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Abstract

As two dimensional materials technology matures and the focus turns to optimiza-

tion, fine tuning the optoelectronic properties of materials is becoming necessary

for progress. The focus of this thesis is on developing methods to achieve such

modulation in terms of variation of the band gap and introduction of dopants

within the two dimensional chalcogenide family of semiconductors. Changing the

structure of materials can change the band structure within the optically relevant

band gap region of materials by either changing the energies of existing bands to

modify the band gap, or by introducing new ‘defect’ states within this region.

Three methods of such optoelectronic property modulation are investigated

within this thesis - uniaxial strain, point defects and edge defects. The investiga-

tions into uniaxial strain focus on band gap variation in monolayer MoS2, TiS3

using first principle calculations and in monolayer WS2 experimentally. The first

principle calculations reveal a high directional dependence of uniaxial strain on

the band gap response in TiS3 compared to MoS2, while the experimental inves-

tigation focused more on optimization of strain introduction - achieved through

deposition of WS2 on pillars.

The point defects study focuses on the potential for p and n type doping

within four layer MoS2 through the introduction of oxygen and chlorine dopants

- finding oxygen an unsuitable candidate for p type doping (without inclusion of

substrate effects) and chlorine a candidate for electron donation. Edge defects

are also investigated using first principles calculations in a WS2 system, focusing

on the impact of different edge terminations on the introduction of optically

relevant defect states. Armchair terminations are found to reduce the band gap

significantly, with terminations between armchair and zigzag directions able to

modulate this reduction to some degree, and zigzag terminations resulting in a

metallic structure.
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Chapter 1

Introduction

1.1 Motivation

As the technology surrounding two dimensional (2D) semiconductors matures

- with a variety of applications developing in areas such as flexible electronics,

photonics, and catalysis [1–5] - it is becoming more important for electronic

properties to be fine-tuned to enable tailoring of their properties for specific ap-

plications. One approach to tailoring electronic properties is the introduction of

defects within the crystal, which often alters energies of electronic states without

the need for external fields to be applied. These changes can modify the opto-

electronic properties of materials when such states are situated close to or within

the band gap [6]. A number of point and extended defect types can be present

in materials, the impact of which are not fully understood in many cases in part

due to the large configuration space such a problem involves. This provides an

exciting avenue for research with many open questions. Although not technically

a defect, introduction of crystal strain can also be used as a mechanism for mod-

ifying the properties of materials in a similar manner [7]. This thesis presents a

study of the effects of both strain and a number of specific defect types on the
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properties of 2D transition metal chalcogenides (MoS2, WS2 and TiS3) - with a

focus on changes in their electronic properties by tuning the band gap in order

to engineer the photoluminescence spectrum of such materials.

1.2 Two dimensional materials

With the advent of exfoliation techniques pioneered in the exfoliation of graphene

in 2004 a new parameter space opened up for research into novel 2D materials [8].

Such materials have a layered structure, with the shared characteristic of high in-

plane strength and weak out-of-plane van der Waals interactions between layers,

enabling easy separation of layers to form mono- to few-layer materials [9]. Many

materials exist with these properties, with a wide variety of electronic properties;

including insulators, metals and semiconductors. Graphene is often used in de-

vices requiring an electrical conductor, as it is a semi-metal with the conduction

band minimum (CBM) and valence band maximum (VBM) touching at a single

point - known as the Dirac point (shown in Fig. 1.1 [10]). Other applications

require a material with a band gap, such as the 2D insulator hexagonal Boron

Nitride (hBN) which is often used in 2D electrical devices to prevent current flow.

A huge advantage of van der Waals (vdW) materials is their ability to be easily

stacked: stacking layers of different materials changes the properties of both due

to interlayer interactions. This effectively produces a new material called a het-

erostructure; an illustration of this concept is shown in Fig. 1.2 [11]. This thesis

focuses specifically on semiconductors: materials with a band gap small enough

for electrons from the VBM to be excited into the CBM with energies accessible

at room temperature.

2D semiconductors have emerged as a fertile ground for research in recent

years spurred on by both fundamental interest and potential for applications in
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Figure 1.1: DFT-calculated graphene band structure, showing the Dirac point at
K in red. Reproduced from [10] under creative commons licence.

Figure 1.2: Illustration of heterostructure concept, showing layers of a transi-
tion metal dichalcogenide encapsulated with hexagonal boron nitride layers, all
encapsulated in graphene layers - which could function as an LED. Reproduced
from [11] under creative commons licence.
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photonics, catalysis and nanoelectronics [1–5]. Their low dimensionality can often

result in interesting optoelectronic properties such as high carrier mobility and

photoluminescence due to charge carrier confinement within a plane [12]. Such

materials can have a range of band gaps leading to emission and absorption across

a range of wavelengths, for example within the visible, infrared (IR), and near-

IR wavelength ranges. A non-exhaustive list of examples of 2D materials and

their emission wavelengths is shown in Table 1.1. These emission wavelengths

are experimentally determined thus include the exciton binding energy. This

often results in large discrepancy compared to the electronic band gap emission

wavelengths calculated through density functional theory (DFT) calculations, as

excitonic effects are not included.

Table 1.1: Comparison of monolayer direct band gaps in a variety of 2D materials,
stated in both energy and wavelength, with associated references.

Material Eg (eV) Eg (nm) Reference
Molybdenum disulfide 1.9 650 [13]
Titanium trisulfide 1.1 1130 [14]
Tungsten disulfide 2.1 590 [15]
Hexagonal boron nitride 5.9 210 [16]
Black phosphorous 0.3 4100 [16]
Molybdenum ditelluride 1.1 1130 [17]

A key example of active research in this area is within silicon photonics; silicon

has an indirect band gap, making it an inefficient photon emitter/absorber for

use in photonic devices [18]. A material with a direct band gap smaller than that

of silicon would be able to interface with the mature silicon technology - enabling

charge carriers in silicon to be injected and radiatively recombine to emit light

more efficiently than in silicon alone [19]. 2D semiconductors provide a potential

avenue to achieving such an interface due to their potential for band structure

engineering and the large space for materials discovery they represent.

Three 2D semiconductors are considered within this thesis in a combination
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of theoretical and experimental studies: two hexagonal structures with similar

structures to graphene - MoS2 and WS2 - and a more anisotropic material with

monoclinic structure TiS3. It should be noted that the similarity between MoS2

and WS2 comes from their hexagonal structure, however these materials involve

more elements. This means that each carbon site in graphene is replaced by a

metal and two sulfur atoms - resulting in a three atoms in a plane compared to

one in graphene.

1.3 Strain

Strain within crystals displaces atoms from their equilibrium positions in the

bulk and can be induced using a variety of methods. Lattice mismatch is one

mechanism where the lattice constant of a material is not commensurate with the

underlying substrate [20]. This can cause either a change in lattice constant to

fit the substrate or, in the cases of larger strain, induce dislocation defects within

the crystal - as illustrated in Fig. 1.3. Such a method has limited tunability,

as the level of strain introduced is dependent on the ratio of unstrained lattice

constants in the crystal and substrate [21]. Lattice constants are dictated by

the materials used, thus there are a discrete number of options for tuning in

this manner. The picture for 2D materials is a little different with interlayer

interaction being limited to the van der Waals interaction and hence being quite

weak. This also extends to the substrate [22]. While the substrate can still

induce strain within a 2D crystal, the effect is less easily modelled as these weak

interactions mean the lattice is more free to relax over a longer length scale,

introducing periodicity over a length scale much larger than the primitive cell

of the 2D crystal alone [23]. Strain is important within 2D materials, and has

emerged as a method of varying the band structure in 2D materials to tune both

5



Chapter 1 Introduction

optical and electronic properties for different applications due to the high strains

such materials can withstand [24]. For example, local strain due to wrinkles has

been shown to cause a ’funneling’ effect, moving carriers towards strained areas -

a phenomenon potentially useful for single photon emission [24]. More generally,

the method has been extensively shown to modify the band gap in transition

metal dichalcogenides (TMDs) and other van der Waals materials, enabling the

emission wavelength to be tuned via strain [25,26]. As a result of these interesting

modifications of electronic properties such as band structure, various methods for

inducing strain within such materials have been developed such as transferring

to a flexible substrate to enable stretching or bending of the system more easily,

or inducing strain via a nanofabricated patterned substrate [25].

