of common oxygen vacancy

defects in SiO2 is presented. My focus is on the α-quartz (α-Q) phase of SiO2,

as it is the most extensively studied phase of SiO2. Additionally, I will discuss

amorphous SiO2 (a-SiO2) which is commonly utilised as the dielectric substrate in

both academic and industrial settings.

Previous calculations demonstrate that a neutral O vacancy in α-Q and

a-SiO2 (in a-SiO2 this defect is also called the Oxygen Deficiency Centre (ODC)
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(a) (b)

(c)

Figure 2.3 Schematic representation of oxygen vacancy defects in SiO2.
2 Yellow

atoms are silicon and red atoms are oxygen, the blue oval represents electron
localization. (a) Neutral dimer configuration, such as ODC(I). (b) Positive dimer
configuration, such as E ′

di with elongated Si-Si bonds. (c) Puckered E ′
1 centre,

showing the back bond between SiL and the back oxygen in the surrounding ring,
OB. The labelling is consistent with α-quartz and is described in the text.

I25,26) is stabilised by forming a bond between two Si atoms that share two

dangling electrons O3 ≡Si – Si ≡ O3 or by partially or fully passivating these

bonds with hydrogen atoms O3 ≡Si - H H - Si ≡ O3.
27 The formation of a bare

vacancy in α-Q is accompanied by a very strong displacement of the two Si

atoms toward each other, see Figure 2.3a for the structure of this defect.27,28

Some authors also suggested the existence of so-called unrelaxed neutral O

vacancy in amorphous silica.29 Hole trapping by neutral O vacancy or hydrogen

de-passivation reactions can produce positively charged and paramagnetically

active defects designated E ′ centres based on their EPR signal.30,31 In α-Q, the

most stable E ′ centre is the E ′
1, which is a close relative to the family of E ′

γ

centres in a-SiO2, the general structure of which can be seen in Figure 2.3c. The

E ′ centre naming convention uses Greek letters for a-SiO2 and Arabic numerals

for α-Q. Recent electron paramagnetic resonance (EPR) studies distinguish at

least 15 different EPR signals attributed to E ′ centres in different types of α-Q

perturbed by different defects and impurities.31–33

Theoretical calculations predict the existence of two low energy relaxed

structures of E ′ centres in pure α-Q: the so-called dimer, E ′
di, and puckered,
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E ′
puck, configurations

34,35, see Figure 2.3. More E ′ centre configurations in a-SiO2

have been proposed in refs.2,36. The dimer and puckered configurations differ

strongly by the values of isotropic hyperfine constants. The dimer type

configurations are characterized by similar hyperfine constants on the two Si ions

neighbouring the vacancy of around 10 mT. Due to the similarity with observed

hyperfine constants, in some papers this configuration has been attributed to the

E ′
δ centre27,28. However, the thorough analysis of the experimental EPR spectra

of the E ′
δ centre suggested a much more complex configuration for this defect

involving four or five Si atoms37,38. In the dangling bond puckered configuration,

the spin density is almost completely localized on one Si ion, which warrants a

very strong hyperfine interaction with that Si of 42 mT, close to the measured

experimental value27,32.

In α-Q, the puckered configuration of the E ′ centre has been shown to be

more stable than the dimer configuration in several quite different

calculations27,39,40 supporting the results of EPR measurements30. This is related

to the structure of α-Q, which has two non-equivalent positions of Si in the

crystal structure and, correspondingly, two slightly different Si-O bonds. The

so-called SiS-O and SiL-O bonds, where SiS is the Si atom associated with the

shorter bond and SiL – with the slightly longer one. The calculations show that

the SiL atom can back-bond to O to form the puckered configuration of the E ′
1

centre, as discussed in more detail in Chapter 4. The most stable configuration of

this E ′ centre has a forward projection of electrons on the SiS towards the vacant

O site. The less stable E ′
di configuration has not yet been observed

experimentally in either α-Q or a-SiO2.
38

However, there has been limited research into the oxygen vacancy of

α-cristobalite, despite its use as a model for a-SiO2 in theoretical calculations.

Understanding its properties is crucial for assessing the potential for trap-assisted

tunnelling at TMD/SiO2 interfaces. The absence of both theoretical and

experimental investigations makes it difficult to identify which defects will be

stabilised in α-cristobalite SiO2. Additionally, this research could yield valuable

insights into E′ centres, which may be observable experimentally, including the
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E ′
di that has yet to be verified.

2.2 Transition Metal Dichalcogeindes

To understand the functioning of TMD based devices, I provide a general

overview of the transition metal dichalcogenides family. The most studied

transition metal dichalcogenide is MoS2. However, many properties of WS2 and

MoS2 are similar, allowing insights to be gained from the study of MoS2. The

potential of 2D materials for application in electronic devices relies on both the

electronic and structural properties.

2.2.1 Structural Properties of TMDs

TMDs consist of one metal atom (M) (in groups 4,5 or 6) and two chalcogen

atoms (X), following the general formula MX2. There are three phases of TMDs:

the hexagonal (H) phase, the tetragonal (T) phase, and the rhombohedral (R)

phase, see Figure 2.4. The more prevalent H and T phases have three-atom thick

layers, and the metal atom is sandwiched between the chalcogen atoms to form a

layer. These layers are held together by weak van der Waals (vdW) forces. This

allows the layers to be easily peeled from each other, analogous to graphene.

TMDs have a layered structure with three main phases: 2H, 3R, and 1T.

These phases are differentiated by the coordination of M with the surrounding S

and the stacking of layers. In the H phase, M is bonded in a trigonal prismatic

manner with a D3h symmetry. In the T phases, it is bonded octahedrally with a

D3d symmetry. The R phase also has trigonal prismatic coordination with C5
3v

symmetry.41 This difference in bonding leads to different properties, as generally

1T phases have metallic properties, and semiconductor properties are seen in 3R

and 2H phases.42 The 1 and 2 before each phase name show the number of layers;

1 being a single layer and 2 a bilayer etc. The most stable and commonly used

phase is 2H. In this work only the monolayer is investigated, so the 1H phase of

WS2 is used.

The layered structure of TMDs ensures there are no dangling bonds
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(a) (b)

(c)

Figure 2.4 Bonding, stacking arrangement and top view of the three distinct
phases of WS2: a) 2H, b) 1T, and c) 3R. Tungsten atoms are shown in blue, and
sulphur atoms in yellow.

perpendicular to the interface. This minimises interactions between TMDs and

other materials at the interface and reduces interface roughness. The reduced

interaction and roughness can reduce the number of possible scattering points

and reduce the number of trap sites that are caused by surface defects. However,

some interaction between the underlying substrate can induce rippling which can

consequently increase scattering.43

2.2.2 Electronic Properties

The two-dimensional structure and absence of dangling bonds position TMDs

favourably for use in electronic devices. However, the practical application of

TMDs hinges on their electronic properties, such as their band gap.

The number of layers affects the band gap of the H phase, see Figure 2.5.

When the TMD is in a monolayer, the band gap is direct, with the transition

occurring at the K point in the Brillouin zone (BZ). However, when an additional

layer is added to the TMD, the band gap becomes indirect between the Γ point in

the valence band (VB) and to a Q point in the conduction band (CB). For WS2

monolayers, the band gap is measured at 2.4 eV, as reported by both experimental
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studies44 and GW theory.45 Among the commonly studied semi-conducting TMD

compounds, where M represents W or Mo and X represents S, Se, or Te, WS2

exhibits the largest band gap.46 In comparison, the related TMD, MoS2, has a

band gap of 2.27 eV, resulting in a minor difference of 0.13 eV from WS2.
44,47 The

band gap remains indirect but decreases as additional layers are added, ultimately

reaching a bulk value. This is illustrated in Figure 2.5.

In addition to the semi-conducting band gap, there is intrinsic n-type

doping in TMDs, which can be beneficial for FET functioning. The source of this

has been debated in the literature. The current hypothesis suggests that doping

comes from TMD defects, such as sulfur vacancies, or from charge transfer from

the underlying substrate.48,49

(a) (b)

Figure 2.5 The calculated band structure of WS2 using DFT, PBE functional
and 6x6x1 Monkhorst-Pack grid. It illustrates the direct to indirect band gap
transition change in WS2. a) Band structure of a monolayer; b) band structure of
a bilayer. The red circles indicate the lowest energy difference between the valence
and conduction bands. If the lowest energy is an indirect band gap, the direct
band gap is shown by a blue square.

2.2.3 Production

In pursuit of using WS2 as a monolayer or few-layer system in various applications,

two main production methods are used: direct growth on a substrate or exfoliation

followed by deposition on a substrate50.

The method of producing TMD flakes on substrates will induce different

defects and defect densities depending on the conditions under which the TMD is

synthesised or transferred onto the underlying substrate. Therefore, it is
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imperative to consider the impact of the production method on the performance

of TMD semiconductors.

2.2.3.1 Direct Growth

A variety of methods exist for synthesising TMDs. For the interested reader,

some of the more prevalent methods include: Chemical vapour deposition

(CVD), physical vapour deposition (PVD), metal-organic CVD, metal

transformation, chemical vapour transport (CVT), pulsed laser deposition,

molecular beam epitaxy, spray pyrolysis, and atomic layer deposition.51–53

CVD is the most widely used technique due to its effective scalability and

ability to produce large flake sizes with good thickness control.54 However, vapour

deposition methods utilise seeds to promote the growth of TMD flakes, which can

result in overlapping flakes within the layers of the grown TMD. This leads to

higher concentrations of defects, both from the starting material and from grain

boundaries and dislocations.55

The issue of defects in the growth of thin layer TMDs persists, regardless

of the production method employed. While new production techniques are being

explored to minimise the defect density in TMD films, many of the existing TMDs

still depend on these defect-prone production mechanisms. Consequently, it is

essential to account for defects when examining the properties of TMDs produced

using current growth methods.

However, most SiO2 substrates used in MOSFETs are amorphous,

resulting in a rough surface. Consequently, they are not ideal candidates for the

growth of WS2 using common direct growth methods such as CVD or

MOCVD.56–58 Therefore, it is more common to exfoliate TMDs onto SiO2 rather

than growing them directly on SiO2.

2.2.3.2 Exfoliation

Exfoliation involves the separation of WS2 layers from either the bulk material or

from another substrate where TMD was initially grown. Exfoliation can be

achieved by mechanical or chemical means. Both processes yield TMD layers
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with fewer defects; however, exfoliation presents scalability challenges and issues

related to randomness, as both the number of layers and the orientation of the

TMD are difficult to control.46 Chemical exfoliation offers versatile methods that

use different supports and solutions, with water or water-based solutions

commonly employed. Sapphire substrates are commonly used for initial growth

due to the smooth surface morphology and the high crystallinity of WS2

produced59,60. However, The deposition of thin TMD films on substrates and/or

further storage of heterostructures in ambient conditions can lead to the creation

of thin water layers confined between a substrate and TMD films61.

Mechanical exfoliation traditionally involves using scotch tape to transfer

thin layers of 2D materials between substrates. Using this method means that any

adsorbate on the surface of the substrate can be trapped underneath the TMD.

Certain pre-exfoliation procedures, such as the use of oxygen plasma and high

temperatures to remove ambient adsorbates, have improved both the yield and size

of the produced flakes.62 Other transfer methods exist, one of the most popular

methods is the poly(methyl methacrylate) (PMMA)-assisted wet transfer, where

solvents such as water or acetone are used to lift the TMDs from the underlying

substrate with the support of PMMA and transfer the TMD to another substrate.63

It is worth noting that this process also introduces water at the interface and/or

additional solvent molecules.

Exfoliation can also occur via liquid phase exfoliation where, typically,

the powder is dispersed in a liquid medium and then exfoliated into nanosheets,

mostly by sonication. The solution used for this can vary significantly, but a large

proportion of solutions used contain water, which, when in contact with SiO2, can

hydrogen bond to silanol groups.46,64–67

Therefore, mechanical exfoliation is expected to introduce water between

WS2 and SiO2 due to the hydrophilicity of SiO2, which adsorbs water under

ambient conditions. Similarly, chemical exfoliation often involves water as a

solvent. Therefore, in both methods, water is likely confined at the TMD/SiO2

interface. Consequently, understanding the impact of confined water on WS2 is

crucial. This will allow identification of behaviours originating from confined
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water at this interface and contribute to clarifying the differences observed in the

experimental results reported in the literature.61 This effect can be viewed both

as detrimental to the performance of some devices and as a source of fascination

for fundamental studies of nanoconfinement of liquids68,69. In particular,

understanding the behaviour of water in close proximity to materials under

different conditions is important for a broad range of applications and scientific

research.

2.2.4 Impact of Defects

As highlighted in the production section, defects are anticipated to be present in

TMDs. These defects can serve as reaction sites for both oxidation and HER.

There are many defects in TMDs; for example, MoS2 believed to have a

density of 1×1011 to 1×1012 cm−2 defects when prepared by mechanical

exfoliation70, although for scalable methods such as CVD, the defect density is

expected to be greater. These defects, thought to be impurities or sulphur

vacancies, can mean that the Fermi level of the TMD is pinned, which can

decrease the efficiency and application of TMDs as semiconductors.71

Additionally, due to the ease of damage to the TMD and the difficulty in

controlling the exact amounts of substitutional dopants, doping TMDs for use in

MOSFET devices remains an ongoing field of research.72

Furthermore, growing TMDs requires the growth of flakes. These flakes

introduce edges and grain boundaries where the flakes are grown closely together.

Edges and grain boundaries are of particular concern for the oxidation of TMDs,

as both can increase the oxidation rates of TMDs when exposed to oxygen and

water.73,74 Defects and their interaction with molecules will be discussed in more

detail in Chapter 7.

Overall, an important part of understanding TMDs is understanding the

defects and what properties they can induce in a system, especially when other

molecules that may interact with defects are present.
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2.3 Summary

This introduction shows that TMDs are set to play a significant role in future

electronic devices. The 2D nature of TMDs does allow for an increase in scaling,

and their high electron mobility sets TMDs up to be well suited for use as

semiconductors in MOSFETs. The interaction between TMD WS2 and the

ubiquitous dielectric SiO2 has not been thoroughly investigated, particularly in

relation to the hydrophilicity of SiO2 and the subsequent effect of confined water.

Consequently, atomistic scale models that incorporate water and the interactions

between these materials at the interface are necessary to understand the

influence of water on the band alignment at the WS2/SiO2 interface.

Furthermore, I have explained how defects in SiO2, if aligned correctly,

may lead to electron leakage through trap-assisted tunnelling. Consequently,

understanding the typical defects in the SiO2 system is vital. I have highlighted

that α-cristobalite SiO2 lacks well-characterised oxygen vacancy defects. This is

particularly significant as α-cristobalite serves as an effective theoretical model

for amorphous silica due to its ability to reproduce the silanol group density of

a-SiO2. Therefore, further exploration of these defects in α-cristobalite is

essential.

Finally, I have highlighted the role that defects in TMDs play, both for

functioning of TMDs as semiconductors and as areas for oxidation. It is crucial

to examine the impact of these defects, which are likely to arise from production

techniques.
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Chapter 3

Methodology

3.1 DFT Basics

This thesis employs ab initio methods, primarily Density Functional Theory

(DFT). DFT determines the ground-state energy of a system based on electron

density, as formulated through the Kohn-Sham (KS) equations. The KS

approach builds upon the Hartree-Fock (HF) method, which introduced

one-electron wavefunctions, and the Hohenberg-Kohn (HK) theorems, which

established electron density as a fundamental descriptor of the ground state.

Rather than revisiting these foundational principles, I focus on the KS equations,

as the broader development of DFT has been extensively documented in the

literature.75–78

3.1.1 Kohn-Sham Equations

The HK theorems allows for the total energy of a many-electron system to be

described by the electron density. The KS equations then reformulate the electron

density into a more manageable form expressing the electron density (n(r)) as

fictitious non-interacting particles, which can be used to describe a real system of

interacting particles, simplifying the complex many-body problem.

In order to describe this fictitious system, Kohn-Sham orbitals are

introduced. These orbitals correspond to non-interacting single-particle

53



Interfaces between 2D materials and dielectrics Katherine Milton

wavefunctions ψi(r), which are used to describe the electron density of the

system as:

n(r) =
N∑
i=1

|ψi(r)|2, (3.1)

where the sum runs over all occupied orbitals i.

This allows for the total energy of the system to be described as:

E[n(r)] = Ts(n(r)) + Vext(n(r)) + UH(n(r)) + EXC(n(r)), (3.2)

where each term represents a specific component of the total energy: Ts(n(r)) is

the kinetic energy of a system of non-interacting electrons with the same electron

density as the electron density of real interacting electrons, Vext(n(r)) is the

electron-nuclear Coulomb interaction, UH(n(r)) the Hartree term, representing

the classical Coulomb interaction between electrons, and EXC(n(r)) is the

exchange-correlation energy, which captures the many-body effects. Both

exchange and correlation are energy terms which arise from quantum mechanics

and cannot be described classically. Exchange energy is due to Pauli repulsion,

where fermions cannot have the same quantum state, leading to repulsion

between electrons of the same spin. Correlation energy arises from how one

electron interacts with the rest of the electrons in the system.

It is noted that the nuclei-nuclei repulsion energy is not present here due to

the Born-Oppenheimer approximation which allows for the separation of nuclear

and electronic terms.

The Kohn-Sham orbitals are used to solve a single-particle Schrödinger-like

equation:

[−1

2
∇2 + Veff (n(r))]ψi(r) = ϵiψi(r). (3.3)
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Here ϵi is the eigenvalue associated with orbital ψi, and Veff is the effective

potential that the electrons experience.

The effective potential Veff (n(r)) is given by

Veff (n(r)) = Vext(n(r)) + UH(n(r)) + VXC(n(r)). (3.4)

The KS equations are solved iteratively using a self-consistent field (SCF)

method. Starting from an initial guess for the electron density, the Kohn-Sham

orbitals and eigenvalues are calculated. These orbitals are used to update the

electron density, and the process is repeated until the total energy reaches a

minimum, yielding the ground-state energy and electron density.

One of the key challenges in DFT is the accurate description of the

Exchange Correlation (XC) energy EXC . The exact form of the

exchange-correlation energy functional is unknown. Therefore, DFT relies on

approximations for this term.

3.1.2 The Exchange Correlation Functional

The XC functional is a key component of DFT, capturing the complex quantum

mechanical interactions between electrons. Various approximations to the XC

functional exist to make DFT computationally feasible. One of the most basic of

these approximations is the Local Density Approximation (LDA).

In LDA, it is assumed that the electron density is uniform or changes very

slowly across space. This allows for the XC energy to be calculated as if each small

region of space behaves like a uniform electron gas. The LDA exchange-correlation

energy is given by:

ELDA
XC [n(r)] =

∫
d3rn(r)V LDA

XC (n), (3.5)

where V LDA
XC (n) is the exchange-correlation potential, which depends only on the

local electron density n.
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While LDA is useful for systems like metals, where electron density

variations are small, it is limited in accuracy for systems with significant density

variations, such as molecules and semiconductors, where electron-electron

interactions are more complex.

To improve upon LDA, the Generalised Gradient Approximation (GGA)

includes terms that account for the gradient of the electron density ∇n(r). This

allows GGA functionals to capture more complex interactions, making them more

accurate for a wider range of systems. The GGA exchange-correlation energy is

expressed as:

EGGA
XC [n(r)] =

∫
d3rn(r)V GGA

XC (n,∇n), (3.6)

where the exchange-correlation potential V GGA
XC (n,∇n) now depends on both the

local electron density and its gradient.

Different GGA functionals incorporate this density dependence in different

ways, leading to a variety of popular functionals. In this work, the PBE GGA

functional is used, which is a widely adopted functional due to its balance between

accuracy and computational cost.

While GGA improves on LDA, further accuracy can be achieved by

including a portion of Hartree-Fock (HF) exact exchange in the functional. This

leads to hybrid functionals, which combine DFT exchange and HF exchange.

The exchange correlation energy in a hybrid functional is given by:

Ehybrid
XC = (1− α)EDFT

X + αEHF
X + EDFT

C , (3.7)

where α is the fraction of exact exchange used, EDFT
X is the DFT exchange energy,

EHF
X is the HF exact exchange energy, and EDFT

C represents the DFT correlation

energy. Two common hybrid functionals are B3LYP and PBE0. In the case of

PBE0, 25% of the exchange energy comes from HF exact exchange (α=0.25).
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3.1.2.1 PBE0-TC-LRC Functional

The PBE0-TC-LRC hybrid functional, as implemented in CP2K, is described in

the literature, where TC refers to truncated Coulomb and LRC denotes long-range

correction.79 This XC functional applies a cutoff radius (Rc), within which exact

exchange is included, while beyond this limit, the exchange contribution is set

to zero. Additionally, a LRC is introduced using a semi-local density functional

based on the PBE exchange. The LRC accounts for the PBE exchange hole,

where an electron at position r creates a local deficiency in electron density of the

same spin due to the Pauli exclusion principle. This is due to the TC approach

effectively capturing short-range interactions within Rc, but it does not account

for long-range, non-local electron effects. The energy is calculated as:

EPBE0−TC−LRC
XC = aEHF,TC

x + aEPBE,LRC
x + (1− a)EPBE

x + EPBE
C (3.8)

Overall, this functional allows for less computationally demanding hybrid

calculations, therefore, allowing a large system size with more electrons to be

calculated using an exact exchange functional.

3.2 CP2K

This work uses CP2K software to perform DFT calculations, a comprehensive

review of this software can be found in reference80. CP2K uses Gaussian plane

wave (GPW) basis sets; here, atom-centred Gaussian functions are the primary

basis set, which represent the Kohn-Sham density matrix, and the plane waves are

used as an auxiliary basis set.

I will begin by providing a brief description of both the Gaussian basis set

and the plane wave basis sets utilised in CP2K. Subsequently, the dual application

of these basis sets used in CP2K’s execution of DFT is detailed.
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3.2.1 Gaussian Basis Sets

The Gaussian basis sets comprise atomic-centred functions that represent

electron density using Gaussian functions, which describe the localisation of

electron density around the atomic nucleus. A primitive Gaussian functional is

defined by:

gi(r) = Y li
mi
(θ, ψ)rli

∑
j

cijexp(−αjr
2), (3.9)

where Y li
mi
(θ, ψ) represents the spherical harmonic that characterises the angular

component of an atomic orbital, while the radial part (rli
∑

j cijexp(−αjr
2)) is

expressed as a linear combination of Gaussian functions. Multiple Gaussian

functions can be combined to get atomic orbitals. This is expressed by:

ϕµ(r) =
∑
i

diµgi(r) (3.10)

where diµ is the corresponding contraction coefficients. The molecular orbitals are

then represented as the linear combination of these atomic orbitals.

The linear combination of Gaussian functions allows for a better

description of the electron density around a nucleus; the number of Gaussians

that are used depends on the specific basis set applied.

The electron density using the Gaussian type orbital (GTO) basis set is

therefore described as:

n(r) =
∑
µν

Pµνϕµ(r)ϕν(r), (3.11)

here Pµν is the density matrix element. The Gaussian type orbital basis set offers

a significant advantage when addressing larger systems. Gaussian basis sets offer

the computational advantage of performing calculations in real space. As a result,

the total energy, Kohn-Sham matrix, and forces can be efficiently evaluated using
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analytical expressions, enabling larger calculations to be performed.

However, GTO basis sets present certain disadvantages, notably the basis

set superposition error (BSSE). BSSE arises when a basis set is non-orthogonal and

incomplete, as is the case with GTO basis sets. As the number of atoms increases,

the overlap between them results in a more complete local basis set compared to

that of a single atom. Consequently, this situation leads to overestimated binding

energies, as clusters become over-stabilised.

3.2.2 Periodic Boundary Conditions

For condensed materials, the use of periodic boundary conditions (PBC) can be

useful. PBC facilitate the simulation of an infinitely repeating unit cell, which is

especially advantageous for ideal and infinite systems, such as crystalline solids.

The use of PBC facilitates the introduction of periodic wavefunctions

rather than relying solely on atom-centred wavefunctions. This approach

employs Bloch’s theorem, where the period of these wavefunctions is determined

by the PBC. The period corresponds to the cell length, which can be either a

unit cell or a supercell. In the case of CP2K, Γ point calculations are employed,

thus supercells are generally utilised, as outlined in 3.2.6.

However, PBC present certain challenges, particularly in selecting the

appropriate cell size. When defects are incorporated within a cell, interactions

between the periodic defect images occur. These interactions may lead to

artifacts within the system. Therefore, it is crucial to ensure that cell sizes are

sufficiently large to mitigate these issues.

3.2.3 Plane Wave Basis Set

The plane wave (PW) basis set differs from the Gaussian basis set in that it does

not represent the electron density via atomic-centred orbitals; rather it uses

periodic waves. This presents advantages such as orthogonal basis sets which are

complete, therefore BSSE is not an issue unlike with GTO. Instead, due to the

PBC, the PW basis set can use Bloch’s theorem to describe electronic
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wavefunctions as periodic waves:

ϕi(kr) =

|G|<Gmax∑
G

cik,Gexp(i((k+G) · r)), (3.12)

here, G represents the reciprocal lattice vector, while k denotes the wave vector.

This description therefore uses real space (r), and reciprocal space (k and G).

The electron density can then be described as:

n(r) =
1

Ω

∑
G

n(G+k)exp(iG+k · r), (3.13)

where Ω is the unit cell volume.

Bloch’s theorem and the periodic nature of the system make PW basis sets

effective for modelling crystalline solids with a repeating unit cell. The use of fast

Fourier transform (FFT) methods allows for quick transformations between real

and reciprocal space. Moreover, employing PW to describe the periodic potential

within a cell enhances the efficiency of calculations for the Hartree potential of a

system.

However, the number of PWs to describe an electronic wavefunction at

each k point can be infinite. To manage this, a cutoff is implemented to exclude

plane waves with high kinetic energies, focusing only on those with lower kinetic

energies. Although this method introduces some error into the calculations, reliable

cutoff values are determined by progressively increasing the cutoffs until the total

energies of the system converge to a specified threshold.

3.2.4 Gaussian Plane Wave Basis Sets

The PW and Gaussian basis sets represent electron density in fundamentally

different ways, resulting in variations in computational cost. The combination of

these methods through Gaussian Plane Wave (GPW) allows for a dual

representation of electron density. The primary electron density is represented
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using the cost-effective Gaussian basis sets, while the Hartree potential is

represented more accurately with the auxiliary PW basis. This combined basis

set approach enables larger calculations than would be possible with either basis

set independently.

The Kohn-Sham DFT equation can be expressed as follows:

E[ρ] = Ts[n(r)] + Vext[n(r)] + UH [n(r)] + EXC [n(r)]

=
∑
µν

Pµνϕµ(r)| −
1

2
∇2|ϕν(r) + (

∑
µν

Pµνϕµ(r)|V PP
loc (r)|ϕν(r)

+
∑
µν

Pµνϕµ(r)|V PP
nl (r)|ϕν(r)) + 2πΩ

∑
G

n∗(G)n(G)

G2

+

∫
exp(XC)(r)dr.

(3.14)

This notation illustrates the contribution of the GTO basis set to both the

kinetic energy and the nucleus-electron interaction. Conversely, the PW basis set

determines the Hartree term.

The interaction between the nucleus and electrons involves both local

pseudopotentials (V PP
loc (r)) and non-local pseudopotentials (V PP

nl (r)). A more

detailed discussion of the application of pseudopotentials follows.

3.2.5 Pseudopotentials

When all electrons in a system are included in a DFT calculation, the

computational cost increases significantly due to the large number of degrees of

freedom. Core electrons exhibit rapid oscillations in their wavefunctions,

resulting in nodes located close to the nucleus. These nodes and oscillations are

difficult to accurately describe with basic basis sets. Furthermore, bonding and

reactivity in molecules and materials primarily arise from the valence electrons.

As a consequence, substituting core electrons and the nucleus with a

pseudopotential is computationally advantageous. This approach eliminates the

need for a quantum mechanical description of the core electrons and nucleus,
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reduces the number of electrons to be considered, and minimises the required

basis set.

The pseudopotential relies on the frozen core approximation. Here, the

electronic wavefunction can be replaced by an effective potential in the

Hamiltonian. To ensure that only the core electrons are modelled, the

pseudopotential must ensure that the valence wavefunctions are orthogonal to

the core states, so there is no overlap between the core and electron states. The

pseudopotential is applied up to a cutoff radius, so will only describe the core

electrons. In this region, the potential is smoother than a nuclear potential and

has no or fewer nodes in the wavefunction. This allows for both the basis set size

and the number of electrons to be reduced, improving efficiency.

In the case of CP2K, Goedecker-Teter-Hutter (GTH) pseudopotentials are

employed which can work with the GPW basis set.81 The pseudopotentials are

divided into local and non-local parts. The local potential takes the form:

V PP
loc (r) =

−Zion

r
erf(

r√
2rloc

)+(exp)[−1

2
(
r

rloc
)2]×[C1+C2(

r

rloc
)2+C3(

r

rloc
)4+C4(

r

rloc
)6]

(3.15)

Where erf is the error function, Zion is the ionic charge, and rloc is the range of the

Gaussian ionic charge distribution. The non-local part is then expressed as

V PP
nl (r, r’) =

∑
lm

∑
ij

⟨r|plmi ⟩hlij⟨plmj |r’⟩. (3.16)

Here, the Gaussian-type projectors are used for plmi . The parameters of the

pseudopotential in this form have been optimized with respect to an all-electron

wavefunction.

3.2.6 Gamma Point Calculations

As CP2K employs GTO basis sets as its primary basis in the GPW method, the

computational cost can be reduced through the use of Gamma (Γ) point
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calculations. Γ point calculations ensure that k is set to (0,0,0), thereby

eliminating reciprocal space complexity and avoiding the need for

transformations between real and reciprocal space, which improves

computational efficiency. Nonetheless, it remains essential for the band structure

of the system being calculated to be accurate. Consequently, supercells are

necessary to facilitate the folding of k points into the Γ point.

The number of k points folding into the Γ point increases linearly with the

size of the supercell. This is important for WS2 due to the complex nature of the

band structure, as seen in Figure 2.5. Therefore, larger supercells are needed to

ensure that important k points that are responsible for the dispersion curves of the

band structure are included. In the case of WS2, theK point for the monolayer and

the Q point in the bilayer must be folded into the Γ point. All k point calculations

were performed using a Monkhorst-Pack grid.82

All hybrid DFT calculations were conducted using Γ point calculations,

as k point sampling for the non-local XC functional had not been fully integrated

into CP2K at the time of these calculations.

3.2.7 Auxiliary Density Matrix Method

The auxiliary density matrix method (ADMM) enhances the computational

efficiency of hybrid functionals by employing an auxiliary basis set with reduced

numerical complexity to compute the non-local Hartree-Fock component.

However, this approach may induce errors, as the less comprehensive basis set

may not adequately represent the density of the system being analysed. To

mitigate this error, a correction is applied based on the difference between the

exchange energy calculated using the PBE exchange-correlation functional on the

original and the auxiliary basis sets:

EHF
x [n] = EHF

x [n̂] + (EHF
x [n]− EHF

x [n̂])

≈ EHF
x [n̂] + (EPBE

x [n]− EPBE
x [n̂]), (3.17)

3 63



Interfaces between 2D materials and dielectrics Katherine Milton

where n is the density of the original basis set, n̂ is the density with the auxiliary

basis set.

3.3 Ab initio Molecular Dynamics

DFT is primarily used as an optimisation method for determining the static ground

state of a system. However, this approach does not account for the range of

configurations and energy landscapes accessible at finite temperatures, nor does it

capture the time evolution of the system.

To address these limitations, ab initio molecular dynamics (AIMD) can

be employed to simulate the dynamic behaviour of systems over time. AIMD

calculates intermolecular forces on the fly using first-principles electronic structure

methods, avoiding the need for pre-fitted potentials as used in classical molecular

dynamics (CMD). However, the computational cost of AIMD is significantly higher

than CMD, limiting its applicability to smaller systems and shorter time scales.

Common AIMD methods include Car-Parrinello molecular dynamics and Born-

Oppenheimer molecular dynamics (BOMD), with the latter being the focus of this

thesis.

In BOMD, the electronic and nuclear motions are decoupled through the

Born-Oppenheimer (BO) approximation. This decoupling of nuclear and electronic

motion allows BOMD to avoid solving the time-dependent Schrödinger equation for

the entire system. Instead, the method propagates nuclear motion by evaluating

the forces acting on the nuclei at each time step using the Hellmann-Feynman

theorem. At each time step, the system is assumed to be in the electronic ground

state, and a SCF method is used to iteratively solve for the electronic wavefunction

Ψ0 that minimises the total energy. Therefore, the force acting on the nuclei is

expressed as:

MIR̈I(t) = −∇RI
(Ee(R) + VNN(R)). (3.18)

Where Ee(R) is the electronic energy for a fixed nuclear configuration, and VNN(R)
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is the nuclei-nuclei Coulomb repulsion, MI is the mass of the nucleus, and R̈I(t)

is the acceleration. The force (FIe) from the electronic contribution is given by:

FIe = −∇I minΨ0⟨Ψ0|He|Ψ0⟩, (3.19)

Where He is the electronic Hamiltonian. This equation is solved using DFT to get

the ground state at the fixed nuclear position. Subsequently, the time evolution

of the system is then determined using classical equations of motion.

To update the nuclear positions based on the calculated forces, it is

essential to integrate the motion of atoms over time. Integration is performed by

discretising time into small timesteps (∆t), during which the positions and

velocities of the nuclei are updated. A commonly used approach for this is the

velocity-Verlet algorithm (Equations 3.20-3.21), which efficiently propagates

nuclear motion using the computed forces.

RI(t+∆t) = RI(t) + νI(t)∆t+
FI(t)

2MI

(∆t)2, (3.20)

νI(t+∆t) = νI(t) +
FI(t) + FI(t+∆t)

2MI

∆t. (3.21)

Where RI is the nuclear position, νI is the nuclear velocity. After updating the

nuclear positions to RI(t + ∆t), the electronic structure is recalculated. The

electronic structure is recalculated at each step via SCF methods, such as DFT.

Further details on the BOMD implementation of AIMD can be found in refs83,84.

3.3.1 NVT ensemble and Thermostats

AIMD simulations can be performed using various statistical ensembles, such as the

NPT (constant number of particles, pressure, and temperature) or NVT (constant

number of particles, volume, and temperature) ensembles. In this thesis, we focus

on the NVT ensemble because it allows precise control of the temperature while

maintaining a constant volume, which is suitable for simulating both solid and
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liquid materials. The temperature control in NVT simulations is achieved through

the use of thermostats. Thermostats regulate the temperature by adjusting the

velocities of particles, which directly affects the kinetic energy, as described by the

relation:

T (t) =
2

3NkB

1

2

∑
i

miṘ
2
i (t), (3.22)

where T (t) is the instantaneous temperature at time t, N is the number of degrees

of freedom, kB is the Boltzmann constant. In this case, the temperature is defined

as T = ⟨T (t)⟩.

In this work, we employ the Nosé-Hoover thermostat, which functions as

a heat bath by introducing a friction-like term, ξ, that alters the velocities of

particles. The equation of motion in this system is expressed as follows:

Mi
d2Ri

dt2
= Fi − ξMi

dRi

dt
, (3.23)

where Mi is the mass of the particle i, Ri is its position, and Fi is its force. The

friction-like term, ξ, evolves over time according to the equation:

dξ

dt
=

1

Q
(

K

Ktarget

− 1). (3.24)

Here Q is a parameter that controls the strength of the thermostat coupling, and

Ktarget is the target kinetic energy corresponding to the desired temperature. The

variable ξ adjusts the velocities of particles to regulate temperature fluctuations,

smoothing them over time by scaling the system’s velocities accordingly.

3.4 Time Dependent Density Functional Theory

DFT, established by the Hohenberg-Kohn theorem, is a ground-state formalism

that cannot inherently account for dynamic phenomena, such as optical transitions,

due to its static nature. To address such dynamical processes, Time-Dependent
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Density Functional Theory (TDDFT) was introduced by Rünge and Gross as an

extension of DFT.85 TDDFT enables the calculation of the optical absorption

spectrum of materials by incorporating time-dependent effects.86,87

Unlike traditional DFT, which is grounded in a variational principle

optimising the ground-state energy, TDDFT lacks a corresponding variational

framework, as its formalism addresses time-evolving systems. There are a

number of ways to address this, but here we will focus on the linear response

method for solving the time dependent Kohn-Sham (TDKS) equations as CP2K

uses this methodology.

In linear-response TDDFT, the system is subjected to a small,

time-dependent external perturbation, denoted as δνext(r, t) which induces a

change in the electron density δnext(r, t). The TDKS equations are then

linearised to relate the change in the electron density to the perturbing potential

via the density response function χ(r, r’, ω), which characterises how the electron

density at position r and frequency ω responds to a perturbation at position r’.

The non-interacting density response function is written as:

δn(r, ω) =

∫
d3r1d

3r2χ0(r, r’, ω)δνKS(r’, t). (3.25)

The non-interacting response function χ0 is given by:

χ0(r, r’, ω) =
∑
i,j

(fi − fj)ψi(r)ψ
∗
j (r)ψj(r’)ψ

∗
i (r’)

ω − (ϵj − ϵi) + iη
, (3.26)

here, f are occupation numbers and ϵ are KS orbital energies.

To account for particle-particle interactions, the Dyson equation is

employed, which introduces the exchange-correlation kernel fXC to capture these

effects. The Dyson equation is written as:
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χ(r, r’, ω) = χ0(r, r’, ω) +

∫
d3r1d

3r2χ0(r, r1, ω)fXC(r1, r2, ω)χ(r2, r’, ω). (3.27)

To solve the Dyson equation, we reformulate it as an eigenvalue problem

using the Casida formalism creating a matrix. This matrix can then be solved

by the Tamm-Dancoff Approximation. Further details on this can be found in

references85–87. While this approximation reduces computational complexity, it

may introduce errors in the description of correlated excitations and low-energy

states. However, it remains a viable method for accurately capturing neutral

excitations at a lower computational cost.

3.5 Nudged Elastic Band

To understand the barriers between different defect configurations and reactions,

it is essential to investigate the potential energy surface (PES) of the system. The

PES allows for an analysis of the energy required for the transition between initial

and final states, enabling the calculation of the reaction barrier. To identify the

most feasible route, specifically the minimum energy pathway (MEP) between the

two configurations, the nudged elastic band (NEB) method is applied. The NEB

begins with a linear interpolation of the positions of the initial and final states,

producing a specified number of images along this interpolation; in this work, 7

images were chosen. In the MEP, the forces acting on the atoms are such that

any component perpendicular to the pathway is minimised to zero, ensuring the

images remain on the path. As a result, the only non-zero force is directed along the

MEP, representing the energy gradient that drives the transition. The maximum

of this path is the saddle point or transition state. A spring constant is introduced

to connect each image into a path. To ensure that the fictitious spring forces

between the images do not interfere with the convergence to the MEP, a projection

scheme is applied. Specifically, the spring force is constrained to act only along the

tangent to the pathway connecting the images, while the perpendicular component

of the true force is used to refine the path. This approach effectively decouples
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the spring forces from the true forces, allowing the spring forces to control the

distribution of images along the path without influencing its shape. By minimising

the perpendicular component of the true force acting on each image, this method

facilitates convergence to the MEP while ensuring an even distribution of images

along its length. This results in the force on each image of:

Fspring
i∥ = k(|Ri+1 −Ri| − |Ri −Ri−1|)τ̂i, (3.28)

where k is the spring constant and τ̂ is the normalised local tangent at image i.

However, while the NEB method provides a good approximation of the

MEP it does not guarantee that the highest energy image will converge to the

saddle point, or transition state, which is crucial for accurately determining the

energy barrier between the initial and final states. To address this limitation, the

climbing-image NEB (CI-NEB) method is employed.88 In the CI-NEB approach,

the highest-energy image along the path is identified and, after a number of

ordinary NEB iterations, the force is modified. The parallel component of the

true force is inverted, driving the image uphill along the energy surface, while the

perpendicular component of the true force ensures it remains on the MEP. This

adjustment systematically moves the highest-energy image toward the saddle

point, ensuring rigorous convergence while preserving the accuracy of the MEP.

3.6 Practical Interface Considerations

3.6.1 Lattice Mismatch Strain

In solid interfaces, it is common for the materials involved to exhibit different

lattice constants, leading to strain at the interface under experimental

conditions.59 This strain can be further intensified in theoretical simulations,

particularly when employing methods such as DFT and AIMD using periodic

boundary conditions. The limited number of atoms typically included in such

calculations tends to exacerbate lattice mismatches and associated strain effects.

Strain is defined as:
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S =
a− a0
a0

× 100%, (3.29)

where a is the strained lattice parameter, and a0 is the unstrained lattice

parameter.

For this thesis, we are considering an underlying substrate, SiO2, with

WS2 exfoliated or grown on top. Given that WS2 is a 2D material with a high

degree of flexibility, it is expected to be strained in order to conform to the lattice

parameters of the underlying SiO2 substrate. For the construction of the interface

models, we adopt the lattice vectors of the SiO2 substrate, as depicted in Figure

3.1a. Two distinct approaches can be employed to adapt WS2 to these lattice

vectors: the slab model and the cluster model, illustrated in Figures 3.1b and

3.1c, respectively.

In the slab model, various strategies can be implemented to minimise

artificial lattice strain within the computational system. One such approach

involves rotating and optimising the alignment of the two materials in a slab

configuration, which can reduce lattice mismatch at the interface. However,

achieving a significant reduction in strain often necessitates larger simulations,

leading to increased computational expense. If the residual strain is not

adequately mitigated, it may adversely affect the material properties at the

interface. A key advantage of the slab model lies in its ability to simulate the

materials as infinite layers through the use of periodic boundary conditions,

thereby eliminating artificial edges or self-interaction effects. This approach is

particularly valuable for studying bulk properties of WS2, as it enables a faithful

representation of the interface in bulk-like environments.

An alternative approach to modelling the interface is the cluster-based

calculation method (Figure 3.1c). In this model, periodic boundary conditions

are applied such that it fits the lattice of one material—typically the underlying

substrate. The second material, such as WS2, is modelled as a flake that does

not extend to the boundaries of the simulation box, thus creating an isolated

cluster. This approach allows for the semiconductor material to be calculated
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Figure 3.1 Possible models for the SiO2/WS2 interface. The black lines indicate
the super cell boundaries under periodic boundary conditions. a) WS2 aligned on
a SiO2 substrate without strain, showing a lattice mismatch between WS2 (a0)
and SiO2. b) Slab model of the interface, where WS2 is subjected to tensile strain
so that its lattice parameter a matches that of SiO2. c) Cluster model of the
interface, where a small WS2 cluster is placed in the centre of the simulation box
to prevent interactions with periodic images.

without the imposition of strain. Additionally, the flexibility of the flake geometry

facilitates optimisation of the interface by enabling rotation and translation of the

flake across the substrate until the system reaches an energy minimum. However,

the introduction of edges in the top layer complicates the analysis, as these edge

effects may alter the interface properties. Moreover, passivation of the flake edges

adds additional complexity to the model. To accurately represent the interface and

capture the influence of the flake edges, the size of the cluster must be sufficiently

large. Furthermore, due to the periodic boundary conditions, image interactions

must be taken into account, requiring a large simulation cell to prevent interactions

between flakes in adjacent periodic images.

For the purposes of this work, the slab-based interface model has been

selected as the primary method of investigation. The WS2 unit cell was converted

to an orthorhombic cell to reduce strain.

To verify that the orthorhombic cell accurately represents WS2, the

properties of WS2 in its hexagonal primitive cell were initially examined to

establish a reference for the pristine, unstrained system in vacuum using the

PBE(D3) XC functional. The band structure for this can be seen in Figure 3.2a.
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As expected, a direct band gap of 1.93 eV is calculated.

WS2 in the orthorhombic cell was then investigated to understand how the

change of the unit cell and consequently the Brillouin zone affects the band gap. I

note that the number of bands differs based on the number of atoms per unit cell,

with hexagonal cells having three atoms and orthorhombic cells having six. The

band gap of the orthorhombic unit cell is calculated to be 1.95 eV. As expected,

the band gap is also direct; this is seen in Figure 3.2b. The band gap is 0.02 eV

higher in the orthorhombic cell than in the hexagonal. This is a minor difference,

indicating that the band-gap values will only have a minor error when the cell is

changed to an orthorhombic cell.

Finally, the orthorhombic cell was then investigated under strain. To fit

the underlying SiO2 substrate 2.62 % strain (compression) was introduced in the

a direction and -5.69 % strain (tension) in the b direction. The indirect band gap

is 2.02 eV, and the direct band gap is 2.04 eV (Figure 3.2c). These two points

are close together, both in value and in k-space, so there is a minimal difference

between the indirect and direct band gaps. The band gap has a small increase

of 0.07 eV compared to the orthorhombic cell and by 0.09 eV compared to the

hexagonal cell. Therefore, the introduction of artificial strain into the WS2 makes

the interface structure acceptable.

3.6.2 Averaging Water Configurations

The core issue addressed in this thesis is the influence of confined water at the

SiO2/WS2 interface. Unlike solid-state crystalline systems, liquid-phase systems

exhibit no single global minimum energy. At room temperature, the system

changes dynamically, evolving through numerous configurations over time.

Consequently, to accurately assess the impact of water at the interface, it is

essential to explore multiple configurations and obtain an averaged

representation of the interfacial properties.

To achieve this, AIMD is employed, as described in the previous

subsection. While the PBE functional was used for the AIMD simulations, it is

well known to underestimate band gaps. To address this limitation, single-point
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(a) (b)

(c)

Figure 3.2 WS2 band structure for: a) pristine WS2 using a primitive hexagonal
unit cell; b) pristine WS2 with an orthorhombic unit cell; c) strained WS2 with
an orthorhombic unit cell. The red circles indicate the lowest energy difference
between the valence and conduction bands. If the lowest energy is an indirect
band gap, the direct band gap is shown by a blue square.

energy calculations were performed on snapshots extracted from the AIMD

trajectories using PBE0-TC-LRC XC functional, maintaining frozen geometries.

These snapshots were taken every 0.5 ps for a 12.5 ps production run, resulting

in a total of 26 snapshots, which provided a representative average while allowing

sufficient time for water molecule movement between frames. Ideally, a longer

interval between snapshots would be preferred to ensure complete decorrelation

of configurations; however, the computational limitations inherent in AIMD

constrain the achievable timescale.

This methodology section primarily focuses on the theoretical background

of the methods. The analysis and application of additional methods are addressed

in the methodology sections of the relevant chapter.
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Chapter 4

Oxygen Vacancies in

α-Cristobalite SiO2

As outlined in Chapters 1 and 2, SiO2 is an essential dielectric material in

electronic devices. α-cristobalite (α-C), a polymorph of silica, is frequently

employed as a substitute for amorphous SiO2, particularly in computer

simulations of SiO2 surfaces and interfaces.89–91 However, limited knowledge

exists regarding the properties of α-C and its fundamental oxygen defects.

Defects present in SiO2 can influence the performance of electronic devices, as

discussed in Chapter 2. Since the α-cristobalite phase of SiO2 serves as a proxy

for amorphous silica surface in my models, understanding the defects within the

system can enable us to accurately model potential defects at the interface,

leading to a more comprehensive and realistic representation of the interface’s

functionality.

This chapter will begin with an introduction to α-C, expanding upon the

background of oxygen vacancies discussed in Chapter 2. I then use DFT

simulations to study the properties of the pristine structure and oxygen vacancies

in α-C. The calculated properties of pristine α-C and its oxygen vacancy defects

are compared with those of the better-characterised α-quartz (α-Q). My results

demonstrate that the positively charged O vacancy in α-C is most stable in the

dimer configuration, in contrast to α-Q which favours the puckered configuration.
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A back-projected configuration is also predicted in both polymorphs. This work

thus offers one of the first in-depth investigations of the properties of oxygen

vacancies in α-C.

4.1 Introduction

Oxygen vacancies are among the most basic defects in oxide crystals, and their

properties affect and control the performance of oxides in technology. Defects in

SiO2 have long been the focus of many-electron calculations using quantum

chemistry28,34,92 and periodic DFT2,27,93–95 due to their importance in numerous

applications, including microelectronics, catalysis, fibre optics, and dosimetry.

These calculations have demonstrated that oxygen vacancies in SiO2 distinguish

themselves from other oxides in at least two accounts: 1) the number of different

configurations they adopt, and 2) significant distortions they are capable of

exerting on the surrounding lattice. Both of these properties are due to the

extraordinary flexibility of the SiO2 network. Oxygen vacancies in silica are best

studied experimentally in α-Q and amorphous SiO2 (a-SiO2) where they have

been experimentally shown to be stable under many conditions and have at least

two (+1 and 0) accessible charge states25. It is important to note that I have

broadly referred to various types of silica glass and amorphous silica films as

a-SiO2. Although there are subtle differences, these do not affect the discussion.

On the other hand, theoretical calculations have predicted the existence

of five charge states of the O vacancy in α-Q and a-SiO2 (with defect charges

ranging +2 ...0 ...-2)35,95–98, as well as more than eight different geometric

configurations for the +1 charge state vacancy in a-SiO2 (see, refs.2,28). When

transforming between these charge states and configurations, O vacancies in SiO2

undergo lattice relaxation with atomic displacements often exceeding 0.5 Å 28, in

excess of typical displacements in other oxides (0.1 – 0.3 Å 99). The abundance

of predicted configurations of positively charged vacancies in a-SiO2 results from

different short and medium range order environments surrounding oxygen sites

due to disorder.
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Quite extraordinary, SiO2 is one of those materials where some of the

experimentally suggested defect configurations have never been verified

theoretically (e.g. the so-called E ′
δ centre in a-SiO2

38) and a large number of

theoretically predicted defect configurations and charge states have not yet been

identified experimentally. This huge gulf between theory and experiment is in

part caused by high energies and instability of some defect configurations and by

difficulties in experimental measurements and interpretation. The uncertainty in

the verification of theoretical predictions undermines current attempts to employ

machine learning to predict defect structures in solids (see ref.100) and

particularly in amorphous SiO2
101.

One of the longest controversies concerns the existence of the so-called

”dimer” configuration of the +1 charge state of O vacancy in SiO2. This simple

configuration has been predicted by most theoretical calculations of α-Q and

a-SiO2 but never observed experimentally, despite numerous attempts (see an

overview in ref.38). This is likely due to the small barrier for its transformation

into the more complex dangling bond configuration of O vacancy also known as

the ”puckered” configuration (see details in Chapter 2.1.2). Since the existence

and stability of both configurations is strongly affected by the short and medium

range environment of O sites in SiO2, one could gain additional insights from

investigating these defects in other crystalline SiO2 polymorphs. However,

surprisingly little is known about the properties of O vacancies in other stable

silica polymorphs, such as α-C or tridymite. Samples of these polymorphs are

much less abundant and often much more contaminated with impurities than

those of α-Q.102,103 Therefore, theoretical calculations are often the only way to

shed light on their properties and provide the information required to identify

defects in these polymorphs.

4.1.1 Properties of α-cristobalite

Tetragonal α-C has a structure similar to α-Q with rings of the same size in both,

but α-C has a much lower density (see Fig. 4.1). It is present in various planetary

materials, e.g. lunar and Martian rocks104 and meteorites.105 On the Earth, it
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occurs as a metastable phase in many geological settings, for example as crystals

deposited from vapour within the pores of volcanic rocks.106 Most data on this

silica phase have been obtained from geochemical analysis of volcanic rocks where

α-C crystals or paracrystals are found with a mixture of silica phases, such as opal-

CT.107–109 Extensive studies on the effect of pressure on α-C have contributed to

the understanding of this phase110–116. Several earlier computational studies of

α-C focused mainly on producing a complete data set of silica polymorphs and

lack detailed characterisation of α-C itself.117–120

(a) (b)

Figure 4.1 Pristine structures of SiO2 in different phases, viewed along the a
axis. Yellow atoms correspond to Si, red atoms correspond to oxygen atoms. (a)
α-cristobalite structure; (b) α-quartz structure. Both phases are on the same scale
as α-quartz has a smaller unit cell than α-cristobalite.

Quite independently of its geochemical and mineral interest, α-C is popular

in theoretical calculations of silica as a mimic of the bulk and surface properties

of amorphous silica91,121,122, as both have very similar densities and structural

characteristics (e.g., see discussion in refs.123). In particular, Emami et al.124 have

shown that the α-C (101̄) surface has a similar silanol group density to a-SiO2.

This makes α-C a good model for the a-SiO2 surface structure without the need for

computationally demanding melt-quench methods to produce theoretical models

of a-SiO2 surface structures. Therefore, interfaces of α-C with water125,126 and

with solids have been calculated extensively.89–91

In α-C, all Si positions are equivalent, so the distinction of SiS and SiL
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cannot be made, as in Chapter 2 Figure 2.3. However, as E ′ centres will be

investigated in both, the Si atom involved in the back bonding must be labelled.

To distinguish α-C as separate from the α-Q SiS notation, a new labelling is

introduced, where SiA is the Si involved in the back bonding (SiL equivalent)

and SiB is the other Si at the oxygen vacancy (SiS equivalent). For the sake of

comparison, α-Q will also be labelled in the same way, see Fig. 4.2.

(a)

(b)

Figure 4.2 Local pristine structures of a) α-cristobalite with two connected
tetrahedrons and b) α-quartz with two connected tetrahedrons with a ring
containing back bonding OB. In α-quartz, SiA and SiB are not equivalent, but
in α-cristobalite they are equivalent. The SiA and SiB notations are therefore used
to distinguish the Si atoms in defects which are later introduced to the pristine
structure, more detail can be found in the text.

In this work, I focus on calculating properties of O vacancies in α-C,

which is a high-temperature and low-pressure silica polymorph. It has a less

dense structure than α-Q (see Fig. 4.1) with larger rings close to a-SiO2

structures. There are no theoretical studies of the O vacancies in α-C. By

comparing my results for α-C with those for α-Q and a-SiO2 I hope to better

understand the vacancy structure and guide experimental studies of their

identification in α-C. In particular, I am interested in comparing the stable

configurations of positively charged O vacancies in both crystals. Furthermore,

α-Q serves as a reliable benchmark for assessing the accuracy of the α-C results.

My results demonstrate that the positively charged O vacancy in α-C is
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most stable in the dimer configuration, whereas α-Q favours the puckered

configuration. Additionally, a back-projected configuration is also predicted for

both polymorphs. I calculate the optical transition energies and isotropic

hyperfine constants for oxygen vacancies in both α-Q and α-C, and I compare

my findings with the results of previous studies utilising molecular clusters92 and

experimental data. This work provides one of the first comprehensive analyses of

the properties of oxygen vacancies in α-C.

4.2 Methodology

In this Chapter, I compare properties of O vacancies in two SiO2 polymorphs,

α-Q and α-C. Most previous calculations of α-C used molecular cluster models,

or local DFT functionals and small periodic cells. In contrast, I use periodic

DFT calculations with a hybrid functional and large periodic cells to predict more

accurately the structure, electronic, EPR, and optical absorption properties of

positively charged, neutral, and negatively charged O vacancies in α-C. These

results are compared with those obtained in α-Q and amorphous silica.

Calculations were carried out using DFT implemented in CP2K software

package using a Gaussian Plane Wave method.80 A 324 atom 3×3×3 supercell of α-

C and a 260 atom 3×3×3 supercell of α-Q were used. All calculations were carried

out at the Γ-point of the Brillouin zone. Double-ζ Gaussian basis sets127 were used

with the GTH pseudopotential.81 Plane wave cutoffs were set to 650 Ry (8844 eV)

with a relative cutoff of 70 Ry (952 eV). The Broyden–Fletcher–Goldfarb–Shanno

algorithm (BFGS) was used to minimise the force on the atoms to 0.0001 a.u

(0.005 eV) Å -1.128

PBE was used to optimise the cell parameters and atomic positions in all

calculations.129 The optimised structures from the PBE calculations were then used

as input for the calculations with the non-local XC functional PBE0-TC-LRC.79

These PBE0-TC-LRC calculations had an exchange interaction cutoff of 2 Å and

a Hartree-Fock exchange of 25%. To reduce the computational cost of non-local

functional calculations, the ADMM was used.130 The same GTH pseudopotentials
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and plane wave cutoffs were used in both the PBE and PBE0-TC-LRC calculations.

The defect formation energy Ef [Xq] was calculated using:

Ef [Xq] = Etot[X
q]− Etot[bulk] +

∑
i

niµi + q(EV BM + µe) + Ecorr (4.1)

Where Ef [Xq] represents the formation energy of a defect with charge q, Etot[X
q]

i is the total energy of the system containing the defect, while Etot[bulk] denotes

the total energy of the pristine (defect-free) system. The term
∑

i niµi accounts

for the chemical potentials of species added or removed to create the defect, q is

the charge state, EV BM represents the energy of the valence band maximum, and

µe is the Fermi energy, or electron chemical potential. The correction term Ecorr

addresses the finite-size electrostatic errors due to periodic boundary conditions,

typically employing the Makov-Payne correction, as outlined in prior literature131.

Chemical potentials for species were derived from calculations of the same cell size

as the defect-containing system.

NEB calculations were performed using the CI-NEB method, as described

in Chapter 3.88

Optical absorption (OA) energies were calculated using the CP2K

implementation of the TD-DFT, which does not include long range

correction.132,133 The truncation cutoff of the PBE0-TC functional was increased,

making the function more alike to the PBE0 XC functional.134 This was used

with an enhanced TZVP-MOLOPT-GTH basis set, as the

DZVP-MOLOPT-GTH basis sets did not accurately calculate the optical

absorption peak energies. The local structure of the defect was re-optimised with

these new parameters.

Positively charged vacancies are paramagnetic and are characterised

using Electron Paramagnetic Resonance (EPR). This work was done by Thomas

R. Durrant. To calculate the hyperfine EPR constants of defects, all-electron

calculations were performed using CP2K and a Gaussian and Augmented Plane
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Wave basis.135 For these all electron calculations, pcJ basis sets were

employed.136 The EPR properties were then calculated within the framework of

the density functional perturbation theory.137

4.3 Results of Calculations

4.3.1 Pristine crystals

First, I compare the properties of α-C and α-Q to understand the underlying

structural differences that could contribute to any deviation in the stability of

oxygen vacancies. As seen in Table 4.1, the calculated α-C and α-Q structures in

this work are close to the experimental values. The space group of α-C is P41212

with all lattice angles equalling 90◦. α-Q has a right-hand crystallisation P3221

space group with lattice angles α=β=90◦ and γ=120◦.

The band gap width of α-Q has been studied in more detail than for α-

C. The early experimental works by Bart et al.138,139 shown a range in band gap

values in α-Q of 8.6−9.5 eV, depending on the surface structure of α-Q. The bulk

experimental band gap values have been then determined to be 9.65 eV by Garvie

et al.140,141 A close value has also been calculated with high-level theories, such as

quasi-particle self-consistent GW.142

Earlier calculations using the PBE0-TC-LRC XC functional (also used in

my work) have predicted the single-electron α-Q band gap at 8.6 eV.143 Although

this value corresponds well to Bart et al.138,139 it is expected to be an underestimate

of the bulk SiO2 value. This underestimate is also seen in my work, with a α-Q

band gap of 8.5 eV.

The band gap values for α-C are only known from theoretical work and

depend on the XC functional used. Higher-level XC functionals increase the

accuracy of the band gap. The highest level theory calculation found in the

literature was using a meta-GGA XC functional to produce a single-electron

band gap of 8.54 eV,118 consequently, this value will be used for comparison.

Using the PBE0-TC-LRC XC functional I calculated the band gap to be 8.57 eV,
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similar to the meta-GGA functional. Other lower levels of theory produced band

gap values in the range of 5.5−10.3 eV117,119,144–146.

The geometry of the two phases shows that the Si-O-Si bond angles of

α-C are larger than in α-Q. This indicates that α-C has a more open and flexible

structure than α-Q, leading to a lower density compared to α-Q. This is seen in

Figure 4.1, where the large rings in α-C can be clearly seen. In addition, the

Si-O bond lengths of α-C are slightly shorter than in α-Q; this may mean that

any distortion introduced into α-C will introduce more strain as the bonds will be

perturbed to a greater extent.

The calculated density of α-C (2.35 g/cm3) and a-SiO2 (2.20 g/cm3) shows

a difference of 0.15 g/cm3, thus the band gaps are expected to differ with a lower

density indicating a lower band gap value, as based on experimental literature.147

However, El-Sayed et al.148 calculated a band gap value of 8.9 eV for a-SiO2 using

the hybrid HSE06 XC functional, while experimental band gap values of a-SiO2

range from 8.9-9.7 eV.140,149–151

In summary, a comparison of the calculated α-Q band gap to the

experimental and high-level theory data shows that the α-Q band gap is likely

underestimated in this work. Therefore, it is assumed that the α-C band gap is

also underestimated. The geometries of the two phases are close to previously

observed and calculated results. α-C has a less dense structure with large open

rings, but the shortened Si-O bonds may mean distortions introduce more strain

than with α-Q.
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Table 4.1: The structural properties of α-cristobalite and α-quartz compared to
the previous experimental and theoretical literature. The geometric structure is
also shown, with the band gap separated at the end of the table. All bond lengths
and lattice vectors are in Å, all angles are in degrees (◦), the density is in g/cm3,
and the band gap is in eV.

Parameter
α-Cristobalite α-Quartz

This Work Literature
Data

This Work Literature
Data

Lattice
Vectors
a=b 5.05 4.97152 4.93 4.91153

c 7.08 6.93152 5.43 5.40153

Bond length
SiA-O 1.604−1.609 1.600−1.607152 1.608 1.604153

SiB-O 1.604−1.609 1.600−1.607152 1.612 1.613153

Bond Angles
O-Si-O 108−111.8 108.1−111.3154 109.2−110.5 109.0−109.5153

Si-O-Si 150−153 146.6152 144.8−145.1 143.7153

Density 2.35 2.18−2.37118,119 2.41 2.47−2.70118,119,155

Band gap 8.57 8.54118 8.5 9.65140

References118,119,155 are the results of theoretical calculations.

References140,152–154 are experimental data.

4.3.2 Oxygen Vacancies

Three charge states of oxygen vacancies were investigated in both α-Q and α-C

in different configurations: neutral Si-Si dimer (V 0
O), negative Si-Si dimer (V −

O ),

positive Si-Si dimer (E ′
di), puckered (E ′

puck) and back-projected (E ′
bp)

configurations. The structures and highest occupied molecular orbitals (HOMOs)

of these defects are shown in Figs. 4.3 and 4.4. The short-range geometric

parameters of the four configurations are summarised in Tables 4.2-4.3 in

conjunction with Figs. 4.3 and 4.4. Below I discuss their geometric, electronic

and optical properties in more detail.

4.3.2.1 Geometric structure and stability

Neutral vacancies

Neutral O vacancies in SiO2 are characterised by the formation of a Si–Si

bond sharing two electrons, which is accompanied by significant displacement of
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(a) (b) (c)

Figure 4.3 Square modulus of the wavefunction of the highest occupied state in
the studied dimer oxygen defects in α-C shown in purple, the isosurface shown is
|0.1|. Yellow atoms are silicon and red atoms are oxygen. (a) V 0

O neutral dimer
configuration. (b) E ′

di, positive dimer. (c) V −
O , negative dimer.(a-c) are general

HOMOs applicable to either α-cristobalite or α-quartz.