Figure 1.3: Illustration of lattice mismatch between crystal and substrate, with
a grid representing atomic sites. Reproduced from [21] with permission.

1.4 Defects

Crystal defects can have different dimensionality, for example point defects (zero

dimensional), line defects (one dimensional) and surfaces/interfaces (two dimen-
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sional). The study of defects is therefore a broad topic, with this thesis focusing

mainly on the effects of point and edge defects within 2D materials.

Point defects exist in many varieties, the simplest being vacancy defects where

a single atom is removed from the equilibrium structure, or a substitution where

an atom is simply substituted for a different species. More complex point defects

can also exist like antisite or interstitial defects, with atoms removed and replaced

at different positions within the crystal. Fig. 1.4 shows some examples of such

defects [27].

Figure 1.4: Diagrams showing various point defects. Reproduced from [28] under
creative commons license.

The introduction of defects can lead to reconstruction of the surrounding

atoms, creating a localized strain field around the defect and often introducing

new electronic states - called defect states - into the crystal’s band structure [29].

For low concentrations, point defects introduce non-dispersive electronic states

into the system. A shallow defect state within the band gap can reduce the energy
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for an electron or hole to localize on this defect relative to a free charge carrier.

This causes charge trapping, while a deeper defect closer to the centre of the

band gap could cause both electrons and holes to localize, resulting in electron-

hole recombination. Point defects can have a significant effect on electronic and

optical properties of the material and are thus important to understand. It is

important to note that defects can have a range of effects on various properties

and do not always negatively impact crystal properties, depending upon the

application [30]. For example, electron donor or acceptor atoms can be chosen to

form defects within a crystal, creating n-type or p-type doping respectively. This

can be useful for applications such as transistors, which often require both n and

p-type components [31].

Edges in 2D materials are rapidly becoming an important defect as devices

are being realized. The standard example of graphene highlights this importance,

as clean edges have been found necessary to avoid excessive electron scattering

in devices. This has driven research into growing graphene with atomically sharp

edges [32]. Because such defects introduce a difference in symmetry in a crystal,

they can also have an effect on the band structure. Using a hexagonal structure

crystal as an example, which is a common structure within 2D chalcogenide

materials, several different edges can be present at an edge termination. The

simplest examples of these are along the two high symmetry directions, known

as the ‘armchair’ and ‘zigzag’ directions. Other edges can exist, for example if

the unit cell were terminated at some angle in between the armchair and zigzag

directions, a series of kink defects would be formed, with a mixture of zigzag and

armchair terminations. These edges can not therefore be modelled as the sum

of armchair and zigzag termination properties, as such edges could result in a

different reconstruction of atoms at the termination - likely exhibiting different

properties. Fig. 1.5 highlights these different terminations for the example of
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WS2.

Figure 1.5: Structures of different edge terminations present in WS2 nanoribbons,
showing a) zigzag termination, b) armchair edge termination and c) a combination
of both zigzag and armchair edges to produce a ’kinked’ edge defect.

1.5 Aims of thesis

This thesis aims to provide insight into how defects and strain can be used to

modify electronic properties in 2D materials, specifically focusing on examples of
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such engineering in MoS2, WS2 and TiS3. Such effects are investigated using a

combination of techniques, both experimental and theoretical, such as DFT and

photoluminescence (PL).

1.6 Overview of thesis

In this chapter the general motivation for the work presented in later chapters has

been given, along with brief background information relevant for 2D materials

and defects/strain therein.

Chapter 2 focuses in depth on the theory necessary to describe such systems

using DFT and extensions to this theory used within the thesis, then describes

theory relevant to the experimental methods.

Chapter 3 focuses on methods used in computational implementation of DFT

in practice, and discusses the experimental techniques applicable to this work.

Chapter 4 presents DFT calculations undertaken to investigate the effect on

band structure of introducing uniaxial strain along different crystallographic di-

rections - focusing on two representative vdW materials MoS2 and TiS3 and the

differences between them.

Chapter 5 describes on experimental work undertaken on WS2 monolayer

samples strained by fabricated nanopillars on a substrate. Steps are taken within

this chapter to characterise how such strain affects the band gap via photolumi-

nescence studies.

Chapter 6 presents calculations undertaken to describe potential defects present

in MoS2 treated with UV-ozone - providing insight into different possible mecha-

nisms for electron trapping. This is motivated by experimentally observed p-type

doping in 4-layer MoS2 via UV-ozone treatment.

Chapter 7 presents DFT calculations for WS2 edge defects, investigating how
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introducing edges of different natures changes the band structure. This could

potentially be useful for engineering the electronic properties of such systems.

Finally, chapter 8 summarises the main conclusions of the thesis, along with

prospective future work.
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Chapter 2

Theory

2.1 Density functional theory

2.1.1 The Many Particle Schrödinger Equation

Solving the Schrödinger equation is central to quantum mechanics, theoretically

providing a route to calculating all electronic properties of a given system. In

practice there exists the problem that for many particle systems the wavefunction

quickly becomes far too complex to calculate. While the single particle solution

to the Schrödinger equation involves wavefunctions which depend only on the

coordinates of that particle, allowing for quick calculations (or in some cases an-

alytical solutions), the many particle wavefunctions depend on the interactions

of each particle with every other particle. This means that a many body wave-

function becomes increasingly complex as the number of particles increases, to

such an extent that a numerical solution quickly becomes impossible to store on

even the most advanced supercomputers. The interaction between particles also

results in a set of coupled differential equations, which are far more complex to

solve than independent particle equations.

Several methods exist to tackle this problem, one of the most popular being
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DFT. ‘Pure’ DFT provides a solution to this problem by reformulating the wave-

function as charge density dependent rather than electron coordinate dependent.

Orbitals are reintroduced to the problem in the most widely used formulation -

Kohn-Sham DFT - but this simplifies the problem to a series of non-interacting

single particle problems, vastly reducing the complexity of calculations [33,34].

2.1.2 Born-Oppenheimer Approximation

The Born-Oppenheimer approximation is central to many quantum mechanical

problems and has the effect of decoupling nuclear motion from that of the sur-

rounding electrons for small time scales. This is justified as the electrons have a

far smaller mass than that of the nuclei, hence can respond to a change in poten-

tial far more rapidly. The reason this simplifies the problem is that the nuclear

potential acting on the electrons can then be regarded as fixed with respect to

changing electron positions [35].

If nuclear and electronic motion are coupled, a given state is described by

the wavefunction, Ψi(r1, r2, ..., rn,R1,R2, ...,RN), meaning the wavefunction is

a function of the positions of all electrons, ri, and nuclei, Ri. This wavefunction

can then be operated on by the Hamiltonian operator, Ĥ, to calculate the energies

of each state according to the time independent Schrödinger equation (TISE):

ĤΨi = EiΨi. (2.1)

The Hamiltonian contains operators for the kinetic energy of nuclei and electrons

(T̂n and T̂e respectively), potential operators for the interactions between them

(Ûne, Ûee, and Ûnn for nuclei-electron, electron-electron and nuclei-nuclei interac-

tions respectively), plus an external potential consisting of everything else such
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as any external electromagnetic fields applied to the system, V̂ext:

Ĥ = T̂e + T̂n + Ûne + Ûee + Ûnn + V̂ext. (2.2)

The Born-Oppenheimer approximation involves writing the wavefunction as a

product of nuclear and electronic wavefunctions (Φ = ϕnϕe). All purely nuclear

terms are separated from electronic terms, as the nuclear motion occurs on far

larger timescales than the electronic motion. Hence we can remove the nuclear

kinetic energy term to find the electronic Hamiltonian:

Ĥe = T̂e + Ûee + Ûne + V̂ext, (2.3a)

Ĥ = Ĥe + Ĥn. (2.3b)

This defines the electronic energy eigenvalues, Ee, when operating on the elec-

tronic wavefunction, ψe with fixed nuclear positions:

Ĥeψe = Ee({RN})ψe, (2.4)

where the electronic wavefunction depends on electronic and nuclear positions.