(a) (b)

(c)

Figure 4.4 Square modulus of the wavefunction of the highest occupied state in
the studied oxygen E ′ defects shown in purple, the isosurface shown is |0.1|. Yellow
atoms are silicon and red atoms are oxygen. (a) E ′

puck, α-quartz puckered, forward
projected; (b) E ′

bp, α-cristobalite, back projected; (c) E ′
bp, α-quartz, puckered,

back projected.

two Si atoms in the direction of the vacant O site (see Fig. 4.3a and Tables

4.2-4.3). Comparing to pristine structures, the formation of V 0
O is accompanied

by a decrease in the distance between the two Si atoms by 0.81 Å and 0.69

Å for α-C and α-Q, respectively. The character of electron localisation between

the two Si atoms, forming the bond is seen in Fig. 4.3a.
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Table 4.2: The formation energies of defects in α-C and the bond length
(Å) between the atoms surrounding the oxygen vacancy: SiA, SiB, OB and O
surrounding the SiA/B atoms in α-C. The range − of the SiA/B-O lengths shows
that bond lengths slightly differ due to asymmetries in the relaxation around the
defect. The atoms and labelling conventions are described in Figs. 4.2, 4.3 and
4.4.

Bond pristine V 0
O E ′

di E ′
bp V −

O

SiA-SiB 3.11 2.38 2.88 4.59 2.39
SiA-OB 5.31 5.54 5.22 4.83 5.63
SiA-O 1.61 1.61−1.63 1.57−1.58 1.62−1.63 1.67−1.70
SiB-O 1.61 1.62−1.63 1.57−1.58 1.54−1.55 1.67−1.71

Formation
Energy
(eV)

0 5.14 3.67 4.39 12.91

Table 4.3: The formation energies of defects in α-Q and the bond length
(Å) between the atoms surrounding the oxygen vacancy: SiA, SiB, OB and O
surrounding the SiA/B atoms in α-Q.

Bond pristine V 0
O E ′

di E ′
puck E ′

bp V −
O

SiA-SiB 3.09 2.41 3.00 4.45 5.38 2.47
SiA-OB 3.66 4.10 3.71 1.83 1.84 4.07
SiA-O 1.61 1.63 1.58 1.62 1.61−1.64 1.69−1.73
SiB-O 1.61 1.62 1.57 1.58 1.57−1.59 1.66−1.68

Formation
Energy
(eV)

0 5.37 3.59 3.36 3.80 13.14

Positively charged vacancies

Some of the ways of creating positively charged vacancies in SiO2 are via

hole trapping or by electronic excitation and ionisation of neutral vacancies. Both

are complex processes that can lead to significant reorganisation of the surrounding

lattice due to strong electron-phonon coupling. In static calculations presented

here, positive charging of a periodic cell leads to hole trapping on the Si–Si bond

and the SiA-SiB distance increase compared to the V 0
O defect by 0.46 Å and 0.59

Å for α-C and α-Q, respectively (see Tables 4.2-4.3). If no further reorganisation

occurs, this configuration of the positively charged defect is named E ′
di. The Si–Si

bond is significantly weakened due to the loss of an electron and the consequent
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reduction in bonding order between the two silicon atoms (see Fig. 4.3b) and due

to asymmetry of the lattice structure, more defect configurations are possible.

One such an asymmetric configuration in α-Q was discovered in refs.34,35

where SiA in Fig. 4.2b relaxes through the plane of its three back-bonded oxygens

and makes a bond with the so-called back oxygen OB, as shown in Fig. 4.4a. This

Si atom carries a hole and SiB carries a strongly localised unpaired electron. This

configuration has also been predicted to be stable in some sites of a-SiO2 (see

discussion in ref.36) and is commonly called the puckered configuration, therefore,

I label it as E ′
puck.

The E ′
puck configuration has the largest SiA-SiB distance due to the

puckering of SiA through the plane of O atoms, as seen in Fig. 4.4a, and this

distance is close to the literature values27,28,156. This configuration is 0.23 eV

lower in energy than E ′
di. The CI-NEB calculated adiabatic barrier between the

two configurations is 0.26 eV. Similar results were also found in40,93. In

particular, the results presented in ref.40 demonstrate the dependence of the

barrier height on the size of the crystal region allowed to relax. The barrier for

the reverse process of conversion from E ′
puck configuration back to the dimer is

0.49 eV, which is in good agreement with previous calculations27.

The structure of α-C is more symmetric than that of α-Q with SiA and

SiB being equivalent and OB further away from them in the corresponding rings

(see Fig. 4.2a). Therefore, the E ′
puck configuration proved to be unstable in α-

C. However, I found another stable configuration where the SiB, carrying the

unpaired electron, is projected through the plane of its three back-bonded oxygen

ions, as shown in Fig. 4.4b. A similar, so-called ”back-projected” configuration,

E ′
bp, has been found in DFT calculations of amorphous SiO2

2,157. I note that

in this configuration SiA carrying the hole relaxes into the plane of its nearest

oxygen ions. The energy of the E ′
bp configuration is 0.83 eV higher than that of

the dimer. The NEB calculation to determine a barrier between E ′
di and E

′
bp did

not fully converge, but the barrier exceeds 1.0 eV. These results suggest that E ′
di

is the dominant configuration of the positively charged O vacancy in α-C. Below,

I calculate its optical and EPR characteristics which could be used for identifying
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it experimentally.

The E ′
bp configuration is also stable in α-Q (see Fig. 4.4c), but in this

case SiA forms a bond with the back oxygen OB. Therefore, the energy difference

between the more stable E ′
puck and E ′

bp configurations is smaller than in α-C at

0.44 eV. Thus, there are at least three different configurations of positively

charged vacancy in α-Q. The calculated EPR and optical properties of the E ′
puck

configuration are in agreement with the experimental data for the E ′
1 centre in

α-Q35,92 (see also my results below) and this configuration is often associated

with this defect. Below I compare the calculated optical and EPR parameters of

this and other configurations in α-Q and α-C.

Negatively charged vacancies

The flexibility of the SiO2 structure suggests that the lattice relaxation

could promote trapping of an extra electron by a neutral vacancy, as suggested in

earlier calculations35 and then further investigated in references96,97. The results

presented here for α-Q and α-C are broadly in line with those previous calculations.

The extra electron occupies the anti-bonding state shown in Fig. 4.3c. The SiA-

SiB distance remains close to that in the neutral vacancy, but the bonds with the

nearest O ions are elongated due to repulsion with the extra electron, as shown in

Tables 4.2-4.3.

4.3.2.2 Charge Transition Levels

The charge transition levels (CTL) of the O vacancy in α-C and α-Q are compared

in Fig. 4.5. In α-C, the E ′
di centre is the most stable defect at Fermi levels close

to the valence band (VB). The transition from E ′
di to V

0
O (+1 to 0) occurs at 1.64

eV above the VBM, while the transition from the less stable E ′
bp occurs at 0.81

eV. The transition from V 0
O to V −

O (0 to -1) occurs at 8.34 eV, close to the CBM

energy.

On the contrary, the α-Q CTL diagram shows that the E ′
puck
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configuration is the most stable defect near the VB. The +1/0 transition from

E ′
puck to V 0

O occurs at 2.23 eV above the VBM, whereas the transition from E ′
di

occurs at 1.97 eV. E ′
bp is less stable than E ′

di, with a transition at 1.79 eV. The

negatively charged V −
O is more stable in α-Q than in α-C, with a 0/-1 CT at 7.73

eV. The fact that the puckered configuration of the positively charged vacancy is

more stable than the dimer configuration agrees with the results of previous

calculations in α-Q, e.g. refs.27,34,35. However, in α-C positive oxygen vacancies

have not been previously investigated, so the contrast in the stability of E ′
di

highlights the differences between α-C and α-Q structures.

(a)

(b)

Figure 4.5 Charge transition level diagram of oxygen vacancy defects in (a) α-
cristobalite and (b) α-quartz. 0 eV is the valence band maximum and the graph
cuts off at the conduction band minimum. The dotted lines show the charge
transition levels between the different charge states.
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4.3.2.3 Optical Absorption

To understand how these oxygen vacancy defects affect the observable properties of

the two polymorphs, the optical transitions of α-C and α-Q were investigated using

TD-DFT. Due to the CP2K implementation of TD-DFT, the results presented in

this section were calculated using the PBE0-TC XC functional, in contrast with

the other sections where the long-range GGA correction (LRC) was used. PBE0-

TC uses a constant fraction of exact exchange in the short range until a specified

cut-off distance, at which it sets exact exchange to zero. To check whether the

TD-DFT spectra are sensitive to the cut-off used in truncating the exact exchange,

apart from using the 2 Å cut-off, I also used the maximum cut-off for each silica

phase according to the cell size, 6.4 Å for α-Q and 7.5 Å for α-C, respectively.

This ensured that the lack of LRC did not introduce artifacts and also meant that

the XC functional is almost identical to the classic PBE0 XC functional.
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Table 4.4: Optical absorption of oxygen vacancies calculated using different exact
exchange cutoff radii. 2 Å is the cutoff used in geometry optimization. 6.4 Å and
7.5 Å are the highest cutoff points for the phases of α-quartz and α-cristobalite,
respectively. Transition types were determined by the state that had the largest
contribution to the excitation. In the spin-polarized calculations, i.e. positively
charged defects, the α spin channel contributed to a large extent to the transitions.
Transition types are notated by the symmetry of the states, the Si. → Si. indicates
a promotion into the singly occupied dangling bond on the same Si atom.

Cutoff
Radius (Å)

Phase Defect Peak
energy
(eV)

Oscillator
Strength

Transition
Type

7.5 α-C
V 0
O

7.62 0.22

σ → π
7.72 0.20
8.13 0.16
8.4 0.13

E ′
di

7.56 0.12 σ → π
7.72 0.11 σ → π*

6.4 α-Q E ′
puck 6.18 0.12 Si. →

deloc. ring

2
α-C

V 0
O

7.86 0.27

σ → π
7.94 0.19
8.20 0.13
8.48 0.12

E ′
di

6.27 0.15 σ → σ*
7.86 0.12 σ → π

α-Q E ′
puck

6.38 0.14 SiB → SiA
6.43 0.12 Si. →

deloc. ring

The results shown in Table. 4.4 demonstrate the effect of the cut-off radius

on transition energies. I first consider the results for the E ′
puck configuration in α-

Q. In Table 4.4 I only show transitions with oscillator strength exceeding 0.1. The

transitions at 6.18 eV for the 6.4 Å cut-off (and at 6.43 eV for the 2.0 Å cut-off)

have a strong contribution from the localised orbitals on the SiB and atoms in the

surrounding rings. The unpaired electron mixes with the Sipd and Op states of the

surrounding rings, this forms the bottom of the conduction band. The transition

energies are close to the previously calculated values of 5.8-6.1 eV92,158.

The optical absorption in the 5.8 - 6.0 eV region in SiO2 is usually

associated with the E ′ centre and is attributed to its E ′
puck configuration.

Experimental optical absorption spectra in α-Q are quite scarce. Guzzi et al.159
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attribute the 6.08 eV peak measured at 77K to the E ′
1 centre in

neutron-irradiated α-Q. My results at the 6.4 Å cut-off support this attribution.

The nature of electronic excitations responsible for optical absorption of the

E ′
puck centre has been discussed in ref.160 where it has been proposed that it is

caused by electron transfer from SiB to SiA carrying the hole. This model has

been confirmed by DFT calculations in cluster models92,158. However, I observe

significant contribution of the charge transfer transition only at the small cut-off.

The difference in the nature of excitation with the results of refs.92,158 can be

attributed to the much larger size of the periodic cell and more delocalized nature

of the CBM states in my calculations compared to the small cluster calculations

in refs.92,158. However, I note that most optical transition energies are quite

robust with respect to the exchange cut-off value and method of calculation.

Similar trends with respect to the cut-off radius can be seen also for the

V 0
O centre in α-C, the transition energies with the 6.4 Å radius are reduced by

about 0.25 eV with respect to those at 2.0 Å. The main transitions at 7.62 and

7.72 eV are in very good agreement with the absorption peak at 7.6 eV25,159

usually attributed to the ODC(I) defect, where the proposed structure is a

relaxed diamagnetic oxygen vacancy with two electrons localised between two

silica in α-Q and SiO2 glass samples.161–163 The main transition is between the

bonding and anti-bonding σ states localised at the Si-Si bond. The strongly

localised nature of the bond may explain why the predicted transitions for α -C

are so similar to those in α-Q and a-SiO2, as the long-range structure of the silica

may not affect this transition. Two further peaks are seen at 8.2 and 8.48 eV

which can be related to those observed experimentally159 and are due to localised

high-energy π defect states in the conduction band.

The calculated transition energies for the E ′
di configuration in α-C at 7.56

eV and 7.72 eV (see Table. 4.4) overlap strongly with those for V 0
O but have lower

oscillator strengths. Therefore, other data, such as luminescence and EPR spectra

will be required for their identification. I note the similarity with F and F+ centres

in MgO and CaO in this respect, where the absorption spectra of these defects also

strongly overlap (see e.g. ref.164). Below I present the results of my calculations
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for EPR parameters of E ′
di and E

′
puck configurations.

4.3.2.4 EPR parameters

The pseudopotentials used so far in this paper are unsuitable for the calculation

of EPR parameters, and instead computationally expensive all-electron (AE)

calculations must be performed with an expanded basis set suitable for EPR

calculations. This work was conducted by T. R. Durrant. Benchmarking

calculations demonstrated that as the quality of the AE basis set was

systematically increased, the AE optimised geometry tended to the

pseudopotential geometries already obtained. Therefore, the previously

calculated defect geometries were maintained, and then an AE calculation of the

wave function was performed for these geometries. pcJ basis sets were

employed136, which systematically increase in quality from pcJ-0 to pcJ-2.

Table 4.5: Calculated isotropic hyperfine coupling constants employing the
pseudopotential structures and the all-electron wavefunction with the PBE0
functional, as the quality of the pcJ basis sets is systematically improved.

AE basis α-Quartz (mT) α-Cristobalite (mT)
E ′

di E ′
puck E ′

di

Silica SiA SiB SiA SiA SiB
pcJ-0 12.29 10.11 42.25 11.16 10.78
pcJ-1 11.14 8.70 38.96 10.44 10.01
pcJ-2 10.26 8.06 37.46 9.55 9.17

The results of these calculations are summarised in Table 4.5. The isotropic

hyperfine coupling constants were calculated for the considered defects, which

are dominated by Fermi contact interactions and neglect the subtler anisotropic

splittings. As can be seen in Table 4.5, there are significant differences in the

calculated hyperfine couplings between the two configurations E ′
di (in α-C and

α-Q) and E ′
puck (in α-Q), due to the differing degree of electronic localisation in

the two cases. In the E ′
puck configuration, the unpaired electron associated with

the defect state is localised on a single Si, and hence a strong hyperfine coupling

is observed. In contrast, in the E ′
di configuration in both phases, the defect state

is delocalised across two Si atoms, and hence a much weaker coupling is observed.

Although there are important structural differences between α-C and α-Q, my
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results show that they do not significantly affect the resultant EPR parameters.

The very minor difference in the calculated values for the two Si atoms in the E ′
di

defect occurs because the introduction of the oxygen vacancy lowers the symmetry

and the two Si sites are no longer symmetrically equivalent.

I note that the hyperfine coupling constant obtained here for the E ′
puck

configuration in α-Q is in good agreement with 40.15-42.5 mT attributed to the

E′
1 centre32,165. These values for the E ′

di configuration are similar to the 10 mT

seen in the literature for E ′
δ centre166 as well as in calculations of dimer vacancy

configurations96. However, the analysis of experimental EPR spectra of the E ′
δ

centre in silica glass has concluded that this centre has a more complex structure

than the E ′
di configuration described here and in previous calculations.37,38 Since

E ′
di is the only stable configuration of positively charged vacancy in α-C, EPR

measurements for the positively charged O vacancy in α-C offer a unique

opportunity to identify this configuration and verify the theoretical predictions.

4.4 Discussion and Conclusions

Predicting properties of defects in solids is a growing activity involving advanced

DFT calculations and increasingly machine learning. Still, the properties of even

basic intrinsic defects observed in binary oxides, such as SiO2, are not fully

understood. Creating and proving models of defects in solids is still a major

challenge. In this work, I used the O vacancy in α-quartz to calibrate my

computational procedure and test previous predictions using less accurate

methods. I then compared the structure and properties of O vacancies in two

SiO2 crystalline phases, α-quartz and α-cristobalite, to investigate how the

structural difference affects these properties and to find ways to identify the

dimer configuration of the positively charged O vacancy. The optical absorption

spectra of O vacancies in α-C and α-Q were calculated using TD-DFT and

isotropic hyperfine constants were calculated for positively charged configurations

to aid in experimental identification.

The results for neutral and negatively charged vacancies are similar in
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both phases and agree with previous calculations. However, there is a significant

difference in the number and relative stability of configurations of positively

charged vacancies. I found three configurations in α-Q, with E ′
puck being the

most stable followed by the E ′
di and E

′
bp configurations. There are only two stable

configurations in α-C, with E ′
di being much more stable than E ′

bp. This difference

is attributed to the difference in crystal structures and short-range environment

of Si atoms in both phases. The back-projected, E ′
bp, configuration of the

positively charged vacancy has been predicted in previous calculations of O

vacancies in amorphous SiO2, but has not been considered in crystalline phases.

To the best of my knowledge, it has not been attributed so far to any

experimental signal.

The optical and EPR characteristics calculated for the E ′
puck

configuration in α-Q are close to the experimental data for the best-studied E ′
1

centre. Periodic cells used in my calculations are much larger than 72-atom cells

typically used in the past as well as molecular clusters. They better account for

the long-range defect-induced lattice distortions predicted by embedded cluster

models28. However, the optical transition energies are overestimated with respect

to the maxima of absorption spectra observed in α-Q (6.08 eV159) and a-SiO2

(5.8 eV25). TD-DFT shows contributions of both charge-transfer excitations and

those into the states more localised on one Si and the surrounding atoms into

this absorption peak. I note that, although my results in terms of the structure,

relative energies, optical and EPR properties are in line with many previous

studies of the E ′
puck configuration in α-Q, the accuracy of these calculations as

well as experimental optical measurements should still be improved to make a

fully confident attribution.

On the other hand, both the E ′
di and E

′
bp configurations have never been

experimentally identified in either α-Q or a-SiO2. By comparison of hyperfine

constants, earlier theoretical simulations have associated the E ′
di configuration with

the E ′
δ centre observed in a-SiO2

27. However, several experimental EPR studies

ruled out this attribution37,38. The predicted stability of the dimer configuration

in α-C may provide an opportunity to finally observe and investigate it using the
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optical transition energies and hyperfine splittings calculated here.

However, in the pursuit of experimentally validating the E′ centres, it is

notable that the E ′
di and E ′

bp configurations have not yet been identified

experimentally in a-SiO2, despite numerous theoretical predictions. This may

suggest that the oxygen vacancy does not serve as the primary precursor for the

formation of E ′ centres. Experiments using field-dependent recombination of

holes trapped in thermally grown a-SiO2 films with injected electrons167 revealed

that the paramagnetic state of the E ′ centre is not always correlated with the

entity bearing the positive charge. It has been suggested that the positive charge

is protonic in origin. Consequently, the O3 ≡Si–H entity in a-SiO2 has been

suggested as a possible E ′ centre precursor167, whereupon hole trapping hydrogen

dissociates in the form of a proton leaving behind a neutral paramagnetic E ′

centre, a hypothesis later corroborated by theoretical calculations168.

To summarise, these results may help defect characterisation in silica

phases. They demonstrate how subtle differences in the local structure of silica

polymorphs strongly affect the structure and stability of basic intrinsic defects.

Although the surface of α-C is a good mimic of that for a-SiO2, positively

charged O vacancies in bulk show significant differences in the structure and

relative stability of configurations. This may affect modelling of charge transfer

processes at interfaces simulated using α-C.
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Chapter 5

SiO2/H2O/WS2 Interface

Structure

Having established the fundamental properties of α-cristobalite SiO2 and its

defects, I will now focus on the WS2/SiO2 interface with confined water present.

As discussed in Chapters 1 and 2, the WS2/SiO2 interface is of interest

to a variety of research communities due to the electronic properties of WS2 and

the ubiquity of SiO2 as a dielectric substrate. Due to the hydrophilic nature of

silanol groups on the surface of SiO2, water is difficult to remove at the surface,

leading to confined water between WS2 and SiO2. Understanding the properties

of confined water is important both fundamentally and for their effects on the

interfacing materials.

I investigated the structure and dynamics of confined water between WS2

and SiO2 using density functional theory and ab initio molecular dynamics,

comparing it to adsorbed water on the surfaces of WS2 and SiO2. The results

show that confined water becomes increasingly structured, with its orientation

influenced by hydrogen bonding to the silanol groups as well as by the partial

reorientation of water molecules to face WS2 in an H-up configuration. The

presence of silanol groups disrupts the hydrogen bonding network of water at

monolayer coverage for both confined and unconfined water. For all interfaces

explored, changes in both structural and dynamic properties are dependent on
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the number of water layers present.

5.1 Introduction

Studies and applications of WS2 and other TMDs often require growth or

deposition of thin films of these 2D materials on different substrates3,15,16.

Insulating substrates, such as Al2O3, SiO2, and h-BN, are often used for

potential applications of these heterostructures in microelectronics, sensing and

catalysis. From this perspective, understanding how the interaction of TMDs

with substrates affects the properties of each material and the performance of the

heterostructure is of great interest. In this work, I am particularly focused on the

WS2/SiO2 interface, but the issues I discuss are common to other TMDs

deposited on SiO2 substrates.

Without special treatment, silica surfaces exposed to humidity are covered

by -OH (silanol) groups, resulting in hydrophilicity of the surface and the presence

of water at ambient temperatures and pressures169. The hydrogen bonding of

water to the silanol groups at the silica surface causes the water to reorient and

reduce mobility near the surface, although the exact structure of the water is

still controversial170,171. The deposition of a WS2 film is likely to trap a certain

amount of water between SiO2 and WS2 surfaces. The structure and dynamics of

this nanoconfined water is the main focus of this study.

The silanol groups on the SiO2 surface can significantly influence the

water structure near the interface, primarily through hydrogen bonding

(HBonding) between the silanol groups and water molecules. The density and

amount of water at the interface can further affect the structural and dynamic

properties of the system. However, the exact structural changes induced by the

silanol groups remain a subject of debate in the literature.172

Infrared (IR) Attenuated Total Reflection (ATR) studies suggest that, at

relative humidity (RH) levels below 50%, water forms ice-like layers that are

strongly hydrogen-bonded. Above 50% RH, water transitions to more disordered,

liquid-like structures.170 Theoretical studies using AIMD have also demonstrated
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that near the silica surface, where silanol groups are present, water forms ice-like

layers connected by HBonds.173,174

However, heterodyne-detected vibrational sum frequency generation (HD-

VSFG) experiments suggest that at 20% RH, nanodroplets begin to form and

between 20% and 50% RH, partially liquid water layers emerge, becoming uniform

by 90% RH.171 The formation of these nanodroplets is attributed to preferential

interactions between water and silanol groups. Similar results were observed in a

separate study using IR-ATR.175 Further work with non-linear SFG has suggested

the formation of two different layers: the binding interfacial layer (BIL), and the

diffuse layer (DL). The BIL is tightly hydrogen bonded to the silanol groups, and

the diffuse layer is much less structured but does show some reorientation of the

water molecules due to stable HBonds formed with the BIL.176–178 Therefore, one

can expect that water is tightly HBonded to the silanol groups on the SiO2 surface.

However, the transition point at which water becomes bulk water is still undefined.

On the other side of the interface, the WS2 water contact angle (WCA)

measurements exhibit considerable variations, ranging from 38.8◦ to 90◦ degrees.

These variations are influenced by factors such as substrate type, TMD thickness,

air exposure, and surface oxidation.179–186 While these factors substantially impact

the hydrophilicity of WS2, studies of pristine WS2 indicate that it exhibits mild

hydrophilicity, with a WCA of approximately 70°.179,183 The interaction between

TMDs and water is strong enough to support their use in water-sensing devices.52

CMD simulations have provided deeper insights into the behaviour of

water on TMD surfaces. For example, polygonal water clusters have been

observed on MoS2 and WSe2 surfaces with bulk water.187–189 The structuring of

water predominantly occurs laterally to promote maximum HBonding among

water molecules. When TMDs are exposed to significant amounts of water, CMD

simulations predict the dewetting of water on MoS2. This process leads to the

formation of droplets.190 Further exposure of MoS2 to liquid water during

experiments results in its oxidation to MoO3·H2O, which forms needle-like

structures.185
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Beyond interactions with water at the surface, recent studies have

explored water confined between two two-dimensional (2D) sheets to understand

the structures and interactions that emerge in these confined environments.191

The application of 2D materials for the confinement of water has been studied in

desalination, focusing on graphene and TMDs MoS2 and WS2.
192

Branching out from 2D material confinement, the choice of confining

substrate can significantly influence the structure, reactivity, and properties of

water. For example, water confined between Ru and SiO2 has a reduced

activation energy for the oxidation of H2.
193 Investigations of water confined

between graphene and substrates, such as SiO2 or mica, reveal the formation of

ice-like double-layer structures, which allows water to diffuse between layers.194

Furthermore, graphene and mica display ice-like water layers with a thickness of

3.7 Å, with structural defects in graphene playing a significant role in water

adsorption.191,195 Similar behaviour has been observed in MoS2/mica systems,

where atomic force microscopy (AFM) studies have demonstrated unique

frictional properties and morphological deformation of MoS2 in the presence of

silica.196,197 Water intercalation and the formation of water nanostructures have

also been noted in MoS2/mica interfaces under varying humidity conditions.198

However, the impact of SiO2 substrates that introduce HBonding with

confined water has not been thoroughly examined. To our knowledge there has

been no previous investigation into the confined water at the SiO2/WS2 interface

although water can be easily trapped between the two surfaces when the 2D

material is mechanically or chemically exfoliated onto SiO2.
17 Therefore, the

SiO2/WS2 interface provides a natural platform to investigate the effects of

HBonding on confined water. Previous studies of confined water between 2D

materials and dielectric oxides have primarily used mica due to its ease of

cleavage and low surface roughness. In contrast, SiO2 has a much rougher

surface, making it difficult to study using scanning probes. Therefore,

understanding this interface heavily relies on theoretical modelling.

I investigate the structure and dynamics of water between SiO2 and WS2

by analysing and comparing the structural and dynamic properties of the
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SiO2/H2O/WS2, SiO2/H2O, and WS2/H2O interfaces. I employ AIMD and

simulate systems containing one, two, and three layers of water. The water

consistently exhibits a long-range structure induced by silanol groups on the SiO2

surface, while a double-layer structure is observed at the WS2 interface. At both

the WS2 and SiO2 interfaces, the hydrogen atoms of water are drawn closer to

the surfaces; this effect is amplified with the introduction of confinement. While

AIMD offers a higher level of accuracy, it has certain limitations, most notably

restricting simulation timescales to picoseconds (ps), compared to the

nanosecond (ns) range achievable with CMD. As a result, some dynamic

properties may be affected due to the limited sampling. Nonetheless, AIMD

provides accurate modelling of the system, serving as a reliable foundation for

future studies, such as training machine learning potentials (MLP) or providing a

benchmark for other computational methods.

5.2 Methodology

5.2.1 DFT calculations

(a) (b) (c)

Figure 5.1 Snapshot geometric structures used in this work, with three water
layers shown for all interface structures. a) Shows the SiO2/H2O interface, b)
shows the WS2/H2O interface, and c) shows the SiO2/H2O/WS2 interface. For
every interface, there is an extended vacuum region above and below, not shown
in this figure. Colour coding: blue = W, yellow = S, red = O, white = H, beige
= Si.
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5.2.1.1 Individual Materials

Surfaces of amorphous silica films and silica glasses that can serve as substrates

for the deposition or growth of TMDs under normal conditions are known to

contain one silanol group per surface Si atom.19,169 It is commonly accepted that

the (101̄) surface of the SiO2 crystalline phase α-C represents a good mimic of the

density and distribution of single silanol groups on an amorphous silica surface19.

The density of silanol groups on this surface (4.7 OH nm−2) is indeed similar to

that of amorphous silica (4.5 OH nm−2), which is predominantly used in device

manufacturing. I therefore use α-C as a model substrate in all further calculations.

Based on previous simulations of the properties of silica surfaces, I expect that

disordered locations of silanol groups characteristic of amorphous substrates will

not affect our conclusions199,200.

5.2.1.2 Constructing the SiO2/H2O/WS2 interface

The hydroxylated silica substrate was represented by a 3×2×1 α-C slab, with 12

silanol groups on either side of the slab. With the introduction of a vacuum gap

on either side of the cell, its dimensions were 16.9×14.9×60 Å, with the SiO2 slab

≈ 10 Å thick.

To construct the SiO2/H2O interface, the water and silica surface were

equilibrated separately using CMD simulations, with the cell x⃗ and y⃗ dimensions

fixed to the size of the silica cell. All CMD calculations were performed by Laura

Hargreaves. A 3D periodic cell was then created by attaching the water boxes on

either side of the silica slab with the length of the cell along z⃗ chosen so that, far

from the surface, the average water density was 1.00 gcm−3. L. Hargreaves used

the standard 12/6 Lennard-Jones potentials with the parameters given by the

INTERFACE force field19 for the Si, O, and H atoms in silica and the

TIP4P/2005f201 forcefield for H and O atoms in water. Geometric mixing rules

were applied to describe interactions between water and silica. Using the

timestep of 0.5 fs, and T = 298.5 K CMD of this system was run for 10 ns in an

NVT and then in an NVE ensemble, followed by another 10 ns CMD run in an

NVT ensemble. This allowed us to achieve accurate bulk water densities in the
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Figure 5.2 RDF between Ht-Ow of H2O/SiO2/H2O from CMD calculations, the
distance on the z axis is in Å. Red lines show the cutoff of different layers used in
DFT calculations. Red highlight section is 1 layer of water, blue is 2 layers, and
orange is 3 layers.

system and reproduce the characteristic layered water structure near the

interface170,202.

This system corresponds to the interface between a thick water layer and

a silica surface. However, in deposition experiments, exfoliated TMD layers are

deposited on a silica surface exposed to ambient conditions. Based on the data

reviewed in ref.169 it is assumed that, depending on humidity and annealing

temperature, the silica surface may have between 1 and 3 adsorbed water layers

under such conditions. Based on this insight, L. Hargreaves constructed three

SiO2/H2O cells with 1, 2 and 3 water layers, respectively. The initial structures

of these cells were produced by truncating the equilibrated cell at the troughs of

the radial distribution function (RDF) of the water layer as a function of

distance from the surface (see Figure 5.2). The third layer, highlighted in orange,

does not show a strong peak but resembles the more flat distribution of bulk

water; therefore, this was chosen as the closest approximation to bulk water

without unnecessarily extending the water for AIMD calculations.

To equilibrate this system, a 100 Å vacuum gap was added to the truncated

SiO2/H2O systems with 1 - 3 water layers and the same CMD procedure was

repeated again, where these systems were equilibrated with an NVT and NVE

ensemble for 5 and 10 ns, respectively, at 298.5 K. The adsorbed water layers

remain intact on the surface, confirming the reliability of the forcefields used. A

detailed description of the structure and dynamic characteristics of this system is

provided in reference203.
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To construct the SiO2/H2O/WS22 interface, the bottom layer of water

was removed, so the layers of water are only on one side of the SiO2 slab, and

the bottom silica layer was left hydroxylated. This was done to ensure that the

resulting 2D slabs with 1, 2 and 3 water layers are amenable for AIMD simulations

of the total system.

To accommodate the WS2 monolayer in these cells, the original WS2 unit

cell was transformed into an orthorhombic cell to ensure a good fit and minimal

strain when added to the CMD-optimised SiO2/H2O system. The geometry of

the 5×3 orthorhombic WS2 structure was optimised using the PBE0-TC-LRC

XC functional and the resulting band gap is given in Table 6.1. As discussed in

Chapter 3, The electronic structure of TMDs is known to depend on strain204–208.

However, introducing strain is inevitable when creating interfaces because of a

lattice mismatch between the materials of the heterostructure. I found that the

minimum strain between SiO2 and WS2 with fewer than 700 atoms in a periodic

cell can be achieved when a 5×3 orthorhombic unit cell of WS2 was rotated 90 ◦

with respect to the 2×3×1 SiO2 slab. This leads to 2.62 % strain (compression)

in the a direction and -5.69 % strain (tension) in the b direction of WS2.

The strained, orthorhombic WS2 monolayer was then added to the

SiO2/H2O interface and a vacuum of at least 35 Å was introduced. The

geometry of the whole system was optimised using DFT and a PBE-D3(BJ)

functional at different WS2 slab distances from the water surface of H2O/SiO2 to

increase the efficiency of the calculation.

The optimised structure was then used as the starting geometry for the

AIMD calculations in an NVT ensemble maintained at 400 K with a Nosé-Hover

thermostat. In these simulations, I used the PBE-D3 functional because it provides

a good geometry for WS2 and SiO2 although it is known to overbind water.209–211

The high temperature was chosen because increasing the temperature to 350-400 K

was shown to overcome this issue.212,213 The equilibration time for AIMD was 4 ps,

after this time, the system’s total energy remained constant. This was followed

by the 12.5 ps production runs, examples of snapshot geometries for the three

structures are shown in Figure 5.1.
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To compare the confined system to both SiO2/H2O and WS2/H2O, a

similar procedure was followed. After CMD equilibration of the SiO2/H2O

interface, no WS2 was added. The WS2/H2O systems were created by removing

the SiO2 slab from the SiO2/H2O/WS2 interfaces. For both interfaces, AIMD

was then run using the same methodology as described above. This involved a 4

ps initial run which allowed the water to restructure from the previous

configuration, and then a 12.5 ps production run.

5.2.2 Geometric Analysis

Given that water was included in the simulations, the geometric configurations of

the system evolve over time. Variations in the positions of water molecules,

influenced by factors such as the presence of silanol groups and the number of

water molecules, were analysed using the MDAnalysis package.214,215

The one-dimensional (1D) density profile calculates the spatial distribution

of water molecules. Additionally, further selection criteria can be applied to look

at the water hydrogen (Hw) and/or water oxygen (Ow) atoms. The 1D density is

defined as:

ρz(z) =
Nz

δz ×Dx ×Dy

(5.1)

where Nz is the number of molecules, D is the dimension of the cell in the

respective direction, and δz is the grid spacing which was set to 0.1 Å. The

density is calculated for every frame in the trajectory and averaged. The results

allow for the investigation of water layering in the z direction and the specific

arrangement of Hw and Ow. To enable comparison between the various water

layers at each interface, the density was normalised to 1.

The 2D density profile is obtained using a similar method to the 1D profile,

where the Cartesian axis is binned into length δx, δy, δz. The 2D profile is calculated

for each frame using
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ρxy(x, y) =
Nxyz

Dz × δx × δy
(5.2)

and then averaging over the trajectory length. Here Nxyz is the number of water

molecules within each box and the bins for all δ are 0.1 Å.

The joint probability distribution (JPD) provides a good description of

the water orientation by combining the probability of two different angles. The

JPD of the water angles was calculated by aggregating two angles into a 2D

histogram and normalised to get the probability as the total sum of all bins is

one. The OH-OH bond angle, see Figure 5.3, was analysed in this work following

the work of Smirnov178 to ensure that the orientation of water could be

determined. Since the distribution of correlated angles may be broad, I will focus

on the orientations derived from the midpoint of the distribution, where the

probability is highest.

(a) (b)

Figure 5.3 Schematics for relative angles of water relative to the surface normal
of O-H orientations. a) gives the overall calculation of both OH-OH bond angles,
and b) highlights different OH bond orientations.

Hydrogen bonds between water molecules were characterised based on

geometric criteria, specifically the distance and angle between neighbouring

molecules. The cutoff distance for HBond formation was defined as 1.2 Å, with a

maximum distance between the donor and acceptor oxygen set at 3.0 Å. The

cutoff for the O-H-O angle was set to 150 ◦.
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Continuous hydrogen bond lifetimes were analysed using the

autocorrelation function216:

C(t) = ⟨hij(t0)hij(t0 + t)

hij(t0)2
⟩, (5.3)

where hij represents the existence of a hydrogen bond between atoms i and j, with

hij = 1 if a bond is present and hij=0 otherwise. At the initial time, hij(t0) is

equal to one. The calculation is averaged over multiple starting times t0 to improve

statistical reliability.

The HBond lifetimes were calculated by fitting a biexponential curve to

the autocorrelation using the form:

C(t) = Ae
− 1

τ1 +Be
− 1

τ2 , (5.4)

where A and B are the pre-exponential factors and sum to 1, and both τ1 and

τ2 are the time constants, and τ1 is for short-timescale processes and τ2 is longer

timescale processes. This description of the autocorrelation then allows for the

HBond lifetime (τ) to be calculated using

τ =

∫ ∞

0

C(t)dt. (5.5)

The mean squared displacement (MSD) of water molecules was computed

using the Einstein relation:

MSD(rd) = ⟨ 1
N

N∑
i=1

|rid − rid(t0)|2⟩t0 , (5.6)

where N is the total number of particles in the system, ri are the coordinates of

each particle, d is the system dimensionality, t0 is the initial time. From this I can
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calculate the self-diffusivity:

Dr =
⟨δr(t)2⟩

2d
. (5.7)

To obtain ⟨δr(t)2⟩ I applied a linear fit to the MSD data.

5.3 Results and Discussion

5.3.1 Static Properties

I begin by calculating the static properties of the system, focusing on the average

positions and orientations of water molecules at each interface.

(a) (c) (e)

(b) (d) (f)

Figure 5.4 1D number density profiles of water for a,c,e) hydrogen (Hw) and
b,d,f) oxygen (Ow). The interfaces shown are: a,b) SiO2/H2O, c,d) WS2/H2O,
e,f) SiO2/H2O/WS2. 0 on the x axis corresponds to the top Si atom of the
SiO2 surface for SiO2/H2O and SiO2/H2O/WS2 interfaces, and the closest sulfur
plane for the WS2/H2O interface. The different water layers are given by different
colours: black: one layer, blue: two layers, orange: three layers.

5.3.1.1 SiO2/H2O interface

I first examine the water structure at the SiO2/H2O interface. The 1D density

profile of water hydrogen (Hw) (Figure 5.4a) shows that all water layers exhibit
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a distinct initial peak between 2.0-2.4 Å, followed by a water oxygen (Ow) peak

at 2.5-2.7 Å Figure 5.4b). The presence of a sharp peak demonstrates significant

structuring at the interface, with Hw generally closer to the SiO2 surface than Ow.

Farther from the surface, the final peak in the three layers is a small

Ow peak at 7.3 Å, while the water density continues to 12 Å. This observation

indicates a more liquid-like structure of water at greater distances from the silanol-

terminated surface. The two distinct regions of water correspond to the BIL

(close to the surface, highly structured) and the DL (further from the surface, less

structured).

To further investigate the BIL structure of water, the JPD of the SiO2/H2O

one-layer interface (Figure 5.5a) reveals two distinct correlated angles and using

Figure 5.3, I can deduce the orientation of water. The first, most prevalent OH-

OH angle is (110 ◦, 110 ◦), corresponding to a predominantly flat orientation but

exhibits a slight out-of-plane Hw tilt downwards towards SiO2 the surface. The

second peak is at (15 ◦, 115 ◦), showing a water molecule with one Hw tilted

upwards from the SiO2 surface (Figure 5.5b).

Overall, these 1D profiles align well with previous studies of silica-water

interfaces with similar silanol densities using CMD simulations, confirming that

our AIMD results are reliable for reproducing average properties.178,217,218

5.3.1.2 WS22/H2O interface

At the WS2/H2O interface, the initial Ow and Hw for all systems are centred around

2.8 - 3.2 Å (Figures 5.4c and 5.4d). Therefore, it is expected that the water will

be oriented parallel to the surface. However, for all layers, there is a Hw shoulder

closer to the surface at 2.0-2.2 Å, so there is a slight preference of Hw to orient

toward WS2 (For precise details, see Table A.1). The WS2/H2O one-layer JPD

indicates three distinct orientations (Figure 5.5c). The predominant orientation is

observed at (90 ◦, 150 ◦), where one O-H bond is parallel to the WS2 surface, while

the other Hw points down towards the WS2. The two alternative orientations are

characterised by angles of (90 ◦, 90 ◦), where the water molecule is entirely parallel
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(a) (b)

(c) (d)

(e) (f)

Figure 5.5 The joint probability distribution of OH-OH water angles for
a) SiO2/H2O, c) WS2/H2O and e) SiO2/H2O/WS2. The colour bar shows
the probability. The right-hand side (b,d,f) shows the corresponding water
orientations, which are highlighted in the JPD graph; duplicates have been
removed for clarity.

to the WS2 surface, and (90 ◦, 25 ◦) where one Hw is tilted away from the WS2

surface while the other remains parallel (Figure 5.5d). Importantly, the orientation

of O-H bonds that are perpendicular to the surface normal can facilitate lateral

hydrogen bonding between water molecules. This clustering behaviour, which

promotes hydrogen bonding among water molecules, is clearly illustrated for one

water layer in Figure 5.6d. The reduced probability density at (90 ◦, 90 ◦) relative

to other peaks suggests that interactions occur between the WS2 and H2O, rather

than the water maintaining a flat, cyclic structure.

The two distinct peaks in three water layers for both Hw and Ow are at

2.8-3.0 Å and 5.8-6.1 Å. This indicates that at the surface of WS2 there is a

distinct double layer structure to the water. This is seen to an extent in the two-

layer system as well, with peaks at 3.1-3.2 and 4.6-5.2 Å. There is a smaller peak
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centred around 10 Å for both Hw and Ow in the three-layer system. This may

indicate a greater long-range structure at the WS2/H2O interface than originally

anticipated. These peaks closely correspond to values calculated from AIMD of

water on WS2, MoS2, and WeSe2, which show peaks at approximately 3, 6, and

10 Å for all three TMDs.219,220 Similar water structuring at the interface has also

been observed for h-BN and graphene.221

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.6 The XY 2D number density profiles of water on the underlying
substrate. The interfaces are a-c) SiO2/H2O d-f) WS2/H2O, and g-i)
SiO2/H2O/WS2. The first column is for 1 water layer, the second column is for 2
water layers within 4 Å of the interface, and the third column is for 3 water layers
also within 4 Å of the substrate. For interfaces with SiO2 present, the average
position of silanol group oxygens on the surface are represented by white circles.

5.3.1.3 SiO2/H2O/WS2 interface

Finally, I investigate the static properties of the SiO2/H2O/WS2 interface. For one

layer of water, the Hw and Ow peaks are very sharp (Figures 5.4e-5.4f), indicating

strong structuring at the interface, with increased structuring compared to the
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broader SiO2/H2O initial peak. The positions of the most probable orientations

in the confined interface closely resemble those observed in the SiO2/H2O JPD,

indicating that similar orientations are favourable (Figure 5.5e). Notably, the

dominant orientation in the confined system at (110 ◦, 110 ◦) is also seen in the

unconfined SiO2/H2O, where the Hw is tilted downward towards the SiO2 surface.

The two additional angles at (115 ◦, 15 ◦) and (15 ◦, 115 ◦) are equivalent and

show the same orientation as in SiO2/H2O, with one Hw directed upwards away

from the SiO2 surface (Figure 5.5f).

However, in the two layer system, there is no sharp initial Ow peak

observed in the 1D profile, suggesting that either multiple orientations of water

are favourable, or that the water is less structured. When I examine the JPD of

water 4 Å away from the surface (the BIL), I observe that the localisation of

water angles changes for all interfaces. The SiO2/H2O interface remains the most

consistent across different water layers, indicating that the BIL is tightly bound

and less sensitive to changes in additional water (Appendix A Figure A.1). In

contrast, for the WS2/H2O and SiO2/H2O/WS2 interfaces, the JPD differs from

that of the one-layer systems. For both interfaces the two-layer water angle is (90

◦, 90 ◦), thus, water is expected to predominantly orient parallel to the

underlying substrate. A parallel orientation of water has been observed in a

single layer of WS2/H2O; however, strong localisation has not been detected

within the confined one-layer system. The changes observed in the confined

two-layer system may result from the increased availability of water, which

facilitates the formation of larger hydrogen bonding networks among the water

molecules. This effect is maximised by parallel orientations of water.

Investigating the WS2/H2O side of the confined interface, Hw is closer to

WS2 than Ow, as exhibited by the final peaks and shoulders from Hw in Figures

5.4e-5.4f. This is the same behaviour as seen at the unconfined WS2/H2O interface,

highlighting that WS2 does have a small impact on the water structure. Further

comparison of peak positions between SiO2/H2O and SiO2/H2O/WS2 reveals that

they are aligned quite well, with only minor deviations (Appendix A Table A.1).

I observe that the initial peak for one and two water layers is located closer to
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the SiO2 surface compared to the SiO2/H2O interface. In the case of three water

layers, the alignment of the initial peaks in both interfaces becomes comparable,

and they also exhibit similar width.

Three water layers shows further change in water structure at the confined

system JPD (Appendix A Figure A.3c). This suggests that, while the layering

away from the interface resembles that of the SiO2/H2O interface, the arrangement

of confined water is distinct, showing increased variation in the orientation of

water molecules as the number of water layers increases. This difference in water

structure is also evident in the 2D profiles in Figure 5.6, where the SiO2/H2O

water is more localised around the silanol groups compared to the confined water.

Overall, the orientation of confined water is primarily influenced by the

SiO2 surface, with minimal contribution from WS2. For all interfaces, Hw is

oriented toward the substrate, which has been shown to be energetically

favourable at both the SiO2 and WS2 surfaces.222 Previous studies on SiO2

surfaces indicate that the number and type of silanol groups affect the behaviour

of water differently. Isolated silanol groups, which are used in our study, typically

facilitate water approaching the SiO2 surface more closely. The confinement of

water may exacerbate this, as seen in the 1D density profile and the differences

in JPD. HD-VSFG and CMD calculations have demonstrated that water

molecules with their hydrogen atoms pointing toward the surface are

favoured.178,223,224 Nevertheless, I acknowledge the possibility of additional

orientations, as our sampling is limited due to the AIMD method, potentially

resulting in less reliable intensities in the JPD graphs. Previous literature

suggests a variety of orientations at the SiO2 interface.225

5.3.2 Dynamic Properties

I now turn to examining the dynamic properties of three interfaces, including

hydrogen bonding and water mobility. These dynamic properties may provide

insights into the reasons behind the observed structure and orientation of water.
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Figure 5.7 Different hydrogen bonding types at the interfaces, highlighting the
different hydrogen bonding types between silanol groups and water and water-
water hydrogen bonds.

5.3.2.1 SiO2/H2O

For the SiO2/H2O with a monolayer of water, there is minimal water-water

(Hw-Ow) HBonding, with an average of 0.12 HBonds/water molecule (Figure

5.8a). This value is significantly lower than the average number of HBonds

formed between silanol oxygen -water hydrogen (Os-Hw) or water oxygen -

silanol hydrogen (Ow-Hs) which are 0.43 and 0.59 HBonds/silanol group,

respectively (Figure 5.8b). The MSD analysis of SiO2/H2O (Figure 5.9a) shows

that the single water layer exhibits the lowest displacement, with a diffusion

coefficient (D) of 0.10 Å2/ps. This indicates that water molecules are strongly

bound to the silanol groups, which limits their mobility. Therefore, at monolayer

coverage, the silanol groups on the silica surface significantly disrupt the

hydrogen bonding network (HBN) of water, a phenomenon also observed in

previous CMD studies.178

As additional layers of water are introduced, the average number of Hw-Ow

HBonds increases, reaching 0.80 HBonds/water molecule for the two-layer system

and 1.00 HBonds/water molecule for the three-layer system. Therefore, neither

the two- nor the three-layer system achieves a fully saturated HBN.

The lifetimes of HBonds determined by the autocorrelation function show

that Ow-Hw HBonds last up to 1.31 (± 0.020) ps in two layers, and 1.21 ps (± 0.004)

in three layers (Figure 5.10a). In one layer, the water does not form a sufficient
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(a)

(b)

Figure 5.8 Average number of hydrogen bonds for different number of water
layers, a) Hbonding of water-water and b) water to silanol groups HBonding. The
HBonds to silanol Hs or Os are w.r.t the total number of silanol groups, and the
Hw-Ow HBonds are w.r.t total number of water molecules. The different interfaces
are shown as different colours: blue: SiO2/H2O, black: WS2/H2O, and orange:
WS2/H2O/SiO2. It is noted that a) has a large overlap between SiO2/H2O and
WS2/H2O/SiO2 markers.

number of HBonds to derive an accurate autocorrelation for the continuous HBond

lifetime.

The Os-Hw HBond has a shorter lifetime of 0.43 (± 0.001) ps in one layer,

which increases to 0.75 (± 0.002) ps for two layers and 0.81 (± 0.003) ps for three

layers (Figure 5.10b). In contrast, the Ow-Hs lasts significantly longer than any
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other type of HBond (Figure 5.10c). The HBond lifetimes are 3.47 (± 0.023),

6.12 (± 0.098), and 4.08 (± 0.056) ps for one, two, and three layers, respectively.

As shown in the average number of HBonds in Figure 5.8b, there are more Ow-Hs

across all water layers. This suggests that these abundant and long-lived hydrogen

bonds may contribute to the BIL water observed at the SiO2 interface.

The mobility of water D increases with the number of water layers,

reaching 0.38 (± 7.5 10−4) Å2/ps for two layers, and 0.58 (± 6.9 10−4) Å2/ps

for three layers. This increased mobility with additional water layers reflects the

more liquid-like nature of water located farther from the silica surface, with

weaker structuring by silanol groups. This increase in mobility with distance

from SiO2 can be clearly seen in Appendix A Figure A.5a, where less-ordered,

distant water layers contribute more significantly to the increased MSD. A

similar reduction in mobility due to surface structuring by silanol groups has also

been observed in water at the Al2O3 interface, as demonstrated by AIMD

simulations.226

(a) (b) (c)

Figure 5.9 2D MSD in the XY direction for all interfaces based on the
number of water layers. a) 1 layer, b) 2 layers, c) 3 layers. The different
interfaces are shown as different colours: blue: SiO2/H2O, black: WS2/H2O, and
orange: WS2/H2O/SiO2. The linear fit of the data is shown by the dashed line
corresponding to the material colour.

5.3.2.2 WS2/H2O

Investigation of HBonding at the WS2/H2O interface reveals that the absence of

direct HBonding between WS2 and H2O results in an average of 0.57 HBonds

/water molecule (Figure 5.8a). The faster decay of HBond lifetimes for WS2/H2O,

compared to SiO2/H2O, is evident in Figure 5.10d. In addition, the HBN at the
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(a) (b) (c)

(d)

(e) (f) (g)

Figure 5.10 Hydrogen bonding autocorrelation for different layers of water in a-
c) SiO2/H2O, d) WS2/H2O, and e-g) SiO2/H2O/WS2. The first column (a,d,e)
is the autocorrelation of water-water hydrogen bonds (Ow – Hw). The second
column (b,f) is the autocorrelation for water hydrogen and silanol oxygen (Os –
Hw). The final column (c,g) is the autocorrelation between water oxygen - silanol
group hydrogen bonds (Ow – Hs). The biexponential fit from which the HBond
lifetime is derived is shown in grey.

WS2/H2O interface exhibits greater fluctuations than at other interfaces (SI Figure

A.4b). Therefore, HBonds break more quickly for systems with one and two layers

of water, with a lifetime of 0.57 (± 0.003) and 0.59 (± 0.002) ps respectively.

The diffusion coefficient for one and two layers was calculated to be 0.38 (± 1.8

10−3) Å2/ps and 0.53 (± 1.1 10−3) Å2/ps, respectively. Overall, clustered water

is mobile with HBonds breaking and reforming rapidly.

However, as shown in Figure 5.9a, there is a deviation from the linear fit

of the MSD for one layer. Despite the self-diffusion error being low, the accuracy

may be compromised due to the limited number of water molecules sampled. This

deviation could be due to either the clustered nature of water or the reduced

5 116



Interfaces between 2D materials and dielectrics Katherine Milton

number of water molecules and short timescale, which raises doubts about the

exact diffusion coefficient values. This is underscored by the R-squared value for

one layer of 0.65, indicating that the fit is not optimal. However, in SI Figure

A.5 that the movement of molecules within 4 Å from the WS2 surface is greater

than at any other distance for all water layers, suggesting this may be a common

phenomenon at the interface rather than a sampling issue.

For the three-layer system, the HBond lifetimes increase to 1.14 (±

0.010) ps, which is similar to the three layer lifetime in SiO2/H2O. The HBonds

are retained for longer periods creating a steady HBN, as seen in SI Figure A.4.

The MSD at both the WS2 and SiO2 interfaces converges (Figure 5.9b-5.9c).

This behavior suggests that the water dynamics at three layers resemble more

bulk liquid/ a DL than that of a BIL.

5.3.2.3 SiO2/H2O/WS2

Similar to the SiO2/H2O system, the confined water SiO2/H2O/WS2 system shows

minimal average Hw-Ow HBonding of 0.12 HBonds/water mols for one water layer

(Figure 5.8a). This bonding significantly increases to 0.80 in two layers and 1.01

in three layers. Therefore, the monolayer water HBN is disrupted by the silanol

HBonding. The Hw-Ow HBond lifetimes for two layers (0.89 ± 0.002 ps) and three

layers (1.06 ± 0.010 ps) are shorter compared to those in the SiO2/H2O system,

emphasising this disruption (Figure 5.10e).

However, there are 0.13 more Hs-Ow HBonds/silanol group in the confined

one layer system compared to the unconfined system (Figure 5.8b). This further

confirms the more rigid structure of water seen in the 1D profile of confined water

compared to that of unconfined water, as the silanol group interactions are more

dominant in the confined one-layer system.

For silanol-water HBonds in the confined system, the lifetimes of HBonds

are the smallest for the one-layer system, with Os-Hw lifetimes lasting 0.57 (±

0.005) ps (Figure 5.10f) and 3.99 (± 0.029) ps for Ow-Hs(Figure 5.10g). Although

there is increased HBonding to silanol groups in the confined system, the D of
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0.2 (±1.4 10−3) Å2/ps for the single water layer is greater than in SiO2/H2O.

It suggests that this is due to HBond breaking and formation between different

silanol groups, reflected in the increased dispersion of water density around these

groups in the 2D density profile (SI Figure 5.6). Consequently, monolayer confined

water may diffuse more readily between silanol groups.

The Os-Hw lifetime increases with the number of water layers, reaching

0.88 (± 0.007) ps for two layers and 0.98 (± 0.005) ps for three layers (Figure

5.10f). Similarly, the Ow-Hs lifetimes show a similar trend, with significantly

longer lifetimes of 5.30 (± 0.019) ps for two layers and 12.04 (± 0.103) ps for three

layers, which approaches the simulation length. It is important to note that in both

the SiO2/H2O and confined systems, the autocorrelation graphs for Ow-Hs do not

exhibit the rapid decay to zero observed in the other hydrogen bond lifetimes.

This discrepancy may stem from the increased structuring of water influenced by

Hs, which increases the likelihood of water molecules exhibiting longer hydrogen

bond lifetimes, thereby complicating the fitting process to a biexponential model.

Furthermore, a significant issue is the reduced sampling resulting from the AIMD

method, which increases the uncertainty of hydrogen bond lifetime values for Ow-

Hs. As a result, these hydrogen bond lifetimes should be regarded with caution

due to the accompanying increased error, as previously highlighted.

The MSD of the two layer system shows an unexpected increase in D to

0.68 (± 1.4 10−3) Å2/ps compared to the one layer. Regarding the HBond at

the interface for two water layers, I note that the Hw-Ow lifetime in the confined

system is shorter than that in the unconfined system by 0.36 ps. Additionally,

the two-layer Ow-Hs lifetime is 0.97 ps shorter than in the unconfined system.

Consequently, water is breaking HBonds more rapidly in the two layer system

which may contribute to the increase in MSD. This phenomenon may also reflect

the change in the orientations of water in the confined two-layer system, which are

parallel within 4 Å to the surface, as analysed by JPD. The mobility is reduced to

0.27 (± 4.6 10−4) Å2/ps in three-layers. This reduction comes with an increased

lifetimes of all types of HBonds in comparison to the SiO2/H2O system.

However, the non-linear increase in total displacement between 10-12.5 ps
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in the two-layer system highlights issues with AIMD. The 12.5 ps time scale

restricts the statistical reliability of dynamic data, while the small simulation box

diminishes the movement of water molecules, potentially leading to the

overrepresentation of anomalous data. These factors can result in longer HBond

lifetimes and increased correlation between water molecules impacting the MSD.

Overall, for two and three water layers, the water remains relatively

mobile in all systems. This reinforces the conclusion that these layers are not

completely rigidly structured (even under confinement) and instead retain the

ability to move and reorient.

5.4 Discussion and Conclusions

I used AIMD to provide the first insight into the behaviour of different layers of

water at the SiO2/H2O/WS2 interface. Currently, there are no experimental

measurements available, as these surfaces are challenging to prepare and

investigate, unlike mica. The confined water is structured by the SiO2 silanol

groups, which cause the water to form a binding interfacial layer. When silanol

groups are present alongside monolayer water, little consistent hydrogen bonding

is observed between the water molecules; instead, water is predominantly

hydrogen-bonded to the silanol groups. This silanol-water HBonding interaction

increases under confinement. In contrast, mica allows for the formation of an ice

layer when water is confined with 2D materials, which relies on intact

water-water hydrogen bonds. Confined water exhibits increased mobility for one

and two water layers compared to SiO2/H2O, but decreased mobility for three

water layers. Therefore, the water-silanol HBonding interaction is key to the

properties of confined water at the SiO2/WS2 interface. Furthermore, the

relative humidity during sample preparation influences the properties of the

water, with increased RH represented by the three layers of water and low RH by

the one layer.

The introduction of WS2 to confine the water results in a slight
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restructuring of water, with water hydrogen atoms oriented toward the WS2.

However, this effect is minimal when compared to the HBonding interactions

with silanol groups. Additional layers of water result in reorientation of water

close to the surface for both SiO2/H2O/WS2 and WS2/H2O interfaces.

To assess the accuracy of our AIMD results, I compare them to relevant

values from the literature. I note that the diffusion coefficient calculated for

SiO2/H2O is greater than in previous CMD work on the cristobalite surface of

0.028 Å2/ps.178 To further investigate this difference, I examine the MSD of

water based on its position relative to the surface to see if D is reduced to a

comparable value due to the HBonding between silanol and water (Appendix A

Figure A.5a). The MSD is reduced within 4 Å from the surface, as expected. In

the three-layer system, the MSD substantially increases at distances of 8-12 Å

from the SiO2 surface. In order of increasing D, the water within 4 Å is one

(0.10 Å2/ps) < three (0.28 Å2/ps) < two (0.35 Å2/ps) water layers. Therefore,

I could not identify a reason for the magnitude of difference in D. AIMD may

more accurately account for hydrogen bonds, allowing for improved modelling of

movement. In contrast, CMD results, obtained over a longer timescale, provide

greater statistics, indicating less movement near the SiO2 surface overall. Thus,

additional work is required to accurately determine the MSD of water at the 101̄

cristobalite surface. I also note that an elevated temperature of 400K was used in

AIMD to mitigate overbinding of water, but this may contribute to increased

water mobility.

The continuous lifetimes of HBonds reported in the literature for bulk

Hw-Ow range from 0.18-0.7 ps depending on hydroxylation and CMD

forcefield.227–230 In contrast, the lifetimes of silanol-water hydrogen bonds are

significantly longer, at 1.73 ps.227 In our work, the HBond lifetimes are markedly

higher than those previously reported; specifically, the lifetime of Ow-Hs is

greater than anticipated. However, the shorter lifetimes of Os-Hw may have some

impact, as prior studies have not distinguished between the different types of

HBonding. Therefore, averaging of both types of silanol-water HBonds may lead

to more comparable HBond lifetimes. Additionally, the water used in our
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simulations is not bulk, which may contribute to this difference, as the water

molecules are not in the same environment in regards to the Ow-Hw HBonds.

However, I may also attribute this discrepancy to the short timescale of the

AIMD calculations, which cannot be performed on the same nanosecond

timescale as CMD. Consequently, less dynamic data can be analysed and

averaged.

The bulk water D has been calculated to be between 0.172 and 0.591

Å2/ps, based on both CMD simulations and experimental literature.178,231–235 Our

diffusion coefficients are at the higher end of this literature range for all interface

systems, except for the confined water two-layer interface which exceeds the range.

The WS2/H2O interface with three layers of water presents the most comparable

result to bulk water. This system is less influenced by silanol groups and features

only Ow-Hw hydrogen bonds. The D of 0.58 Å2/ps remains within the literature

range, suggesting that water mobility may be accurately represented in the AIMD

simulation. However, as previously highlighted, future work to extend the time

scale of the simulations may offer improved insight into the water dynamics of the

system.
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Chapter 6

SiO2/H2O/WS2 Interface

Electronic Properties

Having established the structural properties of water at the WS2/H2O/SiO2

interface and highlighted the role of confinement, I will now examine the

electronic properties of this interface. This investigation aims to elucidate the

impact of water on device functionality by exploring the band alignment between

all three materials. Additionally, this research will focus on the interactions

between WS2 and confined H2O. This interaction has not been previously

studied, whereas the interaction between SiO2 and confined H2O is expected to

be primarily influenced by the hydrogen bonds between water and silanol groups,

as observed at the SiO2/H2O interface, which has been previously explored in

literature.236,237

It was found that the presence of 1-3 water layers does not significantly

affect the band alignment between SiO2 and WS2 and the electronic properties of

the WS2 monolayer. However, in-gap states caused by the dynamic rearrangement

of water molecules could cause a reduction of electron and hole mobility in the WS2

layers. This work provides new insights into the impact of water on the electronic

properties of WS2 under different environmental conditions.
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6.1 Introduction

Experimental investigations have provided compelling evidence for the presence

of confined water under ambient conditions on the surface of TMDs and silica17.

However, as discussed in Chapter 5, there is more experimental data on the

properties of water confined on mica surfaces than at SiO2 surfaces.68 In

particular, there is evidence for charging and discharging of MoS2 and WS2 on

mica by intercalating water films238. Studies of MoS2 on sapphire have shown the

ease at which water is intercalated between the materials resulting in changes in

conductivity where water is present.61 The interface of MoS2 and SiO2 has had

some insight from CMD and experiment.239 However, the electronic properties of

WS2 on silica substrates with water present remains unexplored.

I aim to look at both sides of the coin: how confinement affects water

and how the presence of water affects the properties of WS2 film. I investigate

theoretically the electronic properties of 1-3 layers of water confined between a

WS2 monolayer and a hydroxylated silica surface. This represents a broad case of

strongly hydrophilic – weakly hydrophilic water confinement68 and is of interest

for applications in transistor technology where WS2/SiO2/Si heterostructures

produced by exfoliation and various growth methods have been extensively

explored240–242.