The corresponding equation including all interactions is:

(T̂n + Ee({RN}))ψn = Eψn. (2.5)

It can be seen that when nuclear coordinates are allowed to vary (nuclear co-

ordinates denoted by RN), the electronic energy eigenvalue also varies. The

electronic energy eigenvalue acts as a potential in the nuclear equation. The

Born-Oppenheimer approximation is used throughout this thesis unless specifi-

cally stated otherwise.
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2.1.3 Hartree-Fock Theory

One approximation to the TISE for many particles is Hartree-Fock (HF) theory;

the principle of which is to assume the wavefunction can be expressed in terms

of single electron orbitals [36].

After simplifying the wavefunction using the Born-Oppenheimer approxima-

tion, the problem still remains as to how to approximate the (now purely elec-

tronic) wavefunction. The simplest way of achieving this, the Hartree method,

results in a separable wavefunction of the form:

Ψi(r1, r2, ..., rn) = ϕ1(r1)ϕ2(r2)...ϕn(rn) (2.6)

This does not, however, satisfy the antisymmetry principle which necessitates a

change of sign when two coordinates are swapped. For two electrons this could

be satisfied by:

Ψi(r1, r2, ..., rn) =
1√
2

(ϕ1(r1)ϕ2(r2) − ϕ1(r2)ϕ2(r1)). (2.7)

and can be generalised to n electrons via a Slater determinant:

ψ =
1√
n!

∣∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(r1) ϕ2(r1) . . . ϕn(r1)

ϕ1(r2) ϕ2(r2) . . . ϕn(r2)

...
...

. . .
...

ϕ1(rn) ϕ2(rn) . . . ϕn(rn)

∣∣∣∣∣∣∣∣∣∣∣∣∣
. (2.8)

This also ensures the wavefunction is zero if two orbitals are the same (e.g setting

ϕ2 = ϕ1), which elegantly demonstrates the Pauli exclusion principle mathemati-

cally. An important point to note here is that, although the exchange interaction

is included here, correlation effects will not arise due to the use of a single de-
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terminant. Other methods exist that include this effect via the use of multiple

determinants [37]. The variational principle can be applied to the wavefunction

to determine a set of equations to describe the system - with the choice of ansatz

therefore affecting the form of such equations. One consequence of choosing to

represent the wavefunction as a single determinant is that these equations repre-

sent each electron interacting with the average electron density. This introduces a

non-physical self interaction, as each electron also interacts with itself through the

average density. The single determinant wavefunction system can be described

by:

(
−1

2
∇2

i +
∑
j

∫
|ϕj (rj)|2

|ri − rj|
drj + Vext (ri) − F̂

)
ϕi (ri) = ϵiϕi (ri) , (2.9)

where the final term is written as:

F̂ϕi (ri) =

∫ occ.∑
j

ϕ∗
j (rj)ϕj (ri)

|ri − rj|
ϕi (rj) drj. (2.10)

The terms in equation 2.9 represent: kinetic energy, Coulomb potential from the

average electronic charge density, external potential (including from the ionic

potential), and the exchange interaction respectively. The exchange interaction

term has no classical analogue and is known as the exchange operator - defined

in 2.10. This is non-local in nature, resulting in heavy computational cost to

calculate due to the potential depending on both ri and rj, rather than just ri.

The HF equations can be solved self consistently to give the energy of the

system. Self consistency is necessary because the wavefunction appears on both

sides of the equation, hence applying the Hamiltonian to a wavefunction will yield

an energy multiplied by another wavefunction. The wavefunctions on both sides

of the equation must be consistent for a solution to be found, both in the operator

on the left hand side and the wavefunction this operates on, but this is not
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guaranteed. The self consistent solution must therefore be found by solving with

a trial wavefunction, then solving again using the newly generated wavefunction

and repeating until the wavefunctions match that of the operator [38].

2.1.4 Hohenberg-Kohn theorems

The Hohenberg-Kohn theorems provide a framework to recast the TISE in terms

of the electron density, rather than coordinates of individual electrons. This

reduces the complexity of the problem, as the number of coordinates necessary

to describe a system of n electrons is reduced from the coordinates of all electrons

(r1, r2, ..., rn) to just one set of coordinates, r.

Hohenberg and Kohn set out a proof showing the external potential uniquely

defines the density of a system [39]. They then extended this to show that the

energy of a system is a functional of the density such that:

E[n(r)] ≡ F [n(r)] +

∫
Vext(r)n(r)dr. (2.11)

Through the variational principle it can be seen that E[n(r)] will be minimised

for the ground state density, hence the ground state energy can be found if the

universal functional F [n(r)] is known. Together, the Hohenberg-Kohn theorems

provide the fundamental basis for DFT.

2.1.5 Kohn-Sham DFT

The most widely used formalism for DFT is Kohn-Sham DFT. In this formal-

ism, the interacting electron system is replaced by an equivalent fictitious non-

interacting system, which produces the same electron density as the real system.

This enables a system of non-interacting particle equations to be solved [40].

These equations are considerably simpler to solve than the full interacting equa-
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tions and is achieved by using an effective potential, giving the set of equations:

(
−1

2
∇2

r + Veff (r)

)
ϕi(r) = ϵiϕi(r). (2.12)

The effective potential can be split into its constituent parts, such that:

Veff = VH + Vext + Vxc, (2.13)

where VH is coulomb repulsion between electrons (referred to as the Hartree po-

tential), Vext is the external potential and Vxc is the exchange-correlation energy.

The Hartree potential can be written as:

VH(r) =

∫
n(ri)

|ri − rj|
dri. (2.14)

The external potential is then defined by the system being studied, reducing the

problem to one of approximating the exchange correlation potential. It should

be noted that the expression for the ‘Hartree potential’ integrates the whole

charge density, which inevitably includes the charge density from the electron

for which the potential is acting upon. This has the effect of ensuring each

electron is interacting with itself, introducing an error (called the self interaction

error). This has the effect of overestimating electron-electron repulsion, hence can

result in nonphysical delocalisation if unaccounted for. The correction for the self

interaction is incorporated into the approximation for the exchange-correlation

potential and thus the self interaction error should be eliminated if the exchange

correlation functional is exact.
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2.1.6 Exchange-correlation functionals

The exchange correlation energy must be a functional of the density, however it

can have different forms depending upon the assumptions made in forming it [41].

The simplest of these functionals is known as the local density approximation

(LDA), and has the form:

Exc =

∫
n(r)ϵxc(n(r))dr. (2.15)

n(r) is the density and ϵxc is the exchange correlation energy per electron. This

is easily calculable, as ϵxc can be found numerically as the energy per electron in

a homogeneous electron gas. As this approximation is based upon a system with

homogeneous charge density, the approximation works best if the charge density

varies slowly (such as in many solid state systems apart from close to atoms).

Nevertheless, the assumption of homogeneity can reduce accuracy in systems with

highly inhomogeneous charge density. Another class of functional was proposed

to improve upon this, the generalised gradient approximation (GGA), which has

the form:

Exc =

∫
n(r)ϵxc(n(r),∇n(r))dr. (2.16)

The GGA takes into account the gradient of the density as well as the density,

improving the accuracy for most materials. Many different formulations of this

exist, however the Perdew-Burke-Ernzerhof (PBE) version is the most widely

used [42]. There also exist a set of functionals, referred to as meta-GGA’s, which

also take into account the gradient of this gradient and have seen some success

in improving the approximation further, however the GGA still dominates most

research due to its simplicity combined with reasonable accuracy for many situ-

ations.
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2.1.7 Hybrid functionals

DFT is known to underestimate the band gap of materials, sometimes even to

the extent of predicting semiconductors to be metals. While this is not an in-

herent property of DFT, the source of this error lies within the approximation

of exchange-correlation functionals. The calculation of band gap requires ener-

gies of the system with differing numbers of electrons to be calculated. The exact

functional must have discontinuities in its derivative when an electron is added or

removed from the system, as fractional particles do not exist. Therefore the effect

of adding an electron should be a discrete change in exchange-correlation energy.