In particular, one of the important characteristics that affects the

applicability of TMDs in transistors is the band offset between the TMD valence

and conduction bands and those of a gate dielectric. The band offset between

amorphous silica and TMDs has been explored by internal photoemission (IPE)

as a function of the TMD synthesis method (growth versus exfoliation)243. The

observed variations in the band offset between MoS2 VBM and SiO2 CBM have

been attributed to the presence of water confined between the SiO2 and MoS2 as

a result of the deposition process. A DFT study has shown that the VBM and

CBM fluctuate over time due to the movement of liquid water, highlighting the

impact of the geometry of water on the electronic properties of the interface.244

However, IPE studies of WS2 on SiO2 as a function of the synthesis method241
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found no significant change in band offset. The DFT and XPS studies have

further confirmed a straddling band alignment between WS2 and SiO2.
245 Other

experiments using photoluminescence (PL) indicate that subtle interactions

between water and TMDs may cause the existence of trap states52.

Despite these advances, it is still unclear how the water present at the

TMD/H2O/SiO2 interface affects the electronic properties of each material and

whether the electronic properties of the confined water depend on the number

of water layers and their interaction with confining surfaces. From a practical

perspective of the applications of TMDs in devices, important questions remain:

(i) How the presence of water layers affects the adhesion of SiO2 substrate with

WS2 film. (ii) Whether the presence of water affects the average band alignment

between materials. (iii) Can fluctuations of water molecules affect electron mobility

in WS2.

Here I investigate the properties of WS2/H2O/SiO2 heterostructures with

different numbers of water layers using DFT and AIMD. This approach enables

us to capture how the behaviour of WS2 can change at different humidity

conditions and to calculate the electronic structure and band offsets in the entire

heterostructure. The results demonstrate that the interaction between the WS2,

water and SiO2 layer, on average, results in a type I or the so-called straddling

band alignment where the band gap of WS2 is completely contained within the

much wider band gaps of SiO2 and water (see also ref.246). Although perturbed,

this band alignment is similar to the rigid band alignment. Thus, the presence of

water does not significantly affect the band offset between SiO2 and WS2 and the

electronic properties of the WS2 monolayer. However, investigating individual

water configurations showed the formation of localised, short-lived, in-gap states

between H2O and WS2, which may affect the electron and hole conductivity in

WS2 layer. This study provides an atomistic insight into the structure and

properties of confined water at the WS2/silica interface, contributing to the

understanding of the impact of water on the electronic properties of WS2 under

different environmental conditions.
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6.2 Methodology

(a) (b) (c)

Figure 6.1 Snapshot geometric structures of the SiO2/H2O/WS2 interfaces with
a) 1 layer of water; b) 2 layers of water; c) 3 layers of water. Color coding: blue
= W, yellow = S, red = O, white = H, beige = Si.

The details of the calculation setup are provided in Chapter 5.2

I start by testing our methods on individual perfect materials. The

3×3×3 extension of the α-C bulk structure, the 6×6 cell of the WS2 monolayer

and the 3×3×3 extension of the Ih bulk ice were calculated with DFT using the

CP2K code80. The double-ζ Gaussian basis set127 with the

Goedecker-Teter-Hutter pseudopotential81 was used in all calculations. I used

the PBE0-TC-LRC XC functional79 and ADMM130,247 to speed up the

calculations. As this chapter focuses on the electronic parameters of the

interface, I will provide an in-depth analysis of the selection and implications of

the PBE0-TC-LRC XC functional.

The PBE0-TC-LRC functional uses a constant fraction of exact exchange

in the short range until a specified cut-off distance, Rc, at which it sets exact

exchange to zero. In this work the truncation radius Rc = 2 Å and the fraction

of Hartree-Fock (HF) exact exchange α = 25 %. I note that the amount of HF

exchange was not optimised to reproduce band gaps of the wide bandgap

insulators H2O and SiO2 because the interface consists of three materials with

different dielectric constants and different amounts of exchange will be needed to

accurately describe each material. Therefore, optimising the amount of exchange

for one material at the expense of the others is not feasible. Standard

PBE0-TC-LRC accurately describes the band gap of WS2 in both the pristine
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Table 6.1: Experimental and calculated values of band gap and conduction band
minimum w.r.t vacuum level. The data for liquid water from this work shown
in the table are obtained from 3 layers of water geometry optimized without any
interface present.

Reference Material Band Gap (eV) V0 (eV)

Literature Values

α-Quartz SiO2
140 9.65 −

amorphous
SiO2

250,251

8.95 -0.75

WS2
252 2.4 -3.91−3.93

Ice Ih253 9.4 -0.9
Liquid Water253 9.0 -1.0

This Work

α-C SiO2 Slab 8.2 -0.6
Liquid Water 7.65 -0.53
hexagonal WS2 2.47 -2.34
orthorhombic
WS2

2.34 -3.89

bulk α-C 8.57 −
bulk Ice Ih 8.39 −

hexagonal and orthorhombic phases. The dispersion interaction was included

using the D3(BJ) correction79,130,248.

The calculated geometric structures of the three perfect systems are in

good agreement with experiment. The properties of the bulk α-C are discussed in

more detail in ref.249 and the dependence of the properties of WS2 layers on the

computational parameters is discussed in ref.4. The calculated Kohn-Sham and

experimental band gaps and positions of the CBM relative to the vacuum level

(V0) of perfect materials are summarised in Table 6.1.

The interface was then constructed by using CMD equilibrated SiO2/H2O

provided by L. Hargreaves. Then an orthorhombic WS2 cell was introduced to

confine the water. AIMD calculations using a PBE-D3(BJ) XC functional were

then performed with an initial run of 4 ps, before the production run was performed

for 12.5 ps, as described in detail in Chapter 5. Examples of snapshot geometries

for the three structures are shown in Figure 6.1.

Snapshots of the AIMD system were taken every 0.5 ps, and single-point

energy calculations using the PBE0-TC-LRC + D3 XC functional and a dipole

correction were performed for the 26 snapshots.254 The geometric structures
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captured in these snapshots were not re-optimised with PBE0-TC-LRC to keep

the non-0K configurations of water, but the hybrid functional provided a better

description of the band gap and, consequently, the band alignment.

To better understand and provide comparison to how WS2 interacts with

water without the presence of SiO2, WS2/H2O systems were created by removing

the SiO2 slab from the SiO2/H2O/WS2 interfaces. AIMD was then run using the

same methodology as described above. This involved a 4 ps initial run which

allowed the water to restructure from the previous configuration, and then a 12.5

ps production run with snapshots taken every 0.5 ps with a single-point calculation

PBE0-TC-LRC + D3. I note that the water did not evaporate at this interface at

400 K.

6.2.0.1 Snapshot Analysis

In total, 26 snapshots of the AIMD trajectory were analysed and averaged. To

calculate the band alignment of the system, a reference value is required.

Previous work investigating the band alignment of water and semiconductors

have used averaged electrostatic profiles referenced to the vacuum level with

average bulk potentials used to align conduction bands to determine band

alignment.255 However, in my work, the small amount of water used means that

the bulk water potential could not be easily determined. Therefore, the local

density of states (LDoS) was used to determine the band alignment.

Band alignment at material interfaces is commonly calculated using the

rigid band alignment or electron affinity model. In this approach, the VBM and

CBM of each material are computed independently and aligned to a common

energy reference, typically the vacuum level, the average Hartree potential, or the

standard hydrogen electrode. This allows for direct comparison of band positions

across materials at the interface and estimation of interfacial properties.256–258 In

this work, the vacuum level is used as the reference due to the use of slab models,

where this potential is easily defined.

However, the rigid band model neglects interfacial effects, such as

molecular orientation and local dipole variations, particularly in liquid-phase
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systems, which can induce band bending.259,260 Consequently, an explicit

interfacial model is more accurate for capturing these effects.

For explicit band alignment models, the vacuum level remains the standard

reference in slab models. Alignment can be achieved by comparing the average

Hartree potential or by referencing the eigenstates in the density of states (DoS) to

the vacuum energy. However, for bulk materials, this method is more challenging,

often requiring the use of a specific redox potential as a reference. The water redox

potential is frequently chosen due to its well-characterised value and relevance in

electrochemical systems such as water splitting.

Despite providing more accurate results, the explicit model introduces

complexities such as artificial strain, as discussed in Section 3.6.1.

The alignment of the bands in the SiO2/H2O/WS2 heterostructure was

determined by averaging the LDoS with the vacuum level as a reference. The

average LDoS was spatially resolved along the z axis, perpendicular to the

interface. The energy resolution of the states was 0.1 eV, with a 0.5 Å smearing

applied to the spatial resolution using a Gaussian and previously reported

methodology.261

The dynamic nature of the interface introduces variability in the electronic

states across different time snapshots, complicating the determination of the local

band gap. As a result, the density of states associated with dynamic eigenstates is

reduced due to the temporal averaging. The local VBM and CBM were identified

by analysing the density of states within the averaged LDoS. A threshold-based

approach was employed to define the local VBM and CBM, where the states were

considered only if their LDoS contribution exceeded a predefined cutoff value,

corresponding to a specific state density.

This threshold was used to modulate the sensitivity to detect the local

CBM and VBM, allowing the capture of subtle variations in the alignment of the

band that may arise from the dynamic interaction between water molecules and

the WS2 surface. The higher threshold of 0.5 provided average values, revealing

larger band gaps for SiO2 and H2O, while the lower threshold of 0.1 offered
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greater sensitivity to spatially dependent interactions between WS2 and H2O.

The impact of these threshold values and their implications for band alignment

will be discussed in detail in the Results and Discussion section.

The inverse participation ratio (IPR) was calculated from the snapshots

to quantify the degree of localization of the eigenstates. The IPR methodology,

previously detailed in the literature262–266 uses atom-centred base sets in CP2K to

assess the localisation of eigenstates. The IPR values range from 1, representing

highly localized states, to 0, indicating completely delocalized states.

The adhesion energy was calculated as:

Eadhes =
1

ANSS

NSS∑
n=1

[E(XY )n − (E(X)n + E(Y )n)], (6.1)

Where, A is the surface area, EXY is the energy of the entire interface,

and EX and EY are the total energies of the individual materials at the interface

separately calculated from the same snapshot geometry, n is the number of a

snapshot and NSS is the total number of snapshots. In some literature, a factor

of 1
2
is added to account for the two surfaces at an interface. However, since most

papers do not include this term, I have excluded it for easier comparison.

Average adhesion energy calculations for interfaces involving water use

snapshots from an AIMD trajectory. In contrast, for the WS2/SiO2 interface, a

single optimized geometry is used; therefore, this adhesion energy is not averaged.

Charge transfer and electrostatic interaction at the H2O/WS2/SiO2

interface were calculated using the Bader charge, which was calculated using the

code developed by the Henkelman group.267

Bader charges were calculated for each snapshot of the SiO2/H2O/WS2

interface to determine the charge transfer between WS2 and H2O. The Bader

charges of WS2 and H2O/SiO2 were computed based on the geometry of each

snapshot from the SiO2/H2O/WS2 interface. The average change in charge,

resulting from the formation of the interface, was then determined for each atom
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of interest. In this work, I focused on the interfacial atoms, specifically W and S

from WS2, H and O from H2O (denoted as Hw and Ow, respectively), and the

silanol groups interacting with water on the silica surface, labelled as Ot and Ht.

This gave the general formula for change in charge for each atom as:

∆q =
1

NSS

NSS∑
n=1

q(XY )n − q(X)n − q(Yn). (6.2)

Here, q is the Bader charge of the atom, n is the snapshot number, and

NSS is the number of snapshots of the AIMD trajectory. XY is the charge on the

atom in the entire interface, and X and Y are the Bader charges from the atom in

the individual materials at the interface.

6.3 Results and Discussion

6.3.1 Adhesion energy

I start by calculating the binary interfaces to compare them with the previous

literature. The low adhesion energy between WS2 and several water layers seen

in Table 6.2 shows that water is physisorbed on WS2. For the SiO2/H2O/WS2

interface, similar to the WS2/H2O interfaces, adhesion energy increases with the

number of water layers; however, the confined system exhibits a significantly

higher adhesion strength. This mild physisorption is expected as experimental

evidence shows that WS2 is mildly hydrophilic.184,185,268–272 Similar trends have

been reported for graphene/H2O/SiO2 systems, though the adhesion energy for

graphene is slightly lower, as graphene is more hydrophobic than WS2
273,274. It is

observed that the adhesion energy stabilizes at three water layers at the

SiO2/H2O/WS2 interface. This indicates that beyond a certain distance,

additional water molecules contribute negligibly to the energy gain due to the

limited interaction with the WS2 surface. This suggests that the interaction

between WS2 and H2O is short-range, being dominated by van der Waals (vdW)

forces.

Atomic force microscopy (AFM) measurements performed on the
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Table 6.2: Average adhesion energy of WS2 interface, and average adsorption
energy with respect to the number of water layers present at the interface.

Interface Water Layers Adhesion Energy
(Jm−2)

WS2/H2O
1 -0.0531 (± 0.005)
2 -0.146 (± 0.008)
3 -0.164 (± 0.010)

WS2/H2O/SiO2
1 -0.188 (± 0.011)
2 -0.196 (± 0.005)
3 -0.194 (± 0.007)

WS2/SiO2 0 -0.250

MoS2/SiOx system provide a relevant comparison.271 In these experiments, at a

temperature of -15 ◦C, where it was expected that water would be confined at

the interface, the adhesion energy was measured at 0.152 Jm−2, which is

comparable to the adhesion energies reported in Table 6.2. The rise in

temperature and, thus, the reduction in the amount of interfacial water resulted

in an increase in the adhesion energy. This agrees with the increase in adhesion

energy when water is removed leaving only the hydroxylated SiO2 slab and WS2

in contact also observed in my work (see Table 6.2).

6.3.2 Rigid band alignment

(a) (b)

Figure 6.2 The rigid band alignment of the WS2/H2O/SiO2 interface with
reference to the vacuum level (VL), shown for a) experimental values from the
literature and b) values calculated in this work using the PBE0-TC-LRC functional
(see Table 6.1 for detailed comparison and references).
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To understand the electronic structure of the interface, I first calibrate

my results to known values and create a rigid band alignment (RBA) diagram.

This popular method is based on the bulk characteristics of individual systems. I

can then compare the results with a more realistic system where interactions at

interfaces may change this alignment.

In my study, the vacuum level serves as the common reference point for

the RBA across all materials. To align the materials to this reference, two key

values are required for each material: the CBM relative to the vacuum level (V0),

which corresponds to the electron affinity, and the band gap. V0 ensures that

all materials are aligned consistently with respect to the vacuum level, thereby

providing a uniform reference for comparing electronic properties across different

materials.

The experimental values for the RBA are collated in Table 6.1. Unlike

the α-C phase used in this study, the amorphous and alpha-quartz phases of SiO2

have been well studied and, therefore, have more accurate band gap values in the

literature. The bulk band gaps calculated in my work are compared with the

literature values for α-C and ice Ih to understand how the chosen XC functional

affects electronic properties. The previously calculated α-C is close to the

experimental value of amorphous SiO2, with only a slight underestimation; see

Table 6.1. For ice Ih, the band gap is underestimated by 1.01 eV. As discussed in

the methodology section, this is due to the 25% HF exchange used in this work.

The parameters for the RBA based on the data calculated in this work,

seen in Figure 6.2b, are obtained using slab models where the band gap is reduced

with respect to the bulk value. To understand how the SiO2 band gap can change

due to the small slab thickness used in the simulations, I refer to the work on

SiO2 films, where the experimental band gap was determined to be 6.7 eV275,

which is much smaller than my slab value. I ascribe this to the difference in the

film structure and to the presence of the interface with Ru in the experimental

measurements.

The choice of XC functional and the amount of water lead to
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underestimating the water band gap too, which changes the offset between water

and silica compared to the bulk experimental values; see Figure 6.2b. However,

the description of water and silica as dielectrics and WS2 with a straddling band

alignment is consistent. The calculated V0 values match fairly well with the

values in the literature, so I expect the CBM alignment to be fairly accurate.

6.3.3 Average band offset

(a) (b)

(c)

Figure 6.3 The band alignment derived from the local density of states (LDoS)
at the SiO2/H2O/WS2 interface, applying a threshold cutoff of 0.5. Red lines
indicate the VBM and CBM at the interface. The colour map represents the
LDoS in arbitrary units, illustrating the atomic contributions to the eigenstates
across the energy spectrum. The blue dotted line marks the termination of WS2,
while the green dashed line indicates the start of the SiO2 slab. Arrows denote the
band gaps of water in contact with WS2 and SiO2, with corresponding values in
eV. The white line at 0 eV corresponds to the vacuum level. a) 1 layer of water,
b) 2 layers of water, c) 3 layers of water.

The band alignment in the system of interacting layers was examined using

the averaged LDoS projected on atoms along the axis perpendicular to the interface

slabs. The local VBM and CBM were identified by analysing the eigenvalues below

and above the Fermi level, respectively. For a state to be considered the VBM or
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CBM at a particular position within the stack, the averaged density of states of the

atoms contributing to that state must exceed a specified threshold. This approach

enables the LDoS to be adjusted, either to resolve finer features or to increase the

threshold for a clearer LDoS representation.

In Figure 6.3, a threshold of 0.5 was applied, representing a relatively

high cutoff. Here, significant variations in the local VBM and CBM are observed,

particularly within the SiO2 slab. Due to the crystalline nature of SiO2, the atomic

positions exhibit minimal average displacement, resulting in a noticeable ”layering”

along the z-direction: when there are no atoms contributing substantially to the

LDoS, the electron density falls below the threshold. It is also noted that the

Further notable drops occur at the WS2/H2O interface, where water does

not form bonds with WS2, leading to a small gap at the structure. A similar

effect is observed at the SiO2/H2O interface, although the VBM and CBM drop

is less pronounced, as water is drawn closer to the SiO2 surface through hydrogen

bonding with silanol groups. A clearer figure showing the alignment of the position

of the averaged atoms with respect to LDoS can be seen in Appendix B Figure

B.2.

In contrast to RBA, the introduction of interfaces between SiO2 and water

leads to a reduction in their respective band gaps, which decrease to 7.25 − 7.5

eV. This suggests that the electronic properties of the system are altered by the

presence of these interfaces, as demonstrated in Figures 6.3a- 6.3c. Although the

band gap of WS2 also decreases by 0.16 eV, the variation in its band gap is minimal

when water is introduced, which aligns well with previous findings on WS2 band

alignment.241,244 Previous studies have reported differences in the band gap and

band offsets in MoS2/WS2 systems in contact with water. These variations have

been attributed to factors such as structural perturbations, dipole changes, and

electron density overlap, which may collectively explain the observed reduction in

the band gap.188,189,220

For all layers of water, the offset of the WS2 and SiO2 bands and the WS2

band gap remain consistent, with a valence band offset (VBO) of 1.91-2.18 eV
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and a conduction band offset (CBO) of 3.14 eV, see Table 6.3. To understand the

offset results calculated in this work, I compare them with the experimental values,

as seen in Table 6.3. The experimental literature shows a consistent straddling

band alignment. Still, the offset varies depending on the experimental technique

used, with IPE showing much larger VBO and smaller CBO compared to XPS. My

results are more consistent with the XPS values. However, the VBO is consistently

underestimated due to the reduced band gap in SiO2, as previously discussed.

The most accurate measure of band alignment should be coming from

IPE, where the alignment of the WS2 VBM to the SiO2 CBM is measured directly

when the two materials form an interface. This alignment has been experimentally

determined to be 3.8 eV.242 In contrast, my calculations yield a value of 5.32 eV.

One factor influencing the band alignment of WS2/SiO2 may be the conditions

under which WS2 was measured, such as: the presence of dopants which will

impact the work function of WS2, the formation of adsorbate layers on the WS2

surface, or the charging of WS2 layers under photon excitation.276,277 I also note

that the ionization energy of WS2, obtained from the averaged projected density

of states (PDoS) of my system (Appendix B Figure B.1), is approximately 6 eV,

which falls within both experimental and theoretical ranges. Furthermore, I note

that the LDoS V0 values for all water layers in Figure 6.3 are ≤ 1 eV, consistent

with the experimental values, indicating that the CBO in this work is accurately

described. Finally, the WS2 V0 for IPE is 2.3 eV (with SiO2 V0 equal to 0.9

eV), smaller than literature values in Table 6.4, further highlighting experimental

conditions as a significant factor.

However, I must also consider that the difference of 1.52 eV between my

results and IPE may arise from my choice of XC functional, since my calculated

SiO2 band gap is underestimated by 1.67 eV compared to the value used in the

IPE study. The discrepancy in band gap can also be highlighted by comparing the

PEEM and IPE studies in Table 6.3, where varying band-gap assumptions impact

band-offset outcomes. Here, the CBO and VBO influenced by the assumption of

an 8.9 eV band gap for SiO2 in IPE versus a 9.7 eV band gap in PEEM.
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Table 6.3: Average electronic properties of the WS2/H2O/SiO2 system in eV.
The CBO and VBO are shown for the calculated and measured in the literature
values between SiO2 and WS2.

System Band Gap Average CBO Average VBO
rigid 2.34 2.42 2.86
1 layer∗ 2.18 3.14 2.18
2 layers 2.18 3.14 1.91
3 layers 2.18 3.14 1.91
HSE06245 2.24 2.58 3.17
XPS and
STS6,245

2.38 2.70 3.97

IPE† 241,242 n/a ≈ 1.4 5.1
PEEM‡ 278 n/a 3.3 4.0

*From LDoS calculations using a 0.5 threshold.
†IPE used a 8.9 eV SiO2 bandgap, we have applied a 2.4 eV WS2 bandgap.

‡PEEM used a 9.7 eV SiO2 band gap.

Table 6.4: The literature values of ionization potential (IP), work function (WF),
and V0 of WS2 in eV.

Method Ionisation
Energy

Work
Function

V0 Synthesis/
Method

Substrate

IPE∗ 242 4.55-4.9 − − MBE /
MOCVD

SiO2/Si

UPS279 − 4.95 − hydro
thermal,
powder

water
(nanoflower)

ID-VG
† 280 6.9 4.6 4.5 exfoliation SiO2/p+

Si
PEEM281 5.74 − − CVD SiO2/p+

Si
KPFM252 5.48 4.75−4.13 3.91−3.93 CVD,

exfoliation
Au & Al

G0W0
8 6.09 4.85 3.6 SOC −

*The IPE technique values have been extrapolated using SiO2 V0 to be between 0.75 − 0.9 eV.

† The ID-VG ionization potential is extrapolated with WS2 band gap equal to 2.4 eV.

6.3.4 Water band gap

The structure of the nanoconfined water layer is determined by the interaction

with the confining surfaces. I investigated how this confinement affects the water’s

band gap. Understanding water’s properties is particularly challenging because of

the influence of nuclear quantum effects (NQE), which still remains controversial

(see discussion in refs.253,282). I used the results of Bischoff et al.253 as a reference.
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The band gap of the confined water at the SiO2/H2O/WS2 interface was

determined using LDoS, as shown in Figure 6.3. In particular, local variations in

the VBM and CBM are influenced by the proximity of the surfaces of WS2 and

SiO2. For all water layers, the band gap of H2O decreases near the WS2 surface

but increases as it approaches the SiO2 surface. At the SiO2 interface, the band

gap is similar to that of bulk Ih phase. This increase of the band gap results

in minimal band offset between H2O and SiO2, caused by the strong hydrogen

bonding between H2O and the SiO2 surface, which induces structuring of the

water molecules near the interface. The reduction in the band gap near the WS2

surface is hypothesized to arise from the formation of in-gap states between H2O

and WS2 discussed in detail below.

(a) (b) (c) (d)

(e) (f)

Figure 6.4 LDoS of water layers: a,b) 1 layer, c,d) 2 layers, and e,f) 3 layers,
from averaging AIMD snapshots with a threshold of a,c,e) 0.1, and b,d,f) 0.5.

To assess the effects of confining surfaces on the water electronic structure,

I analysed changes in the water band gap upon removal of the interface. This

was done using geometric structures of water extracted from interface snapshots,

calculating the band gap for each configuration, and averaging the results. For a
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single layer of water the average band gap (8.12 eV) remains relatively unchanged

compared to the confined system. However, for two (5.19 eV) and three (5.34

eV) layers of water, a significant reduction in the band gap is observed when the

interfaces are removed. The LDoS in Figure 6.4 shows that, depending on the

threshold value used, there is some spatial dependence of the band gap close to

where the SiO2 surface was. This indicates that the change in band gap is caused

by the impact of broken hydrogen bonding at the interface. The rearrangement of

water molecules by surface silanol groups leads to a change in the dipole moment,

which in turn affects the system’s overall dipole when the interface is removed.

Overall, the pronounced changes in the water band gap under

confinement, compared to those in the unconfined case, underscore the strong

interactions between water and the confining materials, specifically the hydrogen

bonding between water and silanol groups.

6.3.5 Work function shift

It is also interesting to see how the presence of water and SiO2 layers affect the work

function of WS2. Previous studies have shown that thermalised water can alter

the work function of metals over time, depending on the orientation of the water

molecules and the resulting dipole interactions with the metal surface.283,284 The

work function changes at interfaces are linked to factors such as reduced electron

spillover into the vacuum and surface roughness.285 The shift in work function

can be significant, with the literature reporting changes (∆ϕ) of up to 1.4 eV in

systems such as MgO/Ag.286,287

I find that the confined water interface shifts the WS2 work function (∆ϕ)

on average by -0.10 (±0.15), -0.20 (±0.20), and -0.26 (±0.23) eV for 1, 2, and 3

layers of water, respectively, which is notably smaller compared to typical values

for metal oxide/metal or metal/water interfaces.

To assess the impact of water confinement, I compared the ∆ϕ values at

the WS2/H2O/SiO2 interface with those for the WS2/H2O system. The WS2/H2O

interface was calculated using the same methodology, with an AIMD calculation

and 25 snapshots analysed to get an average. The calculated ∆ϕ values for 1,
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2, and 3 water layers in the WS2/H2O system are -0.10 (±0.14), +0.021 (±0.14),

and -0.097 (±0.21) eV, respectively. This comparison shows that for two and three

water layers, the magnitude of ∆ϕ is significantly reduced in the WS2/H2O system

compared to the confined WS2/H2O/SiO2 interface. However, for a monolayer

of water, the ∆ϕ values are comparable between both interfaces. These results

suggest that, while the interaction between WS2 and H2O is generally weak, the

introduction of confinement notably enhances this interaction. Additionally, it

is noted that the work function values of WS2 are likely to vary with relative

humidity, which should be considered in experimental measurements.

6.3.6 Effects of water fluctuations

My AIMD results show that water remains mobile in the confined state and thus

reorientates. These dipole fluctuations can affect the electronic structure of the

heterostructure by introducing some short-lived states, as discussed for

water/metal interfaces284. Adsorption of water has been shown to significantly

affect electron and hole conduction of WS2 nanotubes288 and it has been

suggested that adsorbed water can act as trapping and scattering centres for free

carriers.

Confined water interface states at the H2O and WS2 interface were

analysed by examining the time evolution of the PDoS from simulation

snapshots. The degree of localisation of in-gap states was analysed by calculating

the inverse participation ratio spectrum. Several of the states have high IPR

values, indicating greater electron localisation, as seen in Figure 6.5 for one of

the snapshots. Similar states form in many snapshots, but the energies of the

localised states vary significantly. The molecular orbital corresponding to the

peak with the highest IPR in Figure 6.5a (c) is illustrated in Figure 6.5c. This

and PDoS analysis revealed the creation of electronic states with significant

contributions from both water molecules and WS2 valence band states in PDoS.

These fluctuations highlight the effect of the water configurations and consequent

dipole changes on the interfacial electronic properties. Across all water layers,

the formation of short-lived in-gap states was observed in the region between the
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(a) (b) (c)

(d) (e) (f)

Figure 6.5 IPR Analysis of two snapshots in the two layer system at a-c) 5.5
ps, and d-f) 8ps. a) and d) show the IPR spectrum imposed on the PDoS of the
snapshots, with the two largest IPR peaks labelled according to the relevant wfn,
i.e. b) corresponds to label b in a). The Molecular Orbitals shown in b,c,e,f) are
with isosurface: 0.01.

VBM of WS2 and that of H2O. These transient in-gap states became more

frequent with increasing water layer thickness and are typically lasting less than

500 fs.

However, more in-gap states are present, as seen by peak b in Figure 6.5a.

This peak corresponds to a state localised on the bottom silanol groups of the silica

slab (Figure 6.5b). This highlights the slab nature of the SiO2 used in this work as

although the slab is passivated by the silanol groups, there are still localised states

forming due to the termination of the bottom surface. I also highlight further

states that can form at different snapshots, with peak e in Figure 6.5d showing

greater localisation than in f, despite e (Figure 6.5e) showing a state between SiO2

and water instead of between WS2 and water (Figure 6.5f).

6 140



Interfaces between 2D materials and dielectrics Katherine Milton

(a) (b)

(c)

Figure 6.6 The band alignment with a 0.1 cutoff threshold at the SiO2/H2O/WS2

interface, red lines show the VBM and CBM of the interface, the surface on the
right indicates the contribution of the atoms to the eigenstate at each energy. The
diagram on the left is a scaled diagram of the average interface position. a) 1 layer
of water, b) 2 layers of water, c) 3 layers of water.

Comparing the position of peak c (-1.51 eV) in Figure 6.5a and peak f

(-1.98 eV) in Figure 6.5d, I see that the energy has shifted by 0.47 eV. Therefore,

although these water in gap states are present in different snapshots, the energy

fluctuates. The number and variety of localised states at this interface could

impact the conduction of WS2 via the WS2-water states, but also via additional

states formed between the SiO2 surface and water which may lead to charge moving

away from the WS2.

To investigate the effect of these dynamic processes on band offsets, I

reduced the LDoS cut-off threshold to 0.1, thereby increasing the sensitivity of

band alignment, as shown in Figure 6.6. The resulting band alignment at the H2O

and WS2 interface reveals a minimal offset near the WS2 surface across all water

layers. This reduced band offset is spatially confined, occurring primarily in the

water molecules interfacing with the WS2 surface, while water molecules farther
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away from WS2 exhibit a wider band gap. Furthermore, there is no observed offset

between SiO2 and the water adjacent to it.

To further examine the interaction at the WS2 and H2O interface, I

analysed the charge transfer between WS2 and H2O at the WS2/H2O/SiO2

interface. As seen in Figure 6.7, the charge transfer increases with increasing

number of water layers, with the charge transfer spatially dependent in both

water and WS2. The largest magnitude of charge transfer is seen closest to the

WS2 in all models. This aligns with previous band alignment diagrams, showing

the spatial dependence of the water valence band aligned with WS2 close to the

interface. The average charge transfer shows that the order of magnitude of the

change is small, indicating that this is only a small electrostatic interaction. This

is in contrast to the hypothesis suggested by Serron et al.61 that changes in

conductivity at the interface is due to charge transfer. However, in this system, I

only consider pristine WS2 and SiO2, so any defects that might contribute to

charge transfer are not present. Additionally, the systems investigated are not

charged or have an applied bias, which may change the magnitude of charge

transfer at the interface.

This charge transfer exhibits a similar spatial dependence on the water

layers, as shown in Figure 6.7. Although the overall magnitude of charge transfer

remains relatively small due to spatial averaging, these results indicate an

interfacial interaction between water and WS2.

It is noted that electron and hole scattering on these dynamic localized

states could be a mechanism responsible for the reduction of conductivity in WS2

nanotubes observed in ref.288. Similar scattering mechanisms in 2D transistors

have been recently considered in ref.289. The difference in electron transport

properties of single-layer WS2 on SiO2 measured in air and vacuum has been

attributed to the presence of water and oxygen gas, but is difficult to disentangle

into components290.
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(a) (b)

(c)

Figure 6.7 Average Bader charge difference between water and WS2 at the
SiO2/H2O/WS2 interface. The Positions of the atoms are averaged over snapshots
of the AIMD run. a) 1 layer of water, b) 2 layers of water, c) 3 layers of water.
Hw and Ow is the water hydrogen and oxygen, respectively. Ht and Ot are the
silanol groups hydrogen and oxygen.

6.4 Conclusions

This work offers an insight into the impact of confined water within the

WS2/H2O/SiO2 heterostructure, exploring different numbers of water layers

using DFT and ab initio molecular dynamics. The adhesion between WS2 and

water layers is dominated by weak hydrophilic interactions. The structuring of

water does not induce significant shifts in the band alignment at the interface

compared to the rigid band alignment. This is confirmed by electronic structure

calculations that demonstrate that the interaction between WS2, water, and

SiO2, on average, results in a type I or the so-called straddling band alignment,

in agreement with previous IPE measurements243. The band gap of WS2 is

completely contained within the much wider band gaps of SiO2 and water. The

presence of water does not also significantly affect the average band offset
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between SiO2 and WS2 and the electronic properties of the WS2 monolayer. The

work function of WS2 shifts by 0.1 - 0.26 eV with the introduction of confined

water with the extent of the shift depending on the number of water layers.

Localized short-lived in-gap states identified at the confined water interface

between H2O/WS2 surfaces may affect the electron and hole conductivity in WS2

layers. To understand the importance of this effect, carrier mobility

measurements in WS2 at water freezing temperatures and above room

temperature will be useful. More studies are needed to understand the impact of

confined water under experimental conditions in realistic WS2 systems that

include interface defects.
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Chapter 7

WS2 Oxidation

The pristine interface discussed in the previous two chapters offers valuable

insight into the interactions at the WS2/H2O/SiO2 interface. However, in

realistic systems, defects will be present in both WS2 and SiO2. It has been

reported that the interaction between water and WS2 defects can lead to

oxidation of WS2,
291,292 while the edges of WS2 can facilitate the hydrogen

evolution reaction with H2O.293 Therefore, this chapter will focus on the

interaction of water with WS2 defects and edges. I will begin with a

comprehensive review of the oxidation of TMDs, as there is currently a lack of

consensus regarding the oxidation process in the literature. Furthermore, this

review will examine the role of oxygen, which has been more extensively studied,

in contrast to the limited literature available on the role of water. Subsequently,

I will present my results, which take initial steps toward understanding the

mechanism of water dissociation at the WS2 edges and defects.

My investigation of the interaction between defects at the WS2 surface

and H2O found that the interaction with point defects results in an increase in the

adsorption energy of H2O and, in some cases, leads to the spontaneous dissociation

of H2O. This dissociation initiates oxidation by leaving behind W–OH groups,

which can further dissociate to form W–O. This process may also facilitate the

hydrogen evolution reaction (HER) by generating protons as W–O forms. The

key factors influencing H2O dissociation include exposure of both tungsten and
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sulphur atoms with dangling bonds in the defect, as well as sufficiently large defects

so that water can interact with atoms inside the defect. An examination of the

edges focused on spontaneous dissociation, as this occurs without a reaction barrier

and thus has the highest reaction rate. Our analysis showed that water at the

tungsten zigzag (W-ZZ) edge was physisorbed and did not undergo spontaneous

dissociation. However, spontaneous oxidation at the W-ZZ edge occurred upon

exposure to O2 molecules. When both H2O and O2 were introduced, oxidation

occurred, facilitated by H2O dissociation via a Grotthuss-like mechanism, where

protons are transferred between H2O and O2 molecules. A higher concentration

of water and oxygen molecules led to increased dissociation of both molecules,

enhancing oxidation at both edge types.

Investigation of water at the armchair edge, which exposes more sulphur,

showed that water could spontaneously dissociate if two or more water molecules

were arranged in configurations that optimised the S-H interaction.

7.1 Introduction

TMDs are susceptible to oxidation under ambient conditions, which changes their

electronic and optoelectronic properties, such as band gap and PL spectra.70,294,295

Additionally, structural changes in the TMD result from oxidation; in particular,

XO3 formation is a well-known product, where X is the transition metal from the

TMD.

Oxidation can be desirable; applications in the hydrogen evolution reaction

report that oxidation can increase the hydrogen production rate.296,297 Moreover,

there are reports of TMDs being selectively oxidised to form a dielectric oxide layer

that exhibits a good lattice match with the TMD.74,298,299 This selective oxidation

may lead to advantageous future applications, as it occurs to a limited depth and

reduces the presence of impurities, such as water, at the interface.

However, oxidation of TMDs is not always favourable. The alteration of

properties due to oxidation can pose challenges for devices requiring stability and

intrinsic n-type doping of TMDs. Consequently, unexpected oxidation can
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introduce additional variables, such as variations in surface roughness when

analysing WS2 on SiO2.
17 Moreover, if oxidation is not characterised prior to

measurements, it may result in inconsistent and misleading outcomes.

The complexity of various conditions that induce oxidation has led to the

proposal of many potential mechanisms and causes.73,185,295,300 Understanding

this process is crucial for selectively facilitating or preventing oxidation through

optimised storage and experimental conditions. This understanding would enable

TMDs to be utilised in devices without the risk of oxidation. Current reviews

offer a comprehensive overview of the landscape;301 however, the literature has

not established a consensus on oxidation products or mechanisms.

7.1.1 Oxidation Areas

To understand the oxidation mechanism, we first need to understand where

oxidation occurs. Experimental studies have shown that oxidation occurs only in

specific areas of TMDs.

The edges of TMDs oxidise more rapidly than any other defect site, with

oxidation predominantly occurring in these regions. The consensus within the

literature is that increased oxidation is due to the under-coordinated nature and

exposed geometry of these edge metal atoms.302 The type of edge also dictates

how quickly oxidation occurs, see Figure 7.1. Edges with 100% metal atoms

(metal zigzag edges), both in theory and in experiments, have the highest rates

of oxidation.74,303,304 On the other hand, 100% S/Se zigzag edges are resistant to

oxidation.305 Therefore, if the edge can be controlled in synthesis, the oxidation

of TMDs could be suppressed or stimulated depending on the required

functionality.

For HER catalysis, 50% sulphur edges have been found to have optimal

hydrogen binding energies.306 However, the interaction of water with edges to

produce hydrogen has been insufficiently studied, but the role of water has been

highlighted to impact the energetics hydrogen interaction with TMDs as part of

HER catalysis.307,308
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Figure 7.1 The Different edges of the TMD WS2. The tungsten zigzag edge is
highlighted in purple, the sulphur zigzag edge is highlighted in pink, and finally
the armchair edge is highlighted in orange.

Generally, the pristine basal plane of TMDs is resistant to oxidation and,

under ambient conditions, does not oxidise rapidly. However, oxidation can begin

at defects in the basal plane, with initial oxidation occurring at defect sites

before being propagated through the system. Sulphur vacancies are the most

common defect attributed to TMD oxidation. It is proposed that the resulting

exposed metal ions can interact with surrounding O2 or H2O molecules.309,310

These sites have a reduced barrier for forming metal-O bonds from O2.
311

However, the reaction barriers for this oxidation process vary significantly in the

literature. Taking the example of MoS2 oxidation with O2, experimental values

vary between 0.9 − 1.5 eV, while the theoretical barriers range from 0.8 − 5 eV,

revealing the complexity of the oxidation process.294,312

It has also been observed that in MoS2, VMoS2 vacancies (a vacancy

where one unit of MoS2 has been removed) can significantly lower the barrier for

H2O dissociation at the defect site. The first hydrogen dissociation reaction can

occur with an extremely low reaction barrier of only 0.08 eV. When water is fully

dissociated, the total energy of the system stabilises between 2.85 eV and 3.39

eV, in comparison to the pristine defect.309,313 This is significant as Peto et al.

have calculated the native defect density to be 1×1011 to 1×1012 cm−2 in MoS2

using STM, this increases to 3×1012 to 2×1013 cm−2 over a month under ambient

conditions; it should be noted that this also includes light exposure.70

The final area addressed in this review is the boundary between the

flakes. Grain boundaries are typically seen when a TMD is grown using methods
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such as CVD.314,315 It is understood that grain boundaries and edge sites are

initially oxidised before the basal plane.300 In TMDs, it is generally understood

that there is a high concentration of mirror twin boundaries (MTB). The role of

MTB in oxidation has found that it is a favourable area to anchor OH groups

and shows favourable adsorption energies of O2 molecules, this has been

confirmed both experimentally and theoretically.291,292

7.1.2 Factors Influencing TMD Oxidation

Defects and edges in TMDs serve as sites for oxidation; however, the environmental

conditions in which the TMD is maintained significantly influence the oxidation

rate of these areas.

Experimental studies have found that an increase in humidity leads to

a faster oxidation rate.185,295 However, the mechanism by which this increased

oxidation occurs has not yet been fully elucidated. In the work of Lei et al.316,

the formation of OH radicals is proposed to act as a key intermediate leading to

oxidation. Kinetic Monte Carlo studies have shown that the surface termination of

MoS2 dictates the adsorption energy and dissociation of water, with (001) surfaces

having up to 90% coverage with OH groups after a 1000 ns trajectory with water.317

The role of OH groups has also been discussed in experimental work, with OH

groups forming sulphuric acid and leading to products such as MoOx(OH)n.
318,319

The photooxidation of TMDs was first discussed by Kotsakidis et al.73,

this experimental work highlighted the degradation of MoS2 under ambient

laboratory light for a year. The light-induced oxidation was further confirmed by

measuring the PL spectrum of MoS2 under laser irradiation over time, during

which three distinct photooxidation regimes were identified.320 In WSe2,

photooxidation was observed under white light and humid conditions, resulting

in the formation of cracks either randomly or along grain boundaries.321 The

authors posit that light generates O−•
2 radicals, which facilitate cracking.

Furthermore, the authors suggested that the cracking along grain boundaries

may also be attributed to strain induced by water droplets located between the

substrate and the TMD.
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Temperature also plays a critical role, with higher temperatures increasing

the oxidation and etching rate.322 However, these high temperatures are well above

room temperature, with 200 ◦C the lowest temperature required to see changes.323

Finally, we note that the underlying substrate can play a significant role,

as highlighted by Kang et al.324. They proposed that the dielectric screening of

the substrate influences the oxidation of WS2. SiO2 substrates were shown to

increase oxidation compared to WS2 grown on suspended graphene and

WS2/graphene/SiO2.

7.1.3 Propagation and Products of Oxidation

As discussed in the previous section, theoretical studies have shown that edges

and defect sites are favourable for oxidation. However, it is not understood how

oxidation penetrates through the layers and occurs across the surface of TMDs.

Experimentally, various products have been observed, yet only a few have had a

verified formation mechanism attributed to them. The propagation of oxidation

is currently debated within the literature, with different mechanisms proposed for

distinct environmental conditions.

Some studies suggest that hydrogen plays a role in forming S-H groups,

leading to the propagation of sulphur vacancies and consequent oxidation.325

Experimental work by Afanasiev et al.318 has also shown that sulphuric acid is

produced when water is present through the formation of S-H groups. From this,

they have proposed that the initial S-H surface groups are transformed into S2
2−

bridges and OH species. Sulfate species are then formed, and these species go on

to form H2SO4 or large molecules containing molybdenum such as Mo2O5HSO4.

Theoretical studies of the oxidation of TMDs with water show that the

barrier to water dissociation at the 100% and 50% metal edges of MoS2 is very

small. The barrier is lowest when more Mo is exposed, with the lowest barrier

calculated at 0.54 eV with 100% Mo edges.304 Furthermore, AIMD calculations at

300 K demonstrate that water dissociation occurs at the 100% Mo edge, suggesting

that this process can take place at room temperature.
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Further work on the mechanism for oxidation propagation with water

using DFT, suggested that water dissociation results in an OH group bound to

the Mo atom and an H+ atom bound to the S atom.309 The OH− group

subsequently dissociates, leaving the O atom still attached to the Mo atom. This

is thought to be due to the donation of electrons from Mo to water O. However,

this work finds that the edges are not active enough to split water; instead,

vacancies are most effective for dissociation due to a strong interaction with

water. This finding contradicts experimental observations that edges rapidly

oxidise and the previously discussed theoretical work, raising further questions

about the role of water dissociation in TMD oxidation. Experimental studies

using AFM185,311,322,326,327 have shown that molybdenum oxide protrusions form

after oxidation. In the case of ref.185, MoS2 was oxidised through submersion in

bulk water at room temperature. In contrast, ref.311 demonstrates that

protrusions develop when the basal plane mode is activated by H2O2 or light

illumination at room temperature. Despite these observations, there has been no

elucidation of the mechanism underlying the formation of these oxide

protrusions.

The presence of water increases the variety of products observed, with

the increased stability of sulphuric acid particularly noted at temperatures ≤ 300

◦C.319 This was also evident in experimental findings, which showed that the

flakes disappeared and exhibited reduced roughness with the introduction of

water vapour.301 This is believed to be due to the formation of volatile

MoO2(OH)2 and H2SO4.

XPS has also confirmed the formation of sulphuric acid. MoS2 flakes, which

were left to oxidise in air, displayed no peaks corresponding to MoS2 in the XPS

analysis; instead, only sulphuric acid was detected.318 Additionally, the XPS data

revealed the presence of three oxidation states of Mo: IV,V, and VI, indicating the

formation of various oxidation products. Experimental evidence further suggests

the presence of water confined between the TMD and the substrate, leading to

increased oxidation in areas where the water is trapped.17,328

It is also observed that the oxidation of the grain boundary is influenced
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by humidity; specifically, 40% RH is insufficient to induce oxidation, whereas an

increase to 65% RH results in observable oxidation. This is postulated due to the

presence of OH radicals.315 However, the complete mechanism by which water

catalyses oxidation remains unexplored, and the variety of potential products

complicates the analysis of these mechanisms.

The final point to consider regarding H2O-based oxidation is that some

experimental studies indicate that oxidation does not take place in the presence

of water alone, without O2.
295 The thermodynamic equilibrium of MoS2 in the

presence of oxygen is different when exposed to oxygen and water vapour

simultaneously. This results in the formation of distinct products based on the

molecules present, with variations in products also occurring with changes in

temperature.319

Therefore, to understand the role of H2O as a potential catalyst for TMD

oxidation, it is essential to also understand the mechanism of O2 oxidation.

Focusing on the role of O2, ab-initio based work suggests that oxygen molecules

initially interact with the metal atom at sulphur vacancy defects.329 The

adsorbed O2 molecules then interact with the sulphur atoms nearby, eventually

removing SO or SO2 groups from the surface of MoS2, eventually leading to a

metal-O bond.

The removal of SOx species has been investigated using AIMD and CMD,

with x being an integer between zero and three. At elevated temperatures,

typically exceeding 1500 K, the removal of SOx can occur spontaneously.310,330

Additionally, the desorption of SOx has been examined using temperature

desorption spectroscopy (TPD)331. TPD peaks appear at 400 ◦C and 650 ◦C,

which are attributed to SO2. At temperatures of ≥ 800 ◦C, TPD yields peaks

associated with S, showing the diversity of oxidation products. These peaks at

elevated temperatures can be rationalised by the different intermediates formed

during the desorption of SO2.
310,329 However, the high temperature required for

desorption suggests that SOx desorption is unlikely to occur under ambient

conditions.

7 152



Interfaces between 2D materials and dielectrics Katherine Milton

7.1.4 Summary

In conclusion, WS2 is susceptible to oxidation at the grain boundaries, edges, or

defects in the material when exposed to air.300,315,332 Prolonged exposure to air

increases oxidation, with higher temperatures and humidity further accelerating

the oxidation rate. The presence of water at the substrate interface and within

the TMD has also been linked to the oxidation of the TMD film.185 Water is

hypothesised to contribute to oxidation by dissociating into hydrogen and hydroxyl

groups, potentially leading to the formation of sulphuric acid or oxidised transition

metal complexes.

However, the mechanism underlying this oxidation has been poorly

understood. The wide range of conditions that can lead to oxidation, along with

the diverse array of resultant products, makes this process difficult to model.

Furthermore, there is no consensus in the literature regarding whether water

directly oxidises TMDs; instead, it may catalyse or facilitate their oxidation in

the presence of oxygen.

Therefore, in this chapter, I investigate the interaction between water

and defects, as well as edges in WS2. I will examine the effect of introducing

multiple water molecules at the edges of WS2 to understand how these

interactions influence the water dissociation. Furthermore, I will explore whether

the simultaneous introduction of oxygen and water affects oxidation by adding

both O2 and H2O to the edges of WS2. These calculations illuminate how water

splitting and subsequent oxidation can occur at defects and edges, with the

presence of both sulphur and tungsten facilitating the spontaneous dissociation

of water. Moreover, the presence of both O2 and H2O at the edge of WS2

promotes H2O dissociation via a proton hopping mechanism that resembles the

Grotthuss mechanism. Furthermore, these initial results provide further evidence

that increasing the concentrations of H2O and O2 promotes oxidation.
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7.2 Methodology

A 10×10 cell of monolayer hexagonal WS2 with a 60 Å vacuum was optimised

using PBE-D3(BJ) XC functional with CP2K, employing double ζ Gaussian basis

sets and GTH pseudopotentials. The adsorption of a water molecule on top of

the WS2 surface was calculated by performing a geometry optimisation of the full

system with PBE-D3(BJ) XC functional.

Defects were subsequently introduced into the WS2. The introduction of

defects results in the displacement of atoms, with varying defect energy levels

observed depending on the choice of XC functional, as demonstrated in ref.4.

This study justifies the selection of the PBE(D3), as the defect geometries are

generally similar to those calculated with the PBE0-TC-LRC XC functional,

although differences in their electronic properties are noted. Considering our

investigation of oxidation mechanisms, the less computationally intensive

PBE(D3) functional is suitable for accurately describing the defects and water

geometry without necessitating expensive calculations.

For the edges calculated in this work, a 6×6 orthorhombic WS2 cell was

optimised with a width of 60 Å in both the z and x directions for the zigzag edge,

and in the z and y directions for the armchair edge. This ensured that only one

direction had a continuous WS2 cell, thereby forming a large nanoribbon. The

directions were chosen based on the edge type, which requires different cutting

on pristine WS2, see Figure 7.1. Water was added to the edge and the whole

system was then optimised. When oxygen was introduced, each O2 molecule was

calculated in a triplet state.

The Bader charges were calculated using the code by the Henklemann

group88. The average Bader charges for pristine WS2 were determined to be +1.2

e on tungsten, while that of sulphur was -0.6 e.

Adsorption energy was calculated using:

Eads =
1

N
((E(Nmol) + E(WS2))− E(WS2,Nmol)), (7.1)
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where N is the total number of molecules, ENmol is the total energy of the

molecule(s) optimised in a vacuum, which can be either H2O or O2. This

approach was undertaken to consider the hydrogen bonds present in water, which

must be disrupted in order to facilitate interaction with the defect. The impact

of using different ENmol values is discussed in Appendix C, and illustrated with

Figure C.1. Finally, E(WS2,Nmol) is the total energy of the system with N

molecules adsorbed on WS2. The positive value of Eads corresponds to

exothermic adsorption.

The total energy change was calculated to determine whether water

dissociation is thermodynamically favourable using:

∆Etot = Einitial − Efinal. (7.2)

Here, Einitial is the total energy of the system before any interaction, with molecular

reference energies calculated as described for adsorption energy. In the case where

a single molecular species is present, the reference energy is that of the isolated

molecule. When multiple molecular species are present, Einitial includes both the

pre-adsorbed species on WS2 and the energy of the second, non-adsorbed molecular

species. A more detailed discussion can be found in Section 7.3.5.3. Efinal is the

total energy of the system after interaction, where dissociation of at least one

molecule has occurred.

Notably, Equation 7.2 is formulated with the initial and final energies

reversed compared to the conventional definition i.e. the heat of reaction. This

choice allows us to describe energy changes from the perspective of the surrounding

environment: energy gain for exothermic reactions and energy loss for endothermic

reactions. This convention facilitates direct comparison with adsorption energy

values. I also note that the entropic contribution is neglected; this may impact

some of the total energy changes when multiple molecular species are present.

This study does not examine activation energy (Ea, Figure 7.2) due to

the computational cost of performing the required NEB calculations. However, in

cases such as Figure 7.2c, the entire reaction path can be inferred from geometry
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optimisation when no reaction barrier is present or when the barrier is sufficiently

low to be overcome by force relaxation in the simulation.

(a) (b) (c)

Figure 7.2 Figure describing the two possible reaction mechanisms a) exothermic
and b) endothermic. The total energy change between initial and final systems is
shown by ∆E, and the activation energy is shown by Ea. c) Shows an exothermic
reaction pathway without a barrier, where spontaneous reactions will occur.

7.3 Results and Discussion

7.3.1 Water Molecule on Pristine WS2

The geometry of a system with one water molecule on the surface of a pristine

10×10 monolayer of WS2 was optimised. Four initial configurations were explored:

both hydrogen atoms faced the surface, one hydrogen atom faced the surface, the

oxygen atom faced the surface, or the water molecule lay parallel to the WS2

surface (Figure 7.3). It was determined that, regardless of the initial configuration,

the most stable arrangement of the water molecule occurred with both hydrogen

atoms directed towards the WS2 surface, at a distance of 2.49 Å from the top

sulphur layer to the hydrogen atoms. The energy gain for the adsorption of water

in this configuration was 0.23 eV; therefore, at room temperature, molecules from

a gas phase can desorb rapidly.

Figure 7.3 Initial orientations of water on top of the WS2 substrate before
geometry optimisation.
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7.3.2 Introduction to Point Defects

As discussed in the Introduction, the pristine basal plane is resistant to

oxidation; instead, defects can act as initial sites of oxidation. Therefore, we

investigate point defects, including a single sulphur vacancy VS, as well as double

and triple sulphur vacancies. The double vacancies investigated have vacancies

either: adjacent (VA
2S), located at the same site but on different sulphur planes

(VP
2S), or separated by one sulphur atom (VS

2S). Triple sulphur vacancies were

also examined, where the vacancies may be clustered in a triangle (VT
3S),

arranged in a line (VL
3S), or consist of two adjacent vacancies with an additional

vacancy separated by a sulphur atom in a line (VLS
3S ). Finally, a vacancy created

by removing a WS2 unit (VWS2) was investigated. All these defects can be seen

in Figure 7.4.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 7.4 Images of the sulphur vacancies used in this work. a) is a mono
vacancy (VS) b-d) are di vacancies: b) sulphur vacancies are adjacent (VA

2S), c)
vacancies are on opposite planes (VP

2S), and d) Sulphur vacancies are separated by
a sulphur atom (VS

2S). e-h) are tri vacancies: e) has sulphur vacancies clustered
into a triangle (VT

3S), f) sulphur vacancies are in a line (VL
3S), g) Sulphur vacancies

are separated by a sulphur atom (VLS
3S ). Defect h) has a WS2 vacancy, resulting

in a hole in the WS2 monolayer (VWS2).

For all defects, charge redistribution predominantly occurs on the tungsten

7 157



Interfaces between 2D materials and dielectrics Katherine Milton

atoms in the sulphur vacancy (Figure 7.5), the sulphur atom exhibits minimal

charge alteration (Appendix C Figure C.3).

When exposed by sulphur vacancies, the Bader charge on tungsten

decreases when compared to pristine WS2 (+1.2 e). The most significant

reductions observed on an individual tungsten atom are in VT
3S (+0.79 e), VL

3S

(+0.89 e), and VP
2S (+0.76 e) defects. The increase in electron localisation on

tungsten atoms results from the removal of sulphur, which leaves a dangling

bond on tungsten. The valence electron that would have bonded with sulphur

instead remains localised on tungsten, increasing its susceptibility to oxidation

through W-O bond formation.333

7.3.3 Interaction of Defects with One Water Molecule

The interaction of water with defects is crucial to understanding the role of water

in oxidation. Initially, we examine how a single water molecule interacts with

different defect sites. To calculate the interactions of water with defect sites, the

initial water orientations selected were the same as in Figure 7.3. The geometry of

the system was then optimised, and the most stable configuration of the water was

then used to calculate the adsorption energy. To model the dissociation of water,

the molecule was separated into hydrogen and hydroxyl species, and the geometry

of the dissociated water at the WS2 surface was optimised.

7.3.3.1 Adsorption of Water

The energy gain from the adsorption of water molecules at all defect sites

exceeds the adsorption energy of water on the pristine surface (Figure 7.6a). The

adsorption energy of water across all defects remains fairly consistent, ranging

from 0.28 to 0.3 eV and increases at the VT
3S site to 0.42 eV. In the case of the

VT
3S defect, the optimal configuration is when water lies parallel to the surface,

inside the defect (see Figure 7.6b). This parallel orientation at the defect site

results in the water molecule being positioned closer to the WS2, with the plane

of the molecule located 0.6 Å above the upper sulphur plane and 2.2 Å above the

tungsten plane inside the VT
3S defect.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7.5 Bader charges on tungsten surrounding the vacancies used in this work.
a) VS, b) VA

2S, c) VP
2S, d) VS

2S, f) VT
3S, e) VL

3S, g) VLS
3S , h) VWS2 . Corresponding

structures are found in Figure 7.4. Sulphur vacancies are shown by light pink
circles, and the WS2 vacancy is shown by a dark pink circle.

The smallest Bader charge on W in VT
3S (Figure 7.5e) is +0.79 e at the

defect site, which may promote favourable adsorption. Furthermore, the steric

hindrance associated with the defect is relevant, as the VT
3S defect is the only

defect providing sufficient space for H2O to lie parallel to the defect site.
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(a) (b)

(c) (d)

Figure 7.6 a) The adsorption energy of a single water molecule above different
defect complexes on the surface of WS2. b) Diagram of the position of water inside
the V3S defect site. c) The total energy change from the dissociation of water at
defect sites. d) Diagram of the water dissociated at the VT

WS2
defect.

7.3.3.2 Dissociation of Water

In this section, I examine the total energy change associated with the dissociation

of water at specific defects, with the aim of determining whether the dissociation

process is thermodynamically favourable. However, due to the prohibitive cost of

calculating all the barriers for water dissociation, the activation energy (reaction

barrier) is not calculated.

At VS, V
P
2S, and VS

2S the most stable configuration of dissociated water

corresponds to the formation of W-OH bonds at the defect site, accompanied by

the generation of a S-H group. However, the corresponding total energy change

at these defects shows that dissociation is thermodynamically unfavourable, with

Etot of -0.79, -0.31, and -0.78 eV, respectively. This occurs despite the VP
2S defect
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exposing tungsten with a minimum Bader charge of +0.75 e. This reduction of

tungsten is associated with increased oxidation of WS2. Consequently, it can be

concluded that the ∆Etot for water dissociation is affected by steric hindrance at

the defect sites. When a single sulphur atom is removed, the limited space restricts

water’s ability to interact strongly with the defect site.

The defects with at least two adjacent sulphur vacancies exhibit positive

∆Etot for water dissociation. ∆Etot for VLS
3S water dissociation is 1.27 eV,

comparable to that of VA
2S, which is 1.23 eV. This similarity is expected, as both

sites have two adjacent sulphur vacancies where water is adsorbed. As the

distances between the sulphur vacancies of tri-vacancy defects decrease, the

∆Etot increases. This trend is illustrated by VL
3S, where the total energy gain of

water dissociation is 1.38 eV, and it further increases at VT
3S to 1.69 eV, where

the distances between the sulphur vacancies are minimised. The most stable

configuration for water dissociation in these defects involves the formation of one

W-OH bond and a W-H bond with a nearby exposed tungsten atom that also

has a dangling bond.

The largest total energy change from water dissociation on a defect site is

with the VWS2 defect, which is 2.79 eV. It is important to note that water

adsorption on VWS2 was not observed in Figure 7.6a, as water spontaneously

dissociates. In the case of VWS2 , the hydrogen atom forms a S-H group with an

exposed sulphur atom with a dangling bond, as illustrated in Figure 7.6d.

This S-H formation contrasts with the tri-vacancy defects. This distinction

is significant, as prior studies have indicated that only exposed tungsten plays a

key role in oxidation via O2.
302 Additionally, at the VWS2 defect site, the exposed

tungsten atoms have Bader charges exceeding +0.93 e, with this value representing

the minimum charge among them (Figure 7.5h). This charge is higher than that

of other defects, such as VL
3S, suggesting that the tungsten charge may be less

critical for H2O dissociation than for O2 oxidation. Consequently, the greater

energy gains associated with S-H formation indicate that water dissociation can

be more affected by sulphur availability than by tungsten alone.
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The dissociation of water at the VWS2 defect passivates the dangling S

and W bonds, resulting in the formation of W-OH groups, akin to the formation

of silanol groups on the surface of SiO2 from ambient water.169 This passivation

could lead to protection from further oxidation; however, the experimental

evidence indicating that increased humidity correlates with increased oxidation

rates suggests that this is unlikely.185,295 Instead, it is postulated that the

interaction with S-H could influence water dissociation and promote oxidation, as

discussed by Afanasiev.318 Previous DFT studies have reported a total energy

change of 2.85 eV with MoS2, highlighting the similar interaction of water with

different TMDs.309

7.3.4 Larger Defects: Holes and 2D defects

As discussed, the strongest interaction between water and WS2 occurs when both

tungsten and sulphur are exposed with dangling bonds and steric hindrance is

minimised. This facilitates the interaction between H2O and available sulphur

atoms, promoting H2O dissociation. The VWS2 defect highlighted that

spontaneous dissociation is possible; therefore, I investigated the dissociation of

water on larger defects using the same methodology as with the point defects.

Defects, specifically holes in WS2, consisting of V2(WS2) and V3(WS2) were

examined to determine if water dissociation is more favourable with increased

availability of both sulphur and tungsten. Subsequently, one-dimensional defects

were explored, including a line defect of sulphur vacancies (V10S2) and another

line defect featuring both tungsten and sulphur vacancies (V10(WS2)), as

illustrated in Figure 7.7.

Investigating the interaction of water with defects by optimising the

geometry of water on the defects, we observe that the large V2(WS2) and V3(WS2)

defects do not spontaneously dissociate water, in contrast to the smaller VWS2

defect. Instead, the water at the V2(WS2) and V3(WS2) defects exhibit significantly

greater adsorption energies of 2.25 eV and 2.07 eV, respectively. This substantial

increase in adsorption energy can be attributed to the water molecules fitting

into the defect, resulting in O-W and S-H distances of 2.1 Å and 2.2 Å,

7 162



Interfaces between 2D materials and dielectrics Katherine Milton

(a) (b)

(c) (d)

Figure 7.7 Images of the large defect sites: a) V2(WS2), and b) V3(WS2), and 2D
defects c) V10S2 , and d) V10(WS2).

respectively (Figure 7.8). In contrast, the W-S bond length is 2.35-2.45 Å,

indicating the formation of a chemical bond between W and O. This is consistent

with the high adsorption energy, even in the absence of dissociation. However, at

V3(WS2) the adsorption energy is smaller than that at V2(WS2). This difference

could result from the strain in the water molecule caused by increasing the

H-O-H angle from 110.4◦ to 117.2◦, while an unstrained water molecule has a

H-O-H angle of 104.1◦. The increased angle in V3(WS2) allowed the water

molecule to interact with two exposed sulphur atoms in the defect, see Figure

7.8. It is also noted that in both defects, the O-H bond increases to 1.01-1.02 Å

compared to pristine water O-H bond of 0.97 Å.

The dissociation of water at the V2(WS2) and V3(WS2) defects, while not

spontaneous, is thermodynamically favourable. The total energy change for the

water dissociation at V2(WS2) and V3(WS2) defects are 2.64 eV and 2.52 eV,

respectively, and W-OH and S-H bonds are formed. When water is completely

dissociated into W-O and 2×S-H, the dissociation energies increase to 2.82 eV

for V2(WS2) and 2.72 eV for V3(WS2). However, if no S-H bonds are produced in

the V3(WS2) during dissociation into W-OH and W-H, ∆Etot is only 1.65 eV. This
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underscores the significance of S-H bond formation in stabilising the dissociation

of water.