In contrast, any local or semi-local approximation to the functional produces a

continuous derivative with respect to changing numbers of electrons, causing an

inherent error within these functionals. This results in the self interaction error

not being fully cancelled, which in turn increases the energy of occupied states.

As the energy error is different for different numbers of electrons, and the calcu-

lation of band gap relies on energy differences when an extra electron is added,

this results in a reduced band gap prediction. Another way to calculate the band

gap is the difference between highest occupied state and lowest unoccupied state.

In such a case the energy of occupied states are overestimated, while unoccupied

states do not contribute towards the density so do not have this self interaction

error, thus reducing the band gap prediction.

Hybrid functionals use the idea of coupling standard functionals with some

Fock exchange to improve the model. The idea is that where a local or semi-

local functional underestimates the band gap, HF theory overestimates it. The

inclusion, therefore, of a perfectly tuned amount of Fock exchange should cause

these errors to cancel each other, as illustrated in Fig. 2.1.

The simplest method for doing this is to mix a set fraction of a standard DFT

functional with a set fraction of Fock exchange. In the case of choosing PBE as
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Figure 2.1: Illustration of the systematic errors in energies predicted by HF and
GGA approximations with respect to changing number of electrons.

this standard functional, the total exchange-correlation energy is given by:

EPBEα
xc = αEHF

x + (1 − α)EPBE
x + EPBE

c . (2.17)

The energies are here split into exchange and correlation energies (x and c sub-

script respectively), with the total exchange given by a mixing of Fock exchange

and PBE exchange, with correlation energy purely coming from PBE. The PBE0

functional is an example of this, with α taken as 1
4

- a value determined by the-

oretical derivation by Perdew, Burke and Ernzerhof [43]. This dependence on α

could be tested for each material and tuned to find the optimal value, however

this would reduce the predictive power of the functional as this value would al-

ways need to be determined empirically on a material to material basis. This
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would reduce the usefulness for novel materials with little to no empirical data

to tune to.

The Heyd-Scuseria-Ernzerhof (HSE06) functional builds on this principle by

adding the concept of range separation [44]. Essentially, the 1
r

decaying interac-

tion in the exchange correlation functional is rewritten as:

1

r
≈ erfc(ωr)

r
+

erf(ωr)

r
. (2.18)

These terms represent the short and long range contributions respectively, where

ω is a parameter that defines the balance between short and long range interac-

tions to be considered in the system, as illustrated in Fig. 2.2.

Applying this to the exchange interaction of the general hybrid functional

(PBEα) gives:

EHSE
x = αEHF,SR

x + (1 − α)EPBE,SR
x + αEHF,LR

x + (1 − α)EPBE,LR
x . (2.19)

The long range HF and PBE exchange energies are roughly equal for reasonable

values of ω and contribute very little to the energy, thus this can be written more

simply as:

EHSE
x = αEHF,SR

x + (1 − α)EPBE,SR
x + EPBE,LR

x (2.20)

The long range HF exchange has thus been removed from the equation, reducing

the computational cost. The HSE06 functional is used extensively in this thesis,

and is defined for the case of ω = 0.2 Å−1 and α = 0.25. These values were found

by fitting predictions of the functional to extensive data from literature, averaged

over a range of materials.
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Figure 2.2: The form of a range separated potential using the error and com-
plementary error functions for a) ω = 0.2 Å−1 and b) ω = 2 Å−1, illustrating
that a higher ω value increases long range contribution and reduces short range
contribution to the 1

r
potential.

2.1.8 Van-der-Waals Corrections

Van-der-Waals forces are dependent upon correlation effects between electrons,

however longer range effects are generally ignored by the DFT approach due to the

assumption of local dependence in the exchange-correlation functional [45]. These
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energy contributions are often negligible, so can safely be omitted. In the absence

(or near absence) of other forces they can however have non-negligible effects.

One such category of materials are the two dimensional materials described in this

thesis, often called ’van der Waals materials’ because the inter-layer distances are

governed by the vdW interaction. In such materials, an energy correction must

be introduced to include such interactions. These interactions can be considered

to decay as −C6

r6
. Higher order terms also contribute e.g (C8

r8
, C10

r10
) but for large

distances the first order approximation is sufficient [46]. The terms Ci represent

functional-dependent proportionality constants for each − 1
ri

term.

The energy correction can be introduced non self-consistently to the DFT

energy by simple addition:

Etot = Edft + Evdw, (2.21)

and the energy correction can be written as a sum of pair-wise interactions:

Evdw =
∑
i>j

f(rij)
Cij

6

rij
, (2.22)

where i and j label each atomic site and f(rij) is a damping function to remove

the divergent behaviour of the r−6
ij function for small distances. Clearly to make

use of this approximation, the Cij
6 constants must be defined. One method is

to calculate these from the charge density (called DFT+vdW methods), how-

ever this thesis uses the DFT+D method [47, 48]. This involves calculating the

dispersion coefficients for each atom via ionisation potentials and polarizabilities

found from computational calculations (Ci
6, C

j
6) and taking the geometric mean

(Cij
6 =

√
Ci

6C
j
6). Other methods exist but are not discussed here.
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2.1.9 Periodic boundary conditions

Individual molecules/few molecule systems have a small enough number of elec-

trons to be modelled using DFT in a reasonable timeframe, which can yield

reasonable properties for gases. Conversely, the number of electrons in a model

of a solid material can be very large, with non-negligible interactions between

atoms. This results in prohibitively expensive calculations if all electrons were to

be considered separately. Fortunately, many solids arrange in crystal form, with

a periodic arrangement of atoms. The crystal can then be viewed as an infinitely

repeating unit (a unit cell), an approximation known as periodic boundary con-

ditions [49].

Mathematically, this can be described by defining a set of basis vectors to

describe the unit cell:

a = a1x̂ + a2ŷ + a3ẑ

b = b1x̂ + b2ŷ + b3ẑ

c = c1x̂ + c2ŷ + c3ẑ

. (2.23)

If a point within the unit cell is translated by an integer number of these lattice

vectors (i.e a translation of R = n1a+n2b+n3c), the same point in a neighboring

unit cell will result. As we are considering an infinite crystal, these points are

identical. Only 14 sets of distinct periodic lattice vectors are possible, known

as the Bravais lattices [50]. While a Bravais lattice defines the periodicity of a

crystal, the locations of atoms within the unit cell must also be defined to fully

define crystal structure. The set of these atomic positions is known as the atomic

basis.

A second set of lattice vectors can be defined corresponding to the Fourier

transform of real space - known as reciprocal space. The same periodic condition
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also applies to these vectors, with the definition of such vectors:

a∗ = 2π b×c
a·(b×c)

b∗ = 2π c×a
a·(b×c)

c∗ = 2π a×b
a·(b×c)

. (2.24)

An integer number of translations of these vectors (i.e a translation of G =

n1a∗ + n2b∗ + n3c∗) will again result in an identical point.

2.1.10 Bloch’s theorem

Bloch’s theorem describes the wave function in an infinite crystal as a plane wave

modulated by a periodic function such that:

ψn,k(r) = un,k(r)eik·r, (2.25)

where un,k(r) is a periodic function with the same periodicity as the crystal,

with n and k being the band index and wave vector in the reciprocal lattice

basis respectively. The periodicity in space means that ψn,k(r) = ψn,k(r + R),

while the periodicity in reciprocal space similarly results in ψn,k(r) = ψn,k+G(r).

Consequently, if a solution is found for a single unit cell, and a single real space

unit cell and a single reciprocal space unit cell (called the Brillouin zone), the

system is fully solved as neighboring cells contain no new information.

The Kohn-Sham equations thus become:

(
−1

2
(∇ + ik)2 + Veff(r)

)
un,k(r) = ϵn,kun,k(r) (2.26)

where Veff(r) is the Kohn-Sham potential (Eq. 2.13). Clearly the eigenvalues,

ϵn,k, vary with k - opening up the possibility of dispersive bands contrary to the
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non-dispersive states seen in non-periodic systems.

2.2 Photoluminescence in 2D materials

2.2.1 Absorption and Emission

Fig. 2.3 illustrates a simple two level excitation and deexcitation in a configu-

ration space. When a photon is incident on a system it can be absorbed by an

electron to form an excited electron with increased energy, without changing the

configuration of atoms. The atomic structure will then relax to the lowest energy

configuration of the excited state via emission of phonons. It is energetically

favourable for the electron to minimise its energy, thus can emit a photon of

this energy to return back to the ground state (or a phonon in the case of non-

radiative recombination). In such a system, the energy of the incident photon

would have to be that of the difference between energy levels, with the emitted

photon also this energy. In an undoped semiconductor, the highest occupied en-

ergy level is at the top of the valence band, thus for an incident photon to be

absorbed and promote an electron directly from the VBM to the CBM it must

have the same energy as the band gap in this simple model. In reality, energy

levels also exist above the band gap which electrons can be excited into, so it is

enough for the incident photon energy to be above that of the band gap. If an

electron is excited above the CBM further energy transitions and combinations

of transitions are possible to return the electron to the VBM. This results in a

spreading in the possible energies of emitted photons. The band gap energy is the

most probable energy transition, thus corresponds to the peak of the PL spectra

(a plot of emitted light intensity as a function of photon energy or wavelength).

This is, of course, still a simple model, as bands will also vary in energy with

position in k space due to dispersion effects. This also has the effect of widening
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Figure 2.3: Energies of the ground state and an excited state as a function of
configuration coordinate, Q. Optical transitions between states are shown as red
arrows and phonon mediated transitions are shown with blue arrows. Dashed
lines indicate phonon eigenvalues, and ∆Eb represents the energy barrier to non-
radiative transition to the ground state.

the PL curve, as a wider array of energies can give rise to transitions - although

the band gap energy will still be coincident with the PL peak as the lowest energy

transition from CBM to VBM (assuming small Stokes shift). A photon is also

not necessarily emitted for every transition, as non-radiative transitions can exist,

producing a lattice vibration (phonon) via which the necessary energy is released.

The energy barrier to such a process is shown in Fig. 2.3 as ∆Eb, the energy

difference between the energy minimum in the excited state and the crossing

point of the excited state and ground state energy curves. By moving along such

curves to de-excite an electron, the process can be achieved using purely phonons,

hence resulting in a non-radiative transition [51]. Non-radiative transitions are

usually defect-mediated, as defects cause a change in configuration coordinate,

thus reducing ∆Eb. A defect can also form a state within the band gap, which
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electrons and holes can fall into - with the trapping probability of an electron

and hole simultaneously being maximized by a defect state in the centre of the

band gap. Fig. 2.3 can also be used to explain Stokes shift: a process causing

absorption and emission peaks to be non-coincident. As a phonon is emitted to

relax the structure within the excited state, the energy difference between excited

and ground states is reduced, thus reducing the energy of an emitted photon

during recombination to reach the ground state - thus the absorbed photon can

be of different energy to an emitted photon.

As the energy of states can vary as a function of k within reciprocal space,

the VBM and CBM do not necessarily lie at the same point in k space. If such a

transition is at one point in k space, the transition can be achieved via a photon.

However, in the case of the VBM and CBM lying at different points in reciprocal

space, an indirect band gap is formed. As a photon carries energy but little

momentum, an indirect transition requires participation of phonons to conserve

momentum, as shown in Fig. 2.4. This reduces the probability of such a transition

compared to a direct transition due to the increased number of events necessary.

Within 2D materials, optical absorption is often small, as the reduced dimen-

sionality means any incident light has the potential to interact with only a thin

layer of material, while the majority of incident light passes through the sample

without interaction. This exacerbates the need for a direct band gap to maximise

the number of photons produced from this limited number of interactions by re-

ducing non-radiative events. Even with a direct band gap, emission from such

materials can be weak, sometimes requiring seconds of integration time to achieve

a reasonable signal to noise ratio in photoluminescence measurements [52]. Mono-

layer photon absorption efficiency has been reported at between 2-12%, however

in some cases this has been improved to 20-30% via the use of cavities [53].
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Figure 2.4: Diagram of an indirect band gap, showing a photon (red arrow) and
phonon (blue arrow) being emitted to facilitate such a transition.

2.2.2 Excitonic effects

Excitons are quasiparticles comprised of an electron-hole pair bound by the

coloumb interaction between the negatively charged electron and positively charged

hole. This interaction stabilises the particle, causing the exciton to have lower

energy than its constituent particles; this energy difference is known as the ex-

citon binding energy. Typically in semiconductors, the large dielectric constant

screens the electronic charges, thus resulting in weakly bound excitons, typically

with 1-10 meV binding energy. Germanium and silicon are typical examples, with

exciton binding energies of 2.7 meV and 10 meV respectively [54]. In contrast, 2D

materials often have a reduced dielectric constant and thus reduced screening due

to confinement of electrons within a plane [55]. This can result in larger exciton

binding energies on the order of 100s of meVs, although the exact values depend

on substrate. For example MoS2 and WSe2 both have exciton binding energies

of 240 meV on a sapphire substrate, but these values reduce to 90 meV and 140

31



Chapter 2 Theory

meV for MoS2 and WSe2 respectively on a gold substrate [56]. The substrate

effect is exacerbated for 2D materials due to the reduced dimensionality result-

ing in field lines from excitons extending outside of the material bounds, thus

interacting with the neighboring dielectric environment. Unlike the relatively

small energies involved in bulk materials, these larger exciton binding energies

can often result in effects larger than thermal motion of such particles, causing

them to be present in the PL curve - visible as a shift in the optical band gap

relative to the calculated band gap without inclusion of excitonic effects - with a

difference of the exciton binding energy. This leads to an inherent overestimation

in the band gap in an otherwise ideal DFT calculation (with a perfectly predicted

atomic structure).

Figure 2.5: Example of MoS2 PL curve decomposed into 3 peaks: A0 exciton
peak, B exciton peak, and A− trion peak. Figure reproduced from [57] under a
creative commons license.
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Different types of excitons can exist in a material, leading to different peaks

presenting in the PL spectrum. In the example of TMDs, three excitons usually

exist: labelled the A and B excitons, plus the A− trion. The A exciton is the

simplest: formed via interaction between an electron at the CBM and a hole at

the VBM. Spin splitting in the valence band also makes the B exciton possible.

The B exciton is similar to the A exciton except that the hole originates from the

lower energy spin-split valence band. The A− trion is then formed from the inter-

action of an A exciton with an electron in the CBM. These clearly have different

recombination energies and thus cause emission of photons of different energies

during their respective recombination processes, producing different signals in a

PL spectrum. This results in the PL spectra for TMDs being a convolution of

the peaks resulting from each of these recombination processes [58]. These peaks

fitted to a WS2 PL curve are shown in Fig. 2.5. The exciton recombination energy

levels are illustrated in Fig. 2.6.

Figure 2.6: Energy level diagrams illustrating PL of the a) A exciton PL, b) B
exciton and c) A− trion. Transitions are shown, with Eg representing the single
particle band gap, EA the A exciton binding energy, EB the B exciton binding
energy and EA− the A− binding energy. Recombinations are shown in red and
dashed lines represent exciton energy levels.

Excitons can be further classified as dark, bright and trapped, with the re-

combination mechanisms and associated energy levels shown in Fig. 2.7.
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Fig. 2.8 illustrates the spin-valley effect, which causes bright and dark excitons

to emerge. Electrons in the conduction band have a spin of ±1/2, however the

spin-split valence band results in holes of +3/2 and −3/2 for the spin up and

down states respectively. An A or B exciton can therefore have a spin of ±1 or

±2 - but only spins of ±1 will couple to a photon. Excitons that do not couple to

a photon are labelled dark excitons due to their suppression in the PL spectrum.

Due to the lack of inversion symmetry in hexagonal 2D materials, two different

kinds of splitting can exist at ±K, with the +K valleys shown in Fig. 2.8. The

valleys at the +K point correspond to the up and down spin states in the valence

band swapping energies relative to each other. The result of this is oppositely

circularly polarised light couples to the bright excitons for the different K valleys.