Similar to the V2(WS2) and V3(WS2) defects, the V10S2 1D defect (Figure

7.7c) does not exhibit spontaneous water dissociation. Instead, it shows weak

water adsorption on the surface, with an adsorption energy of 0.28 eV, consistent

with previously calculated smaller line defects. Notably, V10S2 has the lowest

tungsten Bader charge among all WS2 defects studied, with an average of +0.68

e for the most negatively charged line of exposed tungsten, and +0.74 e for the

second exposed line of tungsten (see Appendix C, Figure C.4c). Therefore, it is

concluded that, when VS are arranged in a line, they do not strongly adsorb water

due to steric hindrance that prevents water from getting close enough to interact

with exposed tungsten or sulphur.

In contrast, the V10(WS2) defect (Figure 7.7d) facilitates the spontaneous

complete dissociation of H2O into O and 2 H atoms through the formation of two

S-H bonds and one W-O bond; this has ∆Etot equal to 4.02 eV. The complete

dissociation of water is not seen in any other defect explored and is attributed to

V10(WS2) having the largest exposure of both sulphur and tungsten atoms.

(a) (b)

Figure 7.8 The adsorption of water to the a) V2(WS2), and b) V3(WS2) defect
sites.

7.3.5 Interaction of Water and Oxygen with WS2 Edges

As previously discussed in the literature review, the regions of WS2 most

susceptible to oxidation are the edges. Hence, we further explore WS2 oxidation
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via the interaction of H2O with WS2 edges.

The first edge investigated was the tungsten zigzag (W-ZZ) edge, which

oxidises more rapidly due to the high percentage of exposed tungsten. These strips

of unpassivated tungsten exhibit metallic behaviour. Following this, the armchair

edge, characterised by an equal exposure of 50% tungsten and 50% sulphur atoms,

was investigated.

The edges explored here are expected to be chemically active.

Consequently, it is anticipated that these edges may be passivated under

experimental conditions, depending on the specific environment in which they are

situated. However, this work is focused on understanding the chemical reactivity

of these edges, with particular emphasis on their interaction with water;

therefore, it is assumed that these edges have not yet undergone passivation.

7.3.5.1 Interaction of Water Molecules with W-ZZ Edge

The interaction of water with the W-ZZ edge was examined using 1, 2, and 8 water

molecules to assess how the interaction varies with molecular coverage. Eight

molecules were chosen as this quantity is sufficient to fully cover the edge surface.

First, a single water molecule was optimised on the W-ZZ edge following

the configurations described in Figure 7.3. The lowest energy configuration was

identified as Ow facing the edge, interacting directly with tungsten. When a second

water molecule was introduced, it was positioned to form a hydrogen bond with

the first molecule and was then optimised, allowing for the evaluation of hydrogen

bonding effects.

For the eight-molecule system, water molecules were distributed across the

length of the edge and were positioned at least 3 Å away from the surface, and

were subsequently geometrically optimised. 3 Å was chosen as it was above the

equilibrium distance between water and pristine WS2, so any extra energy from

artificially placing the water molecules near the edge would be reduced. This static

geometry optimisation does limit the number of configurations, as with only eight

water molecules, the potential configurations are numerous, and even molecular
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dynamic techniques would struggle to explore every configuration. Consequently,

we opted for a static geometry optimisation to obtain a feasible water configuration

at the surface; however, it is important to emphasise that this represents only one

possible configuration among many.

Water adsorption at the edge is significantly stronger than at point defects,

with adsorption energies of 1.18, 0.92, and 0.52 eV for 1, 2, and 8 water molecules,

respectively. The large magnitude of adsorption energy indicates that the water

is chemisorbed to the surface. The decreasing adsorption energy with increasing

coverage is expected, as not all water molecules interact directly with exposed

tungsten. Instead, hydrogen bonding between water molecules occurs.

However, the adsorption energy for one water molecule at the edge is

smaller than at V2(WS2) or V3(WS2) defects, emphasising the role of S–H

interactions in enhancing water adsorption on WS2. Nevertheless, the adsorption

energy at the edge remains high, suggesting that H2O is likely to remain

physisorbed at room temperature.

No spontaneous water dissociation was observed at the W-ZZ edge. When

a water molecule was manually dissociated into hydroxyl and hydrogen species

and then optimised, the total energy change was found to be 3.23 eV, indicating

that the dissociation products are more stable at the edge than at the defect sites.

Further manual dissociation of hydroxyl resulting in one oxygen and two hydrogen

atoms resulted in an even greater energy stabilisation of 4.87 eV. This suggests

that while water dissociation at the edge is thermodynamically favourable, the lack

of exposed sulphur prevents spontaneous oxidation, as observed at the V10(WS2)

defect. As a result, the W-ZZ edge is expected to exhibit a lower water dissociation

rate compared to the V(WS2) and V10(WS2) defects.

7.3.5.2 Interaction of Oxygen Molecules with W-ZZ Edge

As oxygen is considered the primary molecule to facilitate oxidation, O2

molecules were introduced in their triplet state at the edge to investigate the

oxidation process.
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The optimisation of O2 molecules only at the W-ZZ edge resulted in the

spontaneous dissociation of O2, leading to the formation of two W-O bonds per

oxygen molecule. The total energy change for this dissociation is 9.93 eV for one

molecule and 19.48 eV (9.74 eV/O2) for two molecules underscore the large energy

gain from this dissociation, illustrating why the edges of WS2 are susceptible to

oxidation. In comparison, the ∆Etot for one O2 molecule at defect sites VL
3S is 7.77

eV in its triplet state.333 While this is significant, the W-ZZ edge not only exhibits

greater energy gain and spontaneous dissociation of O2, but also has a larger

cross-section than basal plane defects. These significant energy gains indicate

that unpassivated exposed tungsten will be rapidly oxidised by nearby oxygen,

corroborating findings from earlier literature.74,303,304

However, energy dissipation poses a challenge, as the large energy gains

from oxidation exceed what can be managed solely by phonons dissipating the

energy as heat. Although some energy is expended in the creation of edges and

defects, this alone cannot account for the substantial exothermic oxidation

reaction. It has been suggested that the significant energy release could assist in

the desorption of molecules, such as SO2,
329 or that electron-hole pairs may

form.334 It is also noted that, although the W-ZZ edges have been seen

experimentally using scanning transmission electron microscopy (STEM), light

atoms, such as hydrogen will not be seen in these images, although they could

have passivated the tungsten if the TMD is not in ultra high vacuum (UHV).

This could result in reduction of ∆Etot for O2 dissociation.335,336 However,

investigating this energy dissipation falls outside the scope of this work.

7.3.5.3 Interactions of both Oxygen and Water Molecules with W-ZZ

Edge

To investigate how both O2 and H2O can contribute to oxidation, both water

and oxygen were introduced to the W-ZZ edge. The adsorption and dissociation

energies were calculated, where the sum of the WS2 system with pre-adsorbed

molecules and the additional species in vacuum was compared to the total energy

of the optimised configuration with all adsorbed species. An example of this is:
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∆E = (E(WS2+2H2O) + E(2O2))− E(WS2+2H2O+2O2). (7.3)

To simulate a realistic adsorption process, the additional molecules (2O2 in this

example) were initially positioned at least 4 Å away from the WS2 edge. This

positioning ensured that the additional molecules were sufficiently distanced from

the WS2 edge, so any interactions were with the adsorbed species.

I begin by considering the previously described scenario where oxygen is

already present and has oxidised the edge of the WS2, with either one, two, three,

or six O2 molecules. Focusing on the models with one or two oxygen molecules

initially present, both exhibit the same adsorption and dissociation mechanisms

when a single water molecule is introduced. Upon approaching the W-O bonds,

the water molecule dissociates, with a H+ atom transferring to a neighbouring W-

O oxygen, while the OH− group binds with the exposed tungsten. See Figure 7.9a

for an illustration of this mechanism. This results in the formation of two W-OH

groups, with ∆Etot of 2.23 eV for one O2 molecule and 1.98 eV (0.99 eV/O2) for

two O2 molecules.

When an additional water molecule is introduced near the W-OH group

and the system undergoes geometry optimisation, the hydrogen atoms of the

water molecules can ’hop’ between different water molecules. This process

involves breaking an O-H bond in one water molecule while forming a new O-H

bond with a neighbouring water molecule; therefore, hydrogen can transfer, or

hop, between water molecules. As a result, the water molecule closest to the edge

dissociates: one hydrogen transfers to the second water molecule, which in turn

transfers a hydrogen to the oxidised tungsten edge. Figure 7.9b illustrates this

process. This mechanism is analogous to the Grotthuss mechanism for proton

diffusion in bulk water. As a result, ∆Etot is 2.51 eV for one O2 molecule and

1.99 eV (0.96 eV/O2) for two O2 molecules, respectively.

However, when a different water configuration was tested, where water

molecules are positioned away from the oxidised edge before geometry

optimisation (Figure 7.9), only the adsorption of water on the exposed tungsten
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occurs. This results in a small adsorption energy of 0.2 eV and 0.1 eV for one

and two H2O molecules, respectively. In a realistic scenario with water vapour

present, dissociation will depend on the frequency of interactions between water

molecules and the edge, as well as the rate of collisions near the oxidised edge.

(a) (b)

Figure 7.9 Schematic of the two interaction mechanisms of water and a partially
oxidised edge when water is close to the oxidised edge (left) or further away (right).
The illustration is of a) one water molecule and b) two water molecules. Black
dotted lines show the bonds being formed, and the double red line shows the bonds
broken. Light blue dotted lines show non-bonding, stabilising interactions. The
grey lines represent the periodic boundary conditions of the simulation.

Therefore, we investigated the scenario where water molecules are

initially present at the edge, followed by the introduction of O2 molecules. When

one H2O molecule and one O2 molecule are present, water dissociates, forming a

W–OH bond and H+. Simultaneously, the O2 molecule interacts with the

exposed tungsten atom and incorporates the dissociated proton, leading to the

formation of a W–OOH group. This configuration exhibits ∆Etot of 4.92 eV.

Since a single H2O molecule dissociates in the presence of only one O2 molecule,

adding additional O2 molecules to a single H2O was not considered.

When multiple water molecules are present alongside O2, the resulting

products and mechanisms differ. For two water molecules, one H2O molecule

can interact with the edge, while the second forms a hydrogen bond with the

first. Proton transfer occurs via a coordinated movement: the first water molecule

donates a H+ to the second, which in turn donates one of its hydrogens to a nearby

O2 molecule. This proton hopping process results in the formation of a W–OH

group and a O2H molecule. The W-OH group can then donate another hydrogen

to O2H, producing H2O2 and W–O. The overall total energy change is 4.01 eV.
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The introduction of a second O2 molecule leads to two distinct outcomes

depending on its placement. When positioned further from the water molecules,

the mechanism mirrors the earlier case with one O2 and two H2O molecules,

resulting in the formation of W–OH and H2O2. The second O2 molecule only

interacts with exposed tungsten, contributing to a total energy gain of 7.30 eV.

However, when the second O2 molecule is introduced closer to the water

molecules, complete dissociation occurs for both H2O molecules and one O2

molecule. Proton hopping facilitates the formation of H2O and H2O2 from the

two O2 molecules and three W-O bonds from the dissociated molecules, resulting

in a significant total energy gain of 12.18 eV. Addition of a third O2 molecule

results in O2 adsorbed to tungsten, leading to a total energy gain of 11.82 eV.

(a) (b)

(c)

Figure 7.10 Schematic of the interaction mechanism involving eight water
molecules and two oxygen molecules with the W-ZZ edge is illustrated, but it
is not drawn to scale. Dashed lines are drawn to represent bond formation, and
red double lines show bond breaking. The colour of the dashed lines in a) green
signifies the first step, and blue the second. In b) orange is the third step, followed
by yellow. The final part of the mechanism is shown in c) with black as the final
step.

In the case of eight H2O molecules with one O2 at the W-ZZ edge, the

mechanism resembles those observed with two H2O molecules. H2O2 forms, but

the complete dissociation of one water molecule does not occur. Instead, two

W–OH groups are produced, as additional water molecules participate in the
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proton hopping mechanism, facilitating hydrogen transfer to O2. This process

results in a total energy gain of 4.97 eV. When a second O2 molecule is

introduced, proton diffusion and rearrangement through the proton hopping

mechanism result in the formation of two H2O2 molecules and four W–OH

groups. The oxidation mechanism is illustrated in Figure 7.10, highlighting the

complexity of the molecular interactions and the multi-stage process essential for

enabling water dissociation through coordinated proton movement. For the

interested reader, further comparison of the geometry of the water at two

different snapshots from the geometry optimisation and corresponding Bader

charges can be seen in Appendix C Figure C.5. The total energy gain increases

to 10.6 eV.

(a) (b)

Figure 7.11 Geometry of the interaction of eight water molecules and three
oxygen molecules with the W ZZ edge. a) The initial configuration and b) the
final configuration.

The addition of a third O2 molecule further facilitates water dissociation,

yielding a ∆Etot of 22.66 eV. This process leads to the complete dissociation of

two H2O molecules and two O2 molecules. The dissociated components form four

W–OH groups, three W–O groups, and one H2O2 molecule, with remaining water

molecules adsorbed near the edge. The formation of these products is the result

of the proton hopping mechanism, similar to that seen in Figure 7.10. The final

structure is illustrated in Figure 7.11b. The large total energy gain observed for

the eight H2O and three O2 system is similar in magnitude to the oxidation of the

W-ZZ edge with three or six O2 molecules, underscoring the favourable oxidation

of the W-ZZ edge.

Overall, the increase in oxidation rates with rising relative humidity is

postulated to be more closely associated with the dissociation of water molecules
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than with the dissociation of O2 at the W-ZZ edges of WS2. When water is initially

present, the introduction of O2 resulted in the spontaneous dissociation of H2O

molecules in all water configurations. Furthermore, it is observed that an increase

in the number of water and oxygen molecules promotes the oxidation of tungsten

at the W-ZZ edges. This oxidation process involving water is facilitated by a

proton hopping mechanism. However, the reactions and products of dissociation

may differ depending on the configuration of the adsorbates, as molecules must

be sufficiently close to interact before dissociation can take place. Additionally, it

is noted that there are numerous pathways for proton diffusion, evidenced by the

variety of products generated even in these small-scale simulations.

7.3.5.4 The Armchair Edge

Following the examination of the W-ZZ edge, the armchair edge was investigated

to assess the impact of sulphur exposure on water dissociation. The methods

utilised to investigate the W-ZZ edge were also applied to the armchair edge, with

one, two and eight water molecules explored and the configurations decided with

the same techniques.

The optimised configuration of a single water molecule adsorbed at the

armchair edge involves the H2O adsorbed side-on to the edge to facilitate both

W-O and S-H interactions. The water molecule did not spontaneously dissociate;

however, it demonstrated a higher adsorption energy of 1.56 eV compared to the

1.18 eV observed at the W-ZZ edge. This difference can be attributed to the S-H

interaction at the armchair edge.

The introduction of two water molecules can result in the dissociation of

water; however, this process is contingent upon the initial configuration of the

molecules. When the water molecules are hydrogen bonded to each other, one

molecule can interact with exposed tungsten. However, it is the positioning of

the second water that determines if spontaneous water dissociation occurs. If

the two hydrogen atoms of the second water molecule interact with two exposed

sulphur atoms, this water can stabilise H3O
+, thereby facilitating the dissociation

of the first H2O molecule. This stabilisation of H3O
+ can be seen in the increase
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in sulphur Bader charge to -0.7 e (Appendix C Figure C.6). However, in the

absence of interactions between the second water molecule and exposed sulphur,

spontaneous dissociation does not occur. The energy difference between the two

final configurations is only 0.07 eV, with a total energy gain of 2.05 eV for the

adsorbed configuration and 2.12 eV for the dissociation configuration.

(a) (b)

(c)

Figure 7.12 The final configuration of eight water molecules interacting with the
armchair edge. The initial configuration was either in a) clustered groups, or b) a
line covering the entire edge. c) Schematic of the mechanism for water dissociation
of water in a line, the dashed blue lines represent stabilising interactions which do
not involve chemical bonds i.e. hydrogen bonds.

The introduction of eight water molecules, however, demonstrates

spontaneous water dissociation. The extent of this spontaneous water

dissociation is influenced by the configuration of water at the edge. When water

is more clustered, as illustrated in Figure 7.12a, one water molecule dissociates,

resulting in an overall total energy gain of 4.39 eV.

Conversely, when the water molecules are spread across the armchair edge,

allowing multiple interactions at the edge, three water molecules dissociate, as

shown in Figure 7.12b. This process, again, occurs via proton hopping, as seen in
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Figure 7.12c. Here, H+ migrates between water molecules, leading to the formation

of a H3O
+ molecule and S-H groups. The H3O

+ molecule produced is stabilised

by interactions with two H atoms and nearby sulphur atoms, as described with

two water molecules. Moreover, one water molecule can spontaneously dissociate

even in the absence of another H2O molecule nearby. I theorise that this is due

to the charge change on the adjacent sulphur atom which increases to stabilise

H3O
+ (Appendix C Figure C.6). This allows for the water Ow to form a bond

with tungsten and consequently dissociate. The overall total energy gain, in this

case, is 8.41 eV.

The primary focus of investigating the armchair edge is to understand the

interaction of water with exposed sulphur. Therefore, I will only briefly outline

the interactions involving oxygen molecules and the interactions between oxygen

and water molecules.

Adding one or two O2 molecules to the armchair edge did not result in any

spontaneous dissociation. Instead, the O2 molecules are adsorbed with adsorption

energies of 2.59 eV for one molecule and 2.6 eV for two molecules. This contrast

with the W-ZZ edge underscores the influence of tungsten charge on oxidation via

O2. The W-ZZ edge experiences a larger change in Bader charge of +0.91 e at the

edge tungsten atoms, whereas the armchair edge tungsten atoms have a reduced

Bader charge of +1.20 e. Nevertheless, given the substantial water adsorption

energies, O2 is expected to passivate tungsten dangling bonds, suggesting that O2

should remain adsorbed at the armchair edge.

The impact of water and oxygen molecules interacting with the armchair

edge was examined using one and two molecules of each species. My results show

that when an O2 molecule interacts with a tungsten atom adjacent to H2O, it

can facilitate water dissociation through proton transfer. This mechanism is

analogous to those described in relation to the W-ZZ edge, emphasising the role

of H+ movement in facilitating the oxidation of WS2.

Therefore, the armchair edge highlights that the spontaneous dissociation

of water follows a different mechanism than that of O2. This dissociation of
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water depends on the availability of exposed sulphur and tungsten atoms.

Consequently, I propose that this could facilitate the oxidation of edges and

defects that have dangling sulphur bonds, which O2 is unable to oxidise

independently. This mechanism could significantly influence the propagation of

oxidation throughout the TMD flake and account for the increase in oxidation

with elevated relative humidity.

7.3.6 Adsorption and Total Energy Change Comparison

(a) (b)

Figure 7.13 Comparison of a) adsorption energies of H2O and/or O2 at defects
and edges where no spontaneous dissociation occurred. b) Total energy change
for all cases of spontaneous dissociation of either O2 or H2O. The x-axis represents
either point defects and large defects (examined with a single H2O molecule) or
the molecules studied at WS2 edges. The specific edge type is indicated in the
legend, with colours distinguishing between each edge.

In this chapter, I have examined how exposing tungsten and sulphur

influences the adsorption energy of water molecules. As shown in Figure 7.13a,

large defects such as V2(WS2) and V3(WS2), along with armchair edges, exhibit the

highest water adsorption energies. The adsorption energy of water at the W-ZZ

edge is consistently lower than that at the armchair edge, reinforcing the role of

S-H interactions in enhancing the adsorption energy. However, the highest

adsorption energies are observed for O2 at the armchair edge, indicating that the

W-O interactions with O2 are stronger than the combined W-O and S-H

interactions with H2O.

To further assess these interactions, we compare the total energy change

in Figure 7.13b when spontaneous dissociation occurs. The W-ZZ edge shows the

largest ∆Etot, with the highest values for one and two O2 molecules occurring
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without water. This suggests that water is not essential for oxidation at the W-

ZZ edges. Furthermore, while the armchair edge with 8H2O shows an increase

in ∆Etot, it remains lower than the 8H2O + O2 combination at the W-ZZ edge.

These findings support the experimental evidence that exposed tungsten is more

readily oxidised under ambient conditions.

7.4 Conclusions

Overall, I have demonstrated that water adsorption energy increases at defect

sites, with notably larger adsorption energies calculated for defect sites that allow

for S-H interactions. Furthermore, it has been found that water dissociation is

thermodynamically favourable only at defect sites where there is enough space

for water to interact with the exposed atoms in the defect. Water more easily

dissociates into a stable configuration when both tungsten and sulphur are exposed

with dangling bonds. This configuration facilitates the formation of W-O and S-H

interactions.

The W-ZZ edges of WS2 are particularly susceptible to oxidation by O2,

which occurs spontaneously with a significant energy gain, indicating that it is a

highly exothermic reaction. However, water at the W-ZZ edge does not dissociate

spontaneously. To investigate this further, both O2 and H2O were introduced to

the edges. When O2 was added first, resulting in an oxidised edge, water could

dissociate spontaneously if it interacted with a tungsten atom next to a W-O

group. Conversely, if water is present initially, the subsequent addition of O2

initiates water dissociation through a Grotthuss-like mechanism, leading to the

formation of W-OH groups. The resulting proton subsequently reacts with nearby

O2 molecules, forming products such as H2O2 and H2O. The specific products

formed are influenced by the molecular configuration and the number and type of

molecules present.

At the armchair edge, spontaneous water dissociation is observed in the

presence of two or more water molecules. The interaction between S and H

facilitates this dissociation, with water dissociating via a H+ hopping mechanism.
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However, the extent of water dissociation is influenced by the configuration of

the water molecules. It is, therefore, hypothesised that water dissociating at

defect sites or edges, leading to the formation of S-H bonds, may enable

oxidation in areas that O2 alone cannot oxidise. More work is needed to

elucidate this mechanism, with further steps required focusing on the reported

formation of H2SO4. However, I believe these results represent a promising

foundation for understanding the oxidation process at WS2.

It has to be noted that I have only explored a few possible configurations

of water and/or oxygen at the edges of WS2. Therefore, it is anticipated that

additional mechanisms will be present when studying a wider range of molecules

and configurations. Future studies could explore oxidation mechanisms in greater

detail by considering more molecular configurations over longer timescales. This

could be achieved using large-scale but computationally expensive AIMD

simulations or machine learning approaches, such as machine-learnt density

functional tight binding or potentials. These methods will be discussed in the

following chapter.

Additionally, while this work has presented comprehensive thermodynamic

data on water dissociation, future research could investigate the kinetics of this

dissociation, particularly at defects that do not exhibit spontaneous dissociation

of oxygen and water. This could reveal additional oxidation routes beyond those

that occur spontaneously, as examined in this study. Such investigations would

enhance our understanding of the defects that contribute to the oxidation of WS2.
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Chapter 8

Exploring Alternative Methods

As was noted in the previous chapters, both the characterisation of the

WS2/H2O/SiO2 interface and the description of oxidation face a common

challenge of traditional ab-initio methods: the required timescale of simulations

and size of the interfaces required for accurate descriptions are unfeasible. One

potential solution to bridge the gap between required timescales and calculation

accuracy is to employ machine learning for the characterisation of these

interfaces and interactions, using training data derived from accurate simulations

using DFT. In this chapter, I discuss the implementation of machine learning to

optimise density functional tight binding (DFTB) parameters, as DFTB can be

orders of magnitude faster than DFT while still providing valuable electronic

information that may be lacking in other machine learning approaches. The

results presented in this chapter represent an initial exploration of applicability

of ML-DFTB to characterise the WS2/H2O/SiO2 interface and should not be

regarded as a complete study.

8.1 Introduction

The use of machine learning (ML) in atomistic modelling has surged in recent

years. Various ML approaches have been employed, including neural networks

(NN) and machine learning potentials (MLP) that serve as substitutes for

conventional potentials in CMD.337 General-purpose MLPs are currently under
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development, which would allow for their application across a range of materials

without the need for extensive training.338 These advancements have facilitated

significant increases in computational speed, as well as in the size and timescales

of simulated systems. This progress is particularly appealing to the materials

community, given that previously established accurate methodologies such as

AIMD are often limited by high computational costs.

However, current MLPs, while effective for evaluating structural

properties, have inherent limitations. Most MLPs do not provide information on

the electronic structure; instead, they rely on ’black box’ methods or CMD-like

potentials for material descriptions. Furthermore, many MLPs find it challenging

to accurately capture electrostatic interactions or subtle forces, such as van der

Waals forces and hydrogen bonds. In this context, the use of DFTB presents an

appealing alternative, as its increased computational efficiency over DFT allows

for the modelling of larger systems over longer timescales. By implementing

machine learning to describe repulsive potentials and confinement parameters,

DFTB can achieve simulation accuracy comparable to DFT while also providing

electronic information. I had the pleasure of collaborating with the groups of

Christoph Scheurer and Chiara Panosetti at the Fritz-Haber Institute of the Max

Planck Society to initiate this work. They have been pioneers in the application

of machine learning for DFTB parameterisation.339–342

8.2 Methodology

8.2.1 Theory

To provide a clearer context for the application of ML DFTB, I will first introduce

the theory of DFTB, followed by an overview of the machine learning techniques

that will be utilised.

8.2.1.1 Density Functional Tight Binding

To begin, I will provide a succinct introduction to the theory underlying DFTB,

emphasising the parameters which will be optimised through machine learning.
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For a more in-depth understanding of the method, see the references343,344 which

offer thorough explanations.

DFTB is a semi-empirical approach to molecular modelling, derived from

a similar foundation as DFT. The primary distinction between DFT and DFTB

is the tight-binding approximation, which posits that electrons are closely bound

to the nucleus of an atom. As a result, they experience minimal perturbation

from surrounding atoms. This allows DFTB to employ a minimal basis set, thus

significantly reducing computational time.

To understand how DFTB functions, we start by reformulating the DFT

description of total energy (Equation 3.2). Using the Harris-Foulkes method, we

can rearrange this formulation to emphasise the role of one-particle energies:

E[n(r)] =
∑
i

fiϵi −
1

2

∫
VH [n]n(r)dr −

∫
VXC [n]n(r)dr + EXC [n] + EII . (8.1)

Where fi is the coefficient, ϵi is the Kohn-Sham energy level, VH is the Hartree

potential, VXC is the exchange correlation potential, and EII is the

nuclear-nuclear repulsion energy. This formulation allows us to separate the

so-called band structure energy (Ebs) as the term
∑

i fiϵi. The rest of the terms

are then approximated as a single repulsive energy (Erep).

The tight-binding aspect of DFTB can be utilised, where it is assumed

that atomistic descriptions of electron density (n0) are applicable. This leads to

the overall equation:

E[n(r)] = Ebs[n0] + Erep[n0]. (8.2)

This is based on the original implementation of DFTB, where no self-consistent

charge (SCC) was implemented. This was improved with the introduction of small

density fluctuations (δn) to the second and third order (DFTB2/3) to get:

E[n(r)] = Ebs[n0, δn] + Ecoul[δn] + Erep[n0], (8.3)
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where Ecoul[δn] is the screened Coulomb interaction between the atomic partial

charges and a Hubbard-like on-site term for the energy of the partially charged

atom.

In this overview of DFTB, I will now focus on the role of the confinement

potential and the repulsive potential, as these are the two parameters optimised

by ML.

The band structure energy reflects the single-particle energy levels, with

wavefunctions represented as the linear combination of pseudo-atomic valence

orbitals. The atomic valence orbitals originating from free atoms tend to be too

diffuse. To address this, a confinement potential (Vconf ) is introduced into the

Hamiltonian, resulting in a more compact basis set. Optimising this confinement

potential is essential to obtain an accurate representation of the orbital

wavefunctions.

The potential can be defined in several ways, including power potentials

and the Woods-Saxon potential. In this study, we will concentrate on power

potentials because of their ease of use. They are characterised by the following

functional form345:

Vconf =

(
r

r0

)S

. (8.4)

Here, r0 is conventionally around twice the covalent radius of the atom, and S

is employed to regulate the functional form. These confining parameters can be

optimised to modify the potential function, thereby improving the accuracy of the

electronic parameterisation.

The confining parameters are calculated for each atomic valence orbital.

Upon the application of the confinement potential, the overlap integral between

different orbitals is calculated and stored in the Slater-Koster file (skf).

Additionally, the Hamiltonian matrix element, which includes both kinetic

energy and potential contributions between orbitals, is recorded in the skf. This

skf for each atom-atom interaction is not recalculated; rather, it is utilised to
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provide overlap and Hamiltonian matrices for subsequent DFTB calculations, so

only the electron density needs to be optimised through SCF cycles. The ability

to avoid recalculating these parameters significantly decreases the computational

time of DFTB compared to DFT; however, it is essential that they are accurately

tabulated from the outset.

In this work, the Particle Swarm Optimisation is employed to automate

the optimisation of confinement parameters.346,347 This is particularly important

in this work, as no confinement parameters have been produced for the interaction

at the WS2/H2O/SiO2 interface.

The second parameterisation required is that of the repulsive energy. Here,

we simplify the complex terms given in Equation 8.1 into a single repulsive energy

based on pairwise distance potential (Vrep(RIJ)):

Erep[n0] = EXC [n0] + EII −
1

2

∫ ∫
no(r)n0(r

′)

|r − r′|
dr −

∫
VXC [n0]n(r)dr

=
1

2

∑
I

∑
I ̸=J

Vrep(RIJ).
(8.5)

This simplified approximation considers short-ranged, atom-pairwise

contributions based on atomic distances, while also addressing the complex

physics involved in the exchange-correlation functional. Due to the intricate

physics it must encompass, a fitting procedure is necessary to formulate the

repulsive potential, based on the difference between a DFT total energy and the

combined EBS and Ecoul terms from DFTB. Historically, this fitting procedure

has not been automated and has required substantial effort to generate

parameterisation sets tailored for specific systems.348

Machine learning can significantly enhance this fitting process; Gaussian

Process Regression (specifically implemented with GPrep in my work)342 can

utilise DFT training data to produce the Vrep functional force by minimising the

root mean square error (RMSE) of the energy and forces of DFTB compared to

DFT calculations.339,341 This procedure must follow from the PSO optimisation
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Figure 8.1 Process for training the Vrep functional using GPrep

of the confinement parameters as the confinement potential is integral to the

correct description of EBS.

The general workflow for training the DFTB repulsive potential with

machine learning is shown in Figure 8.1. The GPrep training flow can require

multiple iterations to ensure accurate training, so that the trained parameters

result in a reliable description of repulsive potential behaviour.

8.2.1.2 Particle Swarm Optimization

Particle Swarm Optimisation (PSO) is a population-based optimisation technique

inspired by the collective behaviour of swarms.349 It explores a multi-dimensional

parameter space through a set of particles, each assigned an initial position and

velocity. The particles adaptively traverse the search space, influenced by both

their own historical best positions and the best positions found by other particles

in the swarm. This collaborative approach improves the ability to locate the global

optimum.

In the context of DFTB confinement potential optimisation, PSO is utilised

to refine the Vconf parameters. The objective is to minimise the deviation between
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the reference DFT band structure and the band structure predicted by DFTB. This

optimisation process is governed by a cost function that quantifies the discrepancy

and is minimised to guide the particles towards optimal parameter values.

8.2.1.3 Gaussian Process Regression

I will briefly describe the method of Gaussian Process Regression (GPR). The

methodology employed in this work, specifically GPRep, is detailed in

references341,342 which are the primary sources of information for this section.