Figure 2.7: Energy level diagram showing phonon and photon transitions and as-
sociated energy levels of bright and dark excitons, with their associated localized
states. Reproduced from [59] under a creative commons license.

The trapped exciton case can be either bright or dark, referring to a localised

exciton due to trapping by a potential well. Such trapped excitons can be trapped

due to defects or by ’self trapping’, which is caused by strong coupling to phonons

- heavily deforming the lattice close to the exciton and increasing its barrier to
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movement within the lattice [59].

Figure 2.8: Spin valley effect illustration, showing the K valley. Spins for
holes/electrons in the valence and conduction bands respectively are shown. Spin
up and down energy levels indicated by blue and red arrows respectively.

2.2.3 Layer dependence

The PL in TMDs can often increase when the number of layers is reduced. Due

to the layered structure, outer atoms in a layer can more easily interact with

neighboring layers, hence their electronic structure can change when these inter-

actions are removed by removing the neighbouring layers. This is not the case for

the atoms sandwiched within the layer, thus their electronic structure changes

far less when layer number is reduced. These different atoms can affect states at

different points in reciprocal space, thus a change in layer number can cause a
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shift in band gap not only in magnitude but also in position in reciprocal space;

a result of this can be a change from direct to indirect band gap. This effect is

shown for the example of MoS2 in Fig. 2.9, where the states at the Γ point change

with layer number, while the states at the K point remain unchanged, resulting

in a shift in reciprocal space position of the lowest energy band transition. The

magnitude of the optical band gap varies non-linearly from ∼1.9 eV to ∼1.3 eV

as the number of layers is increased from monolayer to a bulk crystal [13].

Figure 2.9: Evolution of band structure with varying number of layers for MoS2,
including a) bulk, b) 4 layer, c) bilayer, d) monolayer systems. Lowest energy
transitions are indicated by a solid black arrow. The dashed arrow in d) represents
the indirect transition for comparison, although this is not the lowest energy
transition. Reproduced with permission from [60].

An electron transition across a direct band gap in reciprocal space involves a

change in energy but not momentum, thus can be achieved by photon absorption

only. However for an indirect band gap a momentum change is also required,

which must also involve a phonon. The requirement for a phonon to also be
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involved decreases the probability of a transition, hence results in a lower PL

intensity than a direct transition. Direct band gaps are, therefore, preferable for

many applications, especially for any photonic applications.

2.2.4 Substrate effect

Due to their 2D nature, vdW materials generally need to be deposited on a

substrate to be useful in devices. Introduction of a substrate has the effect of

changing the dielectric environment, which in turn can influence the way carriers

behave, changing both the electronic and optical properties of such systems (di-

electric screening). On top of this, the interface can introduce strain effects and

charge traps, which also influences these properties. In TMDs this is apparent in

the PL curve, which has a far lower intensity when using a substrate compared

to a suspended flake [61]. The intensity also similarly varies between substrates,

as shown in Fig. 2.10. A small shift in the PL peak can also be seen between

substrates, which could be caused by substrate induced doping effects [62].

Figure 2.10: Photoluminescence curve from MoS2 deposited on different sub-
strates, with suspended MoS2 PL curve also included. Substrates included are:
mica, teflon, sapphire, polystyrene (PS). Reproduced with permission from [62].
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2.3 Summary

The theory set out in this chapter constitutes the majority of required background

knowledge required for the rest of the thesis, with some assumed knowledge.

The first half of the chapter sets out the background and motivation for DFT

simulations used throughout the thesis, while the second half of the chapter

discusses the understanding of physical phenomena necessary to understand both

DFT and photoluminescence study results in the context of 2D materials.
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Methods

3.1 Introduction

Further to the theory and background discussed in the previous chapter, further

discussion of the specific methods used within this thesis is necessary. The first

half of this chapter discusses such methods and approximations used within the

context of DFT calculations. This is followed by outlining the specific experi-

mental techniques required for the photoluminescence studies described within

the thesis.

3.2 Computational implementation of DFT

3.2.1 Brillouin zone sampling

The calculation of many properties, for example the charge density of the system,

involves summing the contributions from all electrons, however the eigenvalues

and wavefunctions of the Kohn-Sham equations (equation 2.26) depend on k. To

treat this properly, contributions from all values of k must be taken into account,

hence an integration over k must be undertaken. Due to Bloch’s theorem, this
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integration can be limited to include only k values that lie within the Brillouin

zone because no new information is contained outside this zone. An example is

the expression for charge density:

ρ(r) =
Ω

(2π)3

∫
BZ

ρk(r)dk (3.1a)

ρk(r) =
occ∑
i

ψ⋆
n,k(r)ψn,k(r), (3.1b)

where Ω is the unit cell volume. Other properties, such as total energy of the

system, involve similar integrals. The integral in equation 3.1 still involves an

infinite number of k points, but can be approximated to a sum over a finite

number of k points to ensure this is numerically solvable. The number of k

points necessary to sample in this sum can be reduced at the expense of accuracy,

however many systems require minimal k points because the wavefunction, un,k,

depends weakly on k. This is often the case for semiconductors, however it

is not generally the case. For example in metals a large number of k points

are often required due to the strong k dependence of un,k. Calculations can be

undertaken with different numbers of k points to determine the minimum number

of k points to achieve a converged property. For example in an energy calculation,

energy would be calculated at a variety of k point sampling densities, with energy

gradually converging to a stable value above a certain level of k sampling.

A Monkhorst-Pack grid is used to sample k space within this thesis - a grid

regularly spaced in reciprocal space. As many materials investigated in this work

have a hexagonal structure, the grid must be shifted to ensure it is centred on

the Gamma point: k = (0, 0, 0) - in order to fully capture the symmetry of the

unit cell.
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3.2.2 Basis sets

A linear combination of functions can be used to approximate the wavefunction:

ψi(r) =
∑
b

Cibϕb(r), (3.2)

where Cib are the coefficients for specific functions, ϕb. The form of the functions,

ϕb, must be known to solve the Kohn-Sham equations (equation 2.26), a number

of different options for which are possible. The set of such functions is called the

basis set and in this work plane wave basis sets are discussed, as implemented in

the Vienna ab initio simulation package (VASP) code.

The choice of functions in the case of the plane wave basis set corresponds to

representing the wavefunction as a Fourier series:

un,k(r) =
1

Ω1/2

∑
|G|<GC

Cn,k(G)eiG·r (3.3)

where Ω is the unit cell volume, Cn,k(G) are the coefficients for each term, G

is an integer multiple of reciprocal lattice vectors and GC is a cutoff defined to

truncate the series. As each term in this series represents a wave, the cutoff is

usually defined as the energy, EC of the corresponding term:

EC =
h̄2

2m
G2

C . (3.4)

3.2.3 Pseudopotentials

Core electrons exhibit minimal influence on properties close to the Fermi energy

thus can, in many situations, be removed from the calculation. Removal of these

electrons from the calculation can have an impact on the calculation expense, as

less bands must be considered, but also by reducing the number of plane waves

41



Chapter 3 Methods

necessary to describe the wavefunction. This is because the wavefunction tends

to vary rapidly near to the nucleus, requiring a large number of plane waves to

fully describe. Pseudopotentials remove these electrons from the calculation by

smoothing the potential within a certain cutoff radius from the nucleus, while

maintaining the same potential outside this radius to ensure outer electrons are

not changed.

3.2.4 Projector augmented waves

Through the use of pseudopotentials, information is lost from electrons near the

nucleus to enable representation with fewer plane waves. The projector aug-

mented wave (PAW) method attempts to remedy this by representing the po-

tential within the cutoff radius using a radial basis set, which requires less basis

functions to represent the oscillating features of the wavefunction near the nu-

cleus than using a plane wave basis. This is done by expanding the all electron

wavefunction, ψn(r):

ψn(r) = ψ̃n(r) +
∑
a

∑
v

(
ϕa
v(r) − ϕ̃a

v(r)
)〈

p̃av | ψ̃n

〉
(3.5)

Where ϕa
v(r) and ϕ̃a

v(r) are the all-electron and ‘smooth function’ basis sets re-

spectively, and p̃av are the smooth projector functions. Qualitatively this has the

effect of removing the pseudopotential within the cutoff radius, then adding the

all-electron potential within this range using the radial basis.

3.2.5 Geometry optimisation

As discussed in section 2.1.2, in the Born-Oppenheimer approximation the nuclear

potential is fixed due to the separation of nuclear and electronic wavefunctions.

In practice, the exact atomic positions are not known and must be determined
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separately. In each electronic minimization, the forces on each atom j can be

calculated from the energy differential with respect to positions of each atom Rj

(the Hellmann-Feynmann theorem [63]):

Fj = − ∂E

∂Rj

=

〈
Ψ0

∣∣∣∣∣ ∂Ĥ∂Rj

∣∣∣∣∣Ψ0

〉
(3.6)

If these forces are zero, the atoms are in their optimal positions - which we can

achieve by calculating these forces, moving the atomic positions closer to the

minimum, performing the electronic minimization and repeating until the forces

are zero (within a certain tolerance). There exist several algorithms to update

the atomic positions in each step. In this work both the conjugate gradient

algorithm [64] and quasi-Newton algorithm [65] are used, as the former is robust

but costly (often requiring many steps to reach the minimum), while the latter is

quick to find a minimum but is only robust near the minimum. The stress tensor

can also be calculated separately to the forces if the cell volume is not required

to be constant, which can be similarly used to minimize lattice parameters.

3.3 Experimental Techniques

3.3.1 Mechanical exfoliation

Exfoliation is a well-known technique within the field of vdW materials which

enables samples with low numbers of layers to be fabricated, often known as

the scotch tape method. The technique requires a flake of bulk material to be

stuck to adhesive tape, to which a clean piece of tape is adhered and slowly

removed. The second tape then has a reduced number of layers of material

adhered to it. The process is repeated to further reduce down to the desired

number of layers. This is then adhered to polydimethylsiloxane (PDMS) (usually
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∼1 x 1 x 0.1 cm3) and rapidly removed to transfer flakes. It must be noted

that the process is not easily controlled, resulting in areas of both thin and

bulk-like material, often in close proximity. An example of an exfoliated flake is

shown in Fig. 3.1, with the monolayer area labelled and shown to be only a small

portion of the flake. Optical microscopy is therefore used to identify visually

which areas contain the desired flake thickness through contrast differences. The

number of layers can be determined initially via optical contrast, and confirmed

via PL due to the variation in peak emission wavelength with number of layers.

An atomic force microscope (AFM) can also be used to further confirm layer

number, although this method is used sparingly as the tip-sample interaction can

sometimes cause sample damage. As the scale of the image suggests, it is typical

to achieve monolayer areas of a few microns as a maximum with larger scale flakes

only possible using other methods such as chemical vapour deposition (CVD)

or molecular beam epitaxy (MBE) [66]. The main advantage of exfoliation is

its simplicity, making it ideal for experiments but unsuitable for larger scale

manufacturing applications due to the lack of repeatability and limited flake

size. Wafer-scale growth techniques applied to 2D materials are still in their

infancy, often achieving low quality flakes compared to exfoliation - which is the

current state of the art for high quality flakes. Limiting defect growth in such

technologies remains a challenge, while growth substrate choice is also limited in

order to reduce lattice mismatch to prevent dislocations and strained areas from

forming during the growth process although substrate choice is not an issue for

CVD [66].

3.3.2 Substrate preparation

Prior to any transfer onto Si/SiO2 substrates, substrates must be cleaned to min-

imise interactions with unknown contaminations on the surface. Such interac-
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Figure 3.1: Example of exfoliated WS2 flake viewed in an optical microscope
using a 20x objective, with monolayer area highlighted and scale bar (bottom
right).

tions could lead to reduced adhesion of flakes to the surface, resulting in transfer

failure. Substrates are cleaned via a combination of methods. Initially a ‘deep

clean’ is performed using ‘piranha’ solution of H2SO4 and H2O2 in a ratio of 1:3

to remove any organic material. This is then washed in acetone in a 40◦C sonic

bath for 10 minutes to remove any remaining debris. The sample is also washed

using the same process with isopropyl alcohol (IPA) as the solvent. Substrates

are then dried using nitrogen gas and transferred to an oxygen plasma treatment

machine for 5 minutes. This also makes the surface hydrophilic, so the samples

are vacuum packed before use to ensure nothing adheres to the surface.

3.3.3 Nanopillar fabrication †

Application of strain was achieved by depositing thin flakes onto a patterned

substrate (6 µm SiO2 on Si wafer) containing pillars etched into the substrate,

with such pillars ∼250 nm and ∼500 nm in height and ∼1 µm in diameter. These

†Substrate fabrication was undertaken by Dr. Yue Wang but the process is outlined here
for context.
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pillars were fabricated in arrays with ∼10 µm separation between pillars (scanning

electron microscopy (SEM) images of such samples included in Fig. 3.2). To

fabricate the nanopillar arrays, a negative resist was deposited onto the substrate,

which was then exposed to an electron beam in a technique known as electron

beam lithography (EBL). EBL is a useful technique for patterning small features

on the scale of tens of nanometers. During this process the negative resist was

exposed to the electron beam in the desired pattern (using graphical data stream

(GDS) pattern design software), which undergoes a chemical transformation to

form cross-links, enabling these areas to remain when the resist is dissolved in

a further step known as development. The sample then undergoes reactive ion

etching (RIE), with the remaining resist acting as a mask to preferentially etch

the areas around the pillars. Any residues are then removed via the deep clean

process outlined above.

Figure 3.2: SEM images showing examples of patterned substrates with pillar
heights of a) 250 nm and b) 500 nm (heights determined separately via AFM).

3.3.4 Dry transfer

Dry transfer is the process used to transfer an exfoliated sample from PDMS

to another substrate such as Si/SiO2. A diagram of apparatus used for this

technique is shown in Fig. 3.3. Once the area of PDMS containing the flake is
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identified, the PDMS is mounted on a glass slide. This is clamped into a movable

arm and the flake is visualised through the glass and PDMS via a microscope.

The substrate is heated to 80°C and the flake brought into contact with it. The

PDMS is removed using the movable arm after 5 minutes to ensure the flake has

fully adhered.

Figure 3.3: Apparatus diagram for the dry transfer of monolayer flakes from
PDMS onto a new substrate.

3.3.5 Wet transfer

Wafer-scale samples can be manufactured by CVD. This thesis uses CVD grown

monolayer WS2 samples on a sapphire substrate, which must be transferred from

their growth substrate. These are not suitable for dry transfer, so a different

process is used - wet transfer (outlined in Fig. 3.4). The sample is spin-coated

with Poly(methyl methacrylate) (PMMA) and the bond between the sapphire

substrate and the monolayer WS2 is broken using buffered hydrofluoric acid.

The PMMA covered flake is then floated on water and the substrate lifted under
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Figure 3.4: Process diagram for the wet transfer of monolayer flakes from sapphire
substrates on which they are grown, onto a new substrate.

the water to catch the flake. The substrate is heated for 10 minutes at 60◦C

to remove any water between substrate and flake, then the PMMA layer can be

removed by acetone submersion.

The wet transfer method outlined above is especially useful for large flakes,

such as wafer-scale flakes grown on a substrate using methods such as CVD or

MBE - however floating the flakes on water for transfer is not applicable to exfo-

liated flakes due to the smaller and randomly distributed flakes produced by such

a process. Wet transfer is a much more complex process involving many steps,

so dry transfer of exfoliated flakes is often preferable for experiments involving

smaller scale device manufacture. Although wet transfer of exfoliated flakes is

possible, its advantages are most apparent for larger, wafer scale samples. It is

often not used, therefore, for novel materials as development of growth methods

for wafer-scale samples often lags the discovery of such materials. This means

exfoliation is usually best for novel materials, as the crystal quality of bulk mate-

rials is often better than underdeveloped thin film growth processes. For example

only a few wafer scale CVD grown 2D materials are on the market to date. Dry

transfer, as a simpler and less expensive process, is often more suitable for such
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materials.

During wet transfer, there is more opportunity for a sample to relax compared

to dry transfer which can result in lower mechanical strain induced by such a

process (see chapter 5).