GPR is a versatile machine learning technique for modelling functions

based on a covariance kernel. By employing probabilistic principles, it provides a

flexible and robust framework for constructing accurate predictive models. In

this context, GPR has been chosen to model Vrep due to its capacity to capture

complex, non-linear relationships between inputs and outputs, even when the

functional form of Vrep is not known. When applying GPR implemented with

GPrep to describe the repulsive potential, we use the following form:

Vrep(R) =
∑

I,Jϵ{X}

αIJ · k(R,RIJ). (8.6)

In this context, αIJ represents the regression coefficients, while k(R,RIJ) denotes

the kernel function. This formulation depicts Vrep as a linear combination of kernel

functions, summed across all atom-atom pairs within the set of reference structures

X.

In this study the squared exponential kernel was used:

kSE(R,RIJ) = exp(
−|R−RIJ |2

θ
), (8.7)

where θ is a hyperparameter related to length scale. Small values of θ indicate

that the kernel function approaches zero unless the R − RIJ distance is minimal.

Increasing θ enables the inclusion of more distant inputs, resulting in a smoother

potential form.
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Accurately describing Vrep requires a cutoff, as the repulsive potential in

DFTB is short-ranged, reflecting the method’s tight-binding nature, which

restricts significant interactions to neighbouring atoms. To characterise this

cutoff, a damping factor is introduced:

kdamp(R,R′) = exp(−βR)fcut(R)kSE(R,R′), (8.8)

here, β the hyperparameter enforces a smooth decay of the function over distance.

The loss function utilised in GPrep is expressed as:

L =
∑

I,Jϵ{X}

(tIJ − Vrep(RIJ))
2 + σ||α||2. (8.9)

This includes a final hyperparameter σ, which represents the noise present in the

data. While we are fitting to DFT data, which is generally anticipated to be noise-

free, this parameter can act as an indicator of the accuracy of the DFTB model.

tIJ denotes the reference values for the repulsive potential, while α is a coefficient

that incorporates the covariance kernel, σ, and the reference values tIJ .

8.2.2 Implementation

Given our goal to train the DFTB data using band structure, we selected the

Quantum Espresso (QE)350,351 code over CP2K for generating our training data

for PSO. The plane wave basis sets in QE offer a more accurate representation

of the band structure. A PBE XC functional was used with a 4×4×4 k-point

Monkhorst-Pack grid for all QE calculations. The PSO used 64 particles and was

iterated 20 times to reach a convergence in the cost function. In the case of oxygen,

3d orbitals were also included, as these could be used during oxidation as water

molecules dissociate. To check the PSO data produced, DFTB was implemented

using DFTB+ software,352 with the same k-point density as the reference QE

DFT calculations. A Fermi filling with an electronic temperature of 0.001 hartree

(approximately 316 K) was employed. It is also noted here, that Hubbard values
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were kept fixed as to those tabulated in reference345.

Force residues were calculated using the PSO-optimised skf files for DFTB,

with the repulsive potential set to zero. Subsequently, the differences in force and

energy were calculated and utilised as training data for GPrep using:

Erep = EDFT − EDFTB. (8.10)

A substantial training dataset was created from snapshots of the AIMD

trajectories conducted in this thesis: WS2/H2O, SiO2/H2O/WS2, SiO2/H2O as

well as smaller trajectories involving confining water between SiO2 slabs

(SiO2/H2O/SiO2) and between WS2 sheets (WS2/H2O/WS2). This extensive

dataset was anticipated to effectively represent water interactions when

interfaced with SiO2 and WS2, as well as when confined between these materials.

Various phases of SiO2, WS2, and ice were included to provide data on optimal

bond distances. Further refinement of the bond distances was accomplished by

incorporating individual molecules into the training data, where bonds were

either elongated or compressed to investigate the energy landscape. This ensures

that the repulsive potential could accommodate larger repulsions resulting from

atoms in close proximity. All training data was generated using DFT with CP2K,

employing the PBE(D3) XC functional. The training data was then pruned, so

that any data with forces greater than 35 eV/Å were removed, making training

more efficient and removing any unfeasible configurations. The resulting bond

distance training data can be seen in Appendix D, Figures D.1-D.2.

The GPrep optimisation was initially conducted with a small cutoff of 5

Å to determine the hyperparameters. The cutoff signifies the threshold beyond

which training bond data is excluded. Within the training set of bond distance,

individual start and end cutoffs were chosen for each atom-atom interaction

based on the distribution of bond distances so that training time could be

reduced. Optimal hyperparameters were identified by selecting a range of values

and re-training the repulsion potentials until a minimal RMSE was achieved.

Once the hyperparameters were optimised, the entire dataset was retrained using
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these values, and the potentials were subsequently reviewed. When all potentials

accurately represented repulsive behaviour at small distances and exhibited no

interaction at longer distances, the hyperparameters were accepted, and the

cutoff was increased to 8Å to train the final potential. The bond distance

distributions for 8 Å cutoff are seen in Figures D.1-D.2, and the selected

atom-atom cutoffs are shown in Table D.2. The identified optimal

hyperparameters were 0.8, 1.5, and 0.02 for β, θ, and σ, respectively.

Validation data was generated using DFT with CP2K, employing the

PBE(D3) XC functional. The dataset included 9 snapshots from an extended

SiO2/H2O/WS2 interface. This interface contained 738 atoms in a 10×3×1

supercell, which featured one layer of water. This was accomplished using the

same AIMD process described in Chapter 5.

8.3 Results and Discussion

8.3.1 Confinement Potential Training

We begin by training the confinement parameters essential for modelling the

WS2/H2O/SiO2 interface. This process requires consideration of the interactions

between O, H, Si, W, and S atoms, as outlined in section 8.2.1.1. An example of

this consideration is the parameterisation of O-H interactions, which must

encompass interactions both in liquid water and as part of a silanol group. For

band structure calculations, only EBS is required, and thus the Erep term is

excluded, leading to the repulsive potential being set to zero for the PSO

optimisation.

The confinement parameters are trained using materials that effectively

capture the interactions at the WS2/H2O/SiO2 interface. I classify the training

sets into WSOH and SiOH, reflecting the materials included in each set. There is

limited interaction between SiO2 and WS2; thus, the Si-W or Si-S interactions do

not necessitate a detailed description.

The SiOH training set contained: bulk α-C, α-C compressed by 0.01%,
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(a) (b)

(c) (d)

Figure 8.2 Fit of the training set from DFTB electronic parameterisation (red
line) compared to PBE DFT band structure (blue line). a-b) is from our work
with the SiOH training set, a) is the α-cristobalite phase of SiO2 and b) is the ice
VIII phase. c-d) is from the WSOH set where c) is 1H-WS2 and d) is WO3·H2O.

(101̄) α-C slab containing silanol groups, and ice XI and ice VIII phases of H2O.

The confinement potential from this training set describes both α-C and the ice

VIII phase well (Figure 8.2a-8.2b). The α-C band structure is particularly well

characterised, yielding accurate descriptions of the CB and VB. In contrast, the ice

VIII phase demonstrates an accurate VB but presents a less satisfactory description

of the CB dispersion.

The resulting skf files were then tested with a validation data set containing

α-Q and the ice III phase of water, as shown in Figure 8.3. The α-Q showed that

the VB has been accurately described by the PSO fitted confinement potential.

However, the CB was much too high in energy, resulting in an unrealistic band gap

of 16 eV (Figure 8.3a). However, similar parameterisation is seen for the Siband-1-

1 parameter set, a commonly used parameterisation of DFTB for SiO2 with silanol

groups (Figure 8.3b). In fact, the band gap using the PSO confinement is slightly
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more accurate than the Siband-1-1 so the parameterisation may still be acceptable.

The ice III phase also experienced the same band gap overestimation

(Figure 8.3c), but the CB dispersion further from the CBM aligns closely to that

of the DFT CB. However, the VB of ice III is more accurately described by the

Siband-1-1 parameters, although the band gap overestimation issue is also

present (Figure 8.3d).

(a) (b)

(c) (d)

(e)

Figure 8.3 Validation of the DFTB electronic parameterisation (red line) against
the PBE DFT band structure (purple line). a,b) Results for α-quartz SiO2: a)
derived from our work using the SiOH training set, and b) from the widely-used
DFTB parameterisation Siband-1-1. c,d Band structure comparison for ice III: c)
from the SiOH training set, and d) from Siband-1-1. e) Validation of the 2H-WS2

phase from the WSOH training set.
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The WSOH training set included the following materials: H2SO4,

WO3·H2O, 3T-WS2, and 1H-WS2. Figures 8.2c-8.2d demonstrate that the

parameters effectively characterise the 1H-WS2 and WO3·H2O materials,

suggesting that the interactions between the monolayer WS2 and H2O are likely

to be reliable.

However, validation tests using a 2H-WS2 PBE band structure from QE

revealed low fitting accuracy (Figure 8.3e). The band structure obtained from

the PSO parameterisation of 2H-WS2 is inadequately described, with the band

gap overestimated by ≈3 eV, and the dispersion of the band structure is incorrect

compared to DFT. This discrepancy is particularly significant as it does not show

the transition to an indirect band gap with a bilayer of WS2, with the Q point

becoming the CBM. Consequently, it is not anticipated that the current electronic

parameterisation is transferable. Nonetheless, due to time constraints and the

satisfactory description of the monolayer, the parameters were retained for further

GPrep training. For the O-H, O-O, and H-H interactions, we will utilise the skf

files from the SiOH training set parameterisation, as it encompasses the water ice

phases as well as description of SiO2 with silanol groups present.

Overall, the description of band gaps and band structure has shown that

the confinement potentials are currently not transferable to other materials not

included in the training set. The difficulties encountered by both the WSOH and

SiOH PSO-optimised skf in accurately replicating the validation sets highlight

the necessity of expanding the training set and improving parameterisation

accuracy. Alternatively, another approach could involve exploring different

methods for optimising the confinement potential. Potential strategies may

include modifying the function that describes the confinement potential, for

example, by employing the Woodman-Sax potential, or by incorporating

additional parameters for optimisation, such as the Hubbard parameter.

8.3.2 Repulsive Potential Fitting

The training process for the DFTB potential using GPrep is illustrated in Figure

8.1. The methodologies for PSO and hyperparameter fitting have been previously
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Figure 8.4 The functional form of the W-O repulsive potential calculated using
GPrep.

outlined in Section 8.2.2. After hyperparameter training, the cutoff distance was

increased from 5 Å to 8 Å and the GPrep potential was retrained.

The repulsive potential for each atom interaction, calculated through this

process, is presented in Appendix D Figures D.3-D.4. The expected repulsion is

evident at short distances for all atom-atom interactions. Moreover, the potential

fitting reveals more nuanced interactions, as demonstrated by the W-O potential

in Figure 8.4 which shows a more intricate fitting of the repulsive potential. A

minimum is observed at 2.2 Å, indicating that the repulsive potential includes

previously unaccounted interactions between the two atoms, such as subtle vdW

interactions. This enhancement is expected to enable the DFTB results to align

more closely with those obtained from PBE(D3) DFT.

8.3.3 Validation

The fitted repulsive potentials successfully exhibited the expected repulsive

behaviour for each atom-atom interaction. Following this, we validated the

generated skfs against DFT data. For this validation, we utilised 9 extended

one-layer SiO2/H2O/WS2 AIMD snapshots, each consisting of 738 atoms. These

snapshots were excluded from the original training set to ensure unbiased

evaluation. Single-point energy DFTB calculations were performed on the

validation data, and the forces obtained from DFT and DFTB were compared, as

compiled in Figure 8.5.

The RMSE of the force comparison was 0.87 eV/Å, demonstrating
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successful training and a strong correspondence between DFTB and DFT forces.

This alignment is further supported by the validation set data, which adheres to

a linear trend, as illustrated by the black line in Figure 8.5, indicating a robust

correlation between the DFTB and DFT results.

Figure 8.5 Forces acting on the atoms from snapshots of the extended one layer
WS2/H2O/SiO2 interface compared using DFTB (y axis) to that of DFT (x axis).
The different atoms are specified by colour: green is S, dark blue is W, teal is Si,
H is light blue, and O is pink.

Encouraged by the positive validation results, I assessed the usability of

the ML-optimised DFTB parameters in dynamics simulations. Specifically, NVT

AIMD simulations were performed at 300 K with a 0.5 fs time step, starting from

a three-layer WS2/H2O/SiO2 interface snapshot (Figure 8.6a). Over the course of

the 34 fs simulation, excessive expansion of water was observed within the confined

region, suggesting that the ML-trained parameters were insufficient for capturing

the properties of confined water accurately (Figure 8.6b). However, the α-C slab

and WS2 maintained their correct phases as expected. These findings highlight

the need for future ML training efforts to focus primarily on accurately describing

water, to enable a thorough investigation of confined water behaviour in these

systems.
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(a) (b)

Figure 8.6 a) The initial snapshot used with the DFTB ML parameters, b) the
interface after 35 femtoseconds of DFTB ML AIMD run time.

8.4 Conclusions

Although this initial attempt to utilise machine learning for the development of

more accurate DFTB parameters did not yield precise results, it holds potential

for improvement with additional time and data in the future. The primary

challenge in this interface is the accurate description of water to prevent

unrealistic evaporation or expansion rates. Furthermore, the band structure

generated by PSO-trained confinement potentials requires further refinement.

This can be achieved by either optimising the parameters with additional

training data or modifying the approach by adjusting the confinement potential

function, or incorporating further parameters. Unfortunately, due to time

constraints, I was unable to explore the use of machine learning further. Future

work resolving these issues could enhance our understanding of the interactions

and dynamics at the confined water interface, which could ultimately lead to a

more comprehensive elucidation of the oxidation process through DFTB AIMD

calculations.
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Conclusions

The aim of this thesis was to investigate the impact of water on the SiO2/WS2

interface. I began by examining the oxygen vacancy defects within α-cristobalite

SiO2, as it serves as a good model for amorphous silica surface, and the defects

present in it are not well characterised. The investigation of positively charged

oxygen vacancies revealed that the dimer configuration which forms Si-Si bonds

(E′
di) is the most stable in α-cristobalite. Furthermore, a positive oxygen vacancy

stabilised by puckering to form a Si-O bond (E′
puck) was not stable in

α-cristobalite, although it is the most stable configuration in the α-quartz phase.

This disparity was attributed to the differences of crystal structures and the

short-range environment of Si atoms in both phases. This research provided

valuable insights into the properties of defects in crystalline SiO2 and the reasons

why some defect configurations develop favourably while others do not.

Understanding the fundamental defect properties of α-cristobalite SiO2 is

significant; however, incorporating oxygen vacancies into the SiO2/H2O/WS2

interface would enhance our understanding of the impact of defects at interfaces.

While this study primarily focused on bulk SiO2, it is important to note that

surface defects play a more prominent role in charge trapping within interfacial

systems. Therefore, further research should investigate surface defects, as they

could greatly influence the interaction of materials at interfaces.

I subsequently focused on the SiO2/H2O/WS2 interface. It was
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demonstrated that the confinement of water at this interface alters both the

structure and dynamic behaviour of water in comparison to unconfined scenarios

at the SiO2/H2O and WS2/H2O interfaces. The SiO2 silanol groups significantly

influence the structuring of water, both in confined and unconfined conditions.

This effect was particularly notable in one-layer systems, where fewer

water-water hydrogen bonds were observed in contrast to the increased number

of silanol-water hydrogen bonds. This work provided the first insights into the

behaviour of confined water at this interface; however, many questions remain

unanswered. In particular, the timescale of the simulations limits the reliability

of these results, and discrepancies between these findings and some CMD results

indicate that further research is necessary to fully understand the behaviour of

water at these interfaces.

I then examined the electronic properties at the confined water interface,

revealing that, on average, water did not significantly impact the band offset

between SiO2 and WS2. However, the work function of WS2 shifted when

confined water was present. It was found that increasing the number of water

layers increased the average magnitude of the work function shift. Short-lived,

localised in-gap states were detected between the two materials for some water

configurations or with increased sensitivity introduced by a threshold value for

determining band alignment, caused by fluctuations in the water configuration.

These in-gap states could impact the hole conductivity in WS2 layers.

Nevertheless, there is potential for improvement in the analysis of band

alignment, as the current practice of selecting threshold values has not been

exhaustively investigated, which limits its transferability between different

systems. Overall, this work serves as a promising first step in the initial

exploration of a complex interface.

To further investigate the interaction of WS2 with H2O, we introduce

defects to WS2. The size of the defect influences the interaction between water

and the defect site, as larger defects allow for greater interaction between water

and the exposed atoms with dangling bonds. Exposure to both tungsten and

sulphur dangling bonds resulted in the largest adsorption energies due to W-O
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and S-H interactions. These interactions can promote the spontaneous

dissociation of water molecules. This was further investigated at the edge of

WS2. At the W-ZZ edge, it was found that water would not spontaneously

dissociate. However, when O2 was introduced, protons from water could migrate

between molecules, facilitating the dissociation of H2O. When an armchair edge

was introduced, spontaneous water dissociation was observed if enough water

molecules were present in configurations that enabled S-H interactions. This

research has enhanced our understanding of the role of H2O in the oxidation of

WS2. However, this study is somewhat limited as it relies solely on

thermodynamic data and does not provide reaction barriers of reactions that do

not occur spontaneously. Therefore, understanding the extent to which other

defects play a role in oxidation remains challenging. Furthermore, the static

nature of these calculations means that only a small sample of water

configurations has been assessed. There may be additional potential mechanisms

that have not been captured in this study. Overall, this research provides various

defect-water interactions that have not been previously explored, and the proton

hopping mechanism for water oxidation has not been reported in the literature,

making this a valuable first step in understanding the mechanisms behind the

oxidation of TMDs.

However, a limitation of this thesis is the timescale of the simulations

performed and the size of periodic cells modelling interfaces. Consequently, the

exploration of ML trained DFTB repulsive potentials and confinement

parameters was addressed in Chapter 8. While the results presented are still

quite rudimentary and require further training, they offer a framework for future

exploration of the WS2/H2O/SiO2 interface. Moreover, the oxidation study could

be utilised as a training set to further refine the potentials, facilitating an

examination of the oxidation process over a longer timescale with a greater

number of molecules involved.

In conclusion, this Thesis has provided valuable insights into a previously

unexamined interface, which holds significant implications for both academia and

industry. Future work to build upon this initial research should include the
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introduction of SiO2 surface defects, the exploration of the oxidation of TMDs in

the presence of confined water, and enhancement of the timescale and size of the

modelled interface. To improve the timescale and size of the model, I suggest

that incorporating machine learning could be a crucial step and have provided

initial results for the use of ML trained DFTB.
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[70] J. Pető, T. Ollár, P. Vancsó, Z. I. Popov, G. Z. Magda, G. Dobrik, C. Hwang,
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“Formation of Tungsten Oxide Nanowires by Electron-Beam-Enhanced

Oxidation of WS2 Nanotubes and Platelets,” The Journal of Physical

Chemistry C, vol. 123, no. 14, pp. 9552–9559, 2019.

[328] J. Li, S. Hu, S. Wang, H. Kang, Z. Chen, S. Zhao, Y. Zhang, Y. Sui,

and G. Yu, “The degradation of CVD-grown MoS2 domains in atmospheric

environment,” Materials Letters, vol. 290, p. 129421, 2021.

[329] L. M. Farigliano, P. A. Paredes-Olivera, and E. M. Patrito, “Oxidative

etching of S-vacancy defective MoS2 monolayer upon reaction with O2,”

Phys. Chem. Chem. Phys., vol. 23, pp. 10225–10235, 2021.

[330] M. H. Rahman, E. H. Chowdhury, and S. Hong, “High temperature oxidation

of monolayer MoS2 and its effect on mechanical properties: A ReaxFF

molecular dynamics study,” Surfaces and Interfaces, vol. 26, p. 101371, 2021.

[331] S. Li, T. Nishimura, M. Maruyama, S. Okada, and K. Nagashio,

“Experimental verification of SO2 and S desorption contributing to

defect formation in MoS2 by thermal desorption spectroscopy,” Nanoscale

Advances, vol. 5, no. 2, pp. 405–411, 2023.

[332] “Understanding the Independent and Interdependent Role of Water and

Oxidation on the Tribology of Ultrathin Molybdenum Disulfide (mos2),”

Advanced Materials Interfaces, vol. 6, pp. 1–9, 2019.

[333] D. Kieczka, F. Bussolotti, T. D. Maddumapatabandib, M. Bosman,

A. Shluger, A. Regoutz, and K. E. J. Goh, “Unveiling Surface Dynamics:

In Situ Oxidation of Defective WS2,” submitted, 2024.

[334] C. Carbogno, A. Groß, J. Meyer, and K. Reuter, O2 Adsorption Dynamics

at Metal Surfaces: Non-adiabatic Effects, Dissociation and Dissipation,

pp. 389–419. Berlin, Heidelberg: Springer Berlin Heidelberg, 2013.

236



Interfaces between 2D materials and dielectrics Katherine Milton

[335] X. Sang, X. Li, W. Zhao, J. Dong, C. M. Rouleau, D. B. Geohegan, F. Ding,

K. Xiao, and R. R. Unocic, “In situ edge engineering in two-dimensional

transition metal dichalcogenides,” Nature communications, vol. 9, no. 1,

p. 2051, 2018.

[336] W. Fu, M. John, T. D. Maddumapatabandi, F. Bussolotti, Y. S. Yau, M. Lin,

and K. E. Johnson Goh, “Toward Edge Engineering of Two-Dimensional

Layered Transition-Metal Dichalcogenides by Chemical Vapor Deposition,”

ACS Nano, vol. 17, no. 17, pp. 16348–16368, 2023. PMID: 37646426.

[337] O. T. Unke, S. Chmiela, H. E. Sauceda, M. Gastegger, I. Poltavsky, K. T.
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Appendix A

A.1 JPD 4Å From the Surface

(a) (b)

(c) (d)

Figure A.1 The probability distribution for water molecules 4 Å away from the
SiO2 surface at the SiO2/H2O interface. Water angles for a-b) two layers, and
c-d) three layers of water. The first column (a,c) is the OH-OH angle for each
system, the right-hand side (b,d) is the predicted orientations of water from the
respective JPD graphs. The colour bar shows the probability.
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(a) (b)

(c) (d)

Figure A.2 The probability distribution for water molecules 4 Å away from the
WS2 surface at the WS2/H2O interface. Water angles for a-b) two layers, and
c-d) three layers of water. The first column (a,c) is the OH-OH angle for each
system, the right-hand side (b,d) is the predicted orientations of water from the
respective JPD graphs. The colour bar shows the probability.

(a) (b)

(c) (d)

Figure A.3 The probability distribution for water molecules 4 Å away from the
SiO2 surface at the SiO2/H2O/WS2 interface. Water angles for a-b) two layer,
and c-d) three layers of water. The first column (a,c) is the OH-OH angle for
each system, the right-hand side (b,d) is the predicted orientations of water from
the respective JPD graphs. The colour bar shows the probability.

A.2 1D Density Profile Peaks
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A.3 HBonds Over Time

The evolution of Hw-Ow HBonds over time indicates that at interfaces with SiO2,

HBonding is minimal for a single water layer. In the confined system, no HBonding

is detected after 9 ps when using the geometric criteria. This highlights the reduced

significance of Hw-Ow HBonds in water properties at one-layer coverage.

(a) (b) (c)

Figure A.4 Hydrogen bonding over time of a) SiO2/H2O, b)WS2/H2O, and
c)WS2/H2O/SiO2.

A.4 MSD by Distance to Surface
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(a) (b)

(c)

Figure A.5 XY MSD for all interfaces split into the water distance from
surface, the interface layers here are described by the water molecule density. a)
SiO2/H2O,b) WS2/H2O and, c) SiO2/H2O/WS2. The different water layers are
given by the colours: one-layer: blue, two-layers: orange, three-layers: pink.
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Appendix B

B.1 Average PDoS, with respect to vacuum

For each snapshot PDoS, all eigenvalues were referenced to their vacuum level:

ϵf = ϵi − Evac (B.1)

Where ϵf is the final eigenvalue, ϵi is the original eigen value, and Evac is

the vacuum energy level. The vacuum energy level is set to 0 eV in Figure B.1.

The snapshots were then averaged and a Gaussian smear of 0.1 was applied.

The hydrogen and oxygen contributions were separated on the basis of

the material to which they belonged. Hw and Ow are hydrogen and oxygen from

water, Ht and Ot are the hydrogen and oxygen from the top silanol groups that

interface with water, Hb and Ob are from the bottom silanol groups that interface

with vacuum, and finally, O is from SiO2.

The band gap of WS2 can be seen clearly in Figure B.1, with the top of

the VBM at ≈ 6 eV in all water layers.
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(a) (b)

(c)

Figure B.1 The average PDoS of all snapshots from AIMD calculations. The 0
point marked with a dashed vertical line shows the vacuum energy level. From the
systems: a) 1 layer, b) 2 layers c) 3 layers

B.2 LDoS: Relative atomic positions

The relative position of the interface SiO2/H2O/WS2 atoms compared to the LDoS

are shown in Figure B.2. The shared axis highlight the averaged interface position

compared to the LDoS, with the 0.1 threshold highlighting the spatial dependence

of CBM offset and VBM offset. The rest of the SiO2 band alignment can be seen

compared to the 20 Å cutoff as shown in the main text.
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(a) (b)

(c)

Figure B.2 Comparison of average position of the SiO2/H2O/WS2 to the
corresponding LDoS with a threshold value of 0.1. The systems shown are a)
1 water layer, b) 2 water layers, c) 3 water layers.

B 247



Appendix C

C.1 Impact of Water Energy Reference

The choice of energy reference for water significantly affects both adsorption and

total energy change values. When only a single water molecule is present, these

energy gains are higher due to the absence of hydrogen bonding. Conversely, in

systems with extensive hydrogen bonding, the energy gains are lowered as the

hydrogen bonds must be overcome to interact with WS2, as shown in Figure C.1.

Since neither extreme case—isolated water molecules nor bulk ice

bonding—accurately represents the conditions studied, I selected a reference

potential that accounts for the number of water molecules in each system. This

approach, based on the geometry optimised energy of N water molecules

(Equation 7.1), ensures that only the hydrogen bonding naturally present in a

given system is considered. For example, in a system with two water molecules,

the total energy gain reflects their interaction but excludes additional

stabilisation from bulk water or ice structures. However, using different energy

references means that adhesion and total energy change values across different N

water systems are less directly comparable. Instead, they should be interpreted

relative to the environmental conditions they represent, such as varying humidity

levels. But as seen in Figure C.1, the same trends in adhesion energy and total

energy change are seen with the same reference energy as well as with the energy

reference accounting from the environmental conditions.
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(a) (b)

(c) (d)

Figure C.1 Comparison of a, b) adsorption energies and c, d) total energy
changes at the a, c) W-ZZ edge and b, d) armchair WS2 edge, depending on the
water reference energy (ENmol). The reference energies are given in the legend.
”Single” refers to a single water molecule in vacuum, ”Molecules” represents N
water molecules optimised together, and ”Ice” is the bulk ice Ih phase.

C.2 Projected Density of States
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure C.2 All PDoS of sulphur vacancies used in this work. a) is a pristine WS2

b) mono vacancy VS c-e) are di vacancies: c) sulphur vacancies are adjacent VA
2S,

d) vacancies are on opposite planes VP
2S, and f) Sulphur vacancies are separated by

a sulphur atom VS
2S. f-h) are tri vacancies: f) is a hole V3S, g) sulphur vacancies

are in a line VL
3S, h) Sulphur vacancies are separated by a sulphur atom VLS

3S . i)
the vWS2 vacancy. Corresponding structures are found in Figure 7.4

C.3 Bader Charge Difference of Sulphur
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure C.3 Bader charges on sulphur surrounding the vacancies used in this work.
a) VS, b) VA

2S, c) VP
2S, d) VS

2S, f) VT
3S, f) VL

3S, g) VLS
3S , h) VWS2 . Corresponding

structures are found in Figure 7.4.

C.4 Bader Charge Difference of Tungsten,

Larger Defects
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(a) (b)

(c) (d)

Figure C.4 Bader charges on tungsten for larger defects. a) V2(WS2),b) V3(WS2),
c) V10(S), d) V10(WS). It is important to note the change in scale of the colour
map in c); this is due to the large change in δe for this defect.

C.5 Snapshot from 8H2O and 3O2 at the W-ZZ

Edge

Two snapshots are chosen to illustrate the exact geometry and Bader charges

during the dissociation of water molecules at the W-ZZ edge with 8H2O and 3O2

molecules during geometry optimisation. In Figure C.5a, the chain of proton

hopping can be seen in the top left corner, highlighted with an orange circle. This

proton hopping can be seen in the corresponding Bader charges (Figure C.5b),

with positively charged hydrogen in-between water molecules. Furthermore, the

formation of O2-H is indicated in the black circle, demonstrating the initiation of

bonding between the oxygen molecule and a hydrogen from nearby water. This

results in a more negatively charged oxygen atom and, consequently, a dipole is

formed across the O-O bond.

Figure C.5c highlights the impact of W-O bond formation, marked by a

black circle. Bader charge analysis in Figure C.5d shows that tungsten becomes

more positively charged upon forming this bond. This supports the discussion
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in the main text, which suggests that less positively charged tungsten is more

prone to oxidation. Here, oxygen increases tungsten’s positive charge, effectively

passivating the dangling bond.

(a) (b)

(c) (d)

Figure C.5 Comparison of the geometry of water and oxygen at the W-ZZ edge
with 8H2O and 3O2 molecules. a-b) are after 30 optimised steps, and c-d) are
after 100 optimised steps. Black and Orange circles are provided to highlight areas
discussed in the text.
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C.6 Bader Charge Difference of Sulphur,

Armchair Edge

(a) (b)

Figure C.6 Bader charges on sulphur at the WS2 armchair edge where H3O
+ is

formed with a) two water molecules and b) eight water molecules. The stabilisation
of H3O

+ can be clearly seen by the increased e on the sulphur atoms (yellow atoms).
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Appendix D

D.1 PSO Electronic Parameters

Table D.1: Optimised electronic parameters used in the skfs from PSO. Brackets
for oxygen and hydrogen show the different training sets used.

Orbital Param W S H
(WSOH)

H
(SiOH)

O
(WSOH)

O
(SiOH)

Si

1s
r0 - - 2.79 2.69 - - -
s - - 4.77 8.01 - - -

2s
r0 - - - - 4.74 6.06 -
s - - - - 3.12 3.95

2p
r0 - - - - 3.71 7.33 -
s - - - - 6.18 4.31

3s
r0 - 6.95 - - - - 4.11
s - 4.67 - - - - 5.84

3p
r0 - 3.07 - - - - 3.21
s - 5.45 - - - - 4.48

3d
r0 - 4.61 - - 1.41 1.85 6.28
s - 5.98 - - 4.13 2.73 4.27

4f
r0 2.84 - - - - - -
s 4.82 - - - - - -

5d
r0 4.63 - - - - - -
s 6.13 - - - - - -

6s
r0 2.54 - - - - - -
s 5.03 - - - - - -

6p
r0 3.37 - - - - - -
s 4.61 - - - - - -

D.2 GPrep Training
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(a) (b)

(c) (d)

(e) (f)

Figure D.1 The bond training data sets for the Gprep training data set. For
ease of reading, the type of bond is given in the title i.e. a) are the W-W bond
distances.
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(a) (b)

(c) (d)

(e) (f)

Figure D.2 Continuation of the bond training data sets for the Gprep training
data set in Figure D.1.
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(a) (b)

(c) (d)

(e) (f)

Figure D.3 The functional form of the repulsive potential for tungsten and
sulphur: a) W-W, b) W-S, c) W-H, d) S-S, e) S-O, f) S-H.
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(a) (b)

(c) (d)

(e) (f)

Figure D.4 A continuation of the functional form of the repulsive potential for
silicon, oxygen and hydrogen: a) O-H, b) O-O, c) H-H, d) Si-Si, e) Si-O, f) Si-H.
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