3.3.6 Atomic Force Microscopy

Another technique used to characterise surfaces is AFM (Bruker Bioscope Re-

solve), which enables the three dimensional profile of a surface to be mapped and

number of layers determined with a height resolution of ∼0.1 nm. An example

image of a few layer WS2 sample is shown in Fig. 3.5, with a minimum thickness

of four layers. AFM involves moving a sharp tip mounted on a cantilever across a

sample to measure the force between atoms in the tip and those of the sample via

deflection of the cantilever. This work makes use of the so-called tapping mode,

which involves oscillating the tip close to its resonant frequency such that the tip

is only in contact with the surface at one point in its oscillation and scanning this

across the surface of the sample. The distance of closest approach between tip

and sample is kept constant throughout the measurement via a feedback loop to

maintain constant tip-sample interaction forces. This work makes use of the tech-

nique to visualise areas of strain within a two dimensional sample on a patterned

substrate in chapter 5.

3.3.7 Photoluminescence measurement

PL is measured from the sample using a 532 nm laser, which is focused onto the

flake to excite electrons into the conduction band. The wavelength of 532 nm

was chosen as this is above the band gap energy, thus has the required energy to

excite electrons across the band gap. The subsequently emitted light from the

sample is collimated using an objective lens (numerical aperture of 0.55 to form a
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Figure 3.5: Figure showing a) AFM image of few-layer WS2 flake, highlighting
thickness differences between different numbers of layers and b) height profile
shown along black line in a).

Figure 3.6: Schematic of micro-PL setup, showing excitation laser light in blue
and photoluminescence signal in black.

spot size of ∼2 µm), then passes through a filter to remove light at the excitation

wavelength to avoid saturation of the detector. The light is then focused into a

monochromator to disperse the light into a charge coupled device (CCD). The

spectrum can be integrated over a specified time to increase the signal. The

sample stage can be moved in three dimensions to probe different areas of the

sample and focus the beam. Taking data by scanning in 2D is advantageous over

scanning across a line profile, as it removes errors associated with aligning the
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scanning line with the strained area in a study of strain. For example, if a line

profile was taken slightly offset from the pillar, the strained area may not be

captured. Although this could be rectified by pre-scanning the PL in the area

using a large sample spacing to ensure the correct area is aligned, the 2D method

increases both the repeatability and automatability of the process. An image of

the actual photoluminescence measurement setup is shown in Fig. 3.7.

Figure 3.7: Labelled image of micro-PL setup, showing excitation laser path in
green.
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Strain engineering †

4.1 Introduction

MoS2, is one of the most studied vdW materials due to its band gap character

changing with number of layers. The change in band gap character in MoS2 with

reduced number of layers is a result of a quantum confinement effect, as the sulfur

states (near the Γ point) extend spatially across layers whereas the molybdenum

states (near the K point) do not, due to the position of molybdenum within the

unit cell. The result is that reducing layer thickness only changes the energies

of states at points within the Brillouin zone (BZ) corresponding to sulfur states,

changing the band structure more significantly at the Γ point than at the K point

and leading to a change in band gap position in reciprocal space, as illustrated

in the partial charge density visualisations shown in Fig. 4.1 [60]. This change

in nature and position in k space of the band gap is also known to occur when

strain is applied to the system [68].

†This chapter has been adapted from work that is published: Alex Armstrong, Keith P.
McKenna, and Yue Wang. ”Directional dependence of band gap modulation via uniaxial strain
in MoS2 and TiS3” Nanotechnology, 35(1):015704, 10 2023 [67].
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Figure 4.1: Spatial charge distribution for monolayer MoS2, showing a) CBM at
k point between Γ and K points b) CBM at K point c) VBM at Γ point and d)
VBM at K point. Reproduced from [69] under a creative commons license.

TiS3 is a layered material with many similarities to MoS2, such as its direct

band gap and semiconducting nature. It has also gained interest due to its smaller

band gap, i.e. longer emission wavelength in the infrared range [70]. MoS2 and

TiS3 can both be exfoliated as single- or N -layer flakes, with the MoS2 band

gap transitioning from direct to indirect as the number of layers are increased,

accompanied by a reduction in PL yield [60], while the TiS3 band gap character

remains stable for mono- and few- layer systems. This is an important property

since it would allow higher thickness tolerances, making TiS3 particularly attrac-

tive for device and engineering applications. The band gap in both materials

can be further manipulated with strain, enabling control over the position of the

peak wavelength of the PL spectrum [24,71,72]. However, the effect of the strain

direction on the band structures is not well studied. This is a question which
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could impact viability of real-world applications if crystal alignment to strain di-

rection must be considered. Heterostructures involving multiple vdW materials

could also be affected, as strain can be introduced in the heterostructure growth

or formation process. The impact of the strain could then vary depending upon

its direction within the layers [73]. The directionality effect could also impact the

field of twistronics, where angle is a highly critical parameter due to the large

variation in supercell size with small twist angle [74]. In this chapter, we investi-

gate this open question for both TiS3 and MoS2 using density functional theory.

Figure 4.2: Structures, band structures and brillouin zones of MoS2 and TiS3

(structures created using VESTA [75]). (a,b) and (d,e) show the structures for
MoS2 and TiS3 respectively (Mo purple, S yellow, Ti blue). Top and in-plane
orientations are shown for MoS2 in (a,b), however two in-plane orientations are
shown for TiS3 in (d,e) to illustrate its anisotropic structure. Two layers are
shown for each material to show the layered structure. (c) and (f) show the band
structures with 2D brillouin zones shown in insets for MoS2 and TiS3 respectively
calculated on 2H-MoS2 at HSE06 level of theory with Grimme’s D3 corrections
including spin orbit coupling [48]. Direct (red arrows) and indirect (black arrows)
transitions labelled.
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Differences in symmetry between these two materials are likely to cause dif-

ferent directional responses to strain. 2H-MoS2 has a hexagonal symmetry, with

its atoms arranged in a trigonal prismatic structure and space group P63/mmc

in its bulk form, which then loses inversion symmetry in monolayer (ML) form,

with the space group changing to P6m2 [76]. TiS3 has a monoclinic structure

with a P21/m space group, making it more anisotropic [77]. This can, however,

be approximated to an orthorhombic structure for the monolayer system, as the

angle of the cell perpendicular to layers can be neglected for the monolayer case.

The bulk structures for MoS2 and TiS3 (Fig. 4.2a-b and d-e respectively) consist

of layers stacked in the c-direction with weak van der Waals forces dominating

between layers. For MoS2, two transitions are important: the bulk indirect tran-

sition and the monolayer (ML) direct transition. The bulk band gap transition

in reciprocal space is located between the Γ point and the halfway point between

the Γ and K points (Fig. 4.2c), which then changes to a direct transition at the

K point when in the ML form [60, 78]. The band gap transition is consistently

direct and at the Γ point in ML and few-layer TiS3 systems (Fig. 4.2f) [70].

The MoS2 bulk and ML band gaps have been measured experimentally as 1.29

eV and 1.9 eV respectively using a combination of PL, optical absorption and

photo-conductivity techniques [79], with DFT predictions varying significantly

depending on the approximations employed (discussed further below).

Reduction in the band gap energy with increased lattice strain in MoS2 has

been reported experimentally using different methods of introducing strain, many

of which may also be applicable to TiS3 [80–82], for example Manzeli et al ap-

plied strain using an AFM tip and recorded a change in band gap measured via

the piezoresistive effect [81]. This measurement has been supplemented with first

principles predictions at various levels of theory [83–85]. Asymmetrical biaxial

strain in MoS2 involving some directional effects has been investigated computa-
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tionally by Deng et al : fixing both lattice parameters a and b at various strain

values (where strain along the two directions is not necessarily equal) to find the

band gap in the a-b parameter space [86].

In this study, to model uniaxial strain we instead fix the unit cell for both

materials along the direction of applied strain only, allowing for full structural

optimisation in the perpendicular direction. Strain oriented along the two di-

rections has been investigated for TiS3, but not for intermediate directions [72].

Once the directional dependence of strain on the band gap is well understood,

this determines if the alignment of a crystal relative to the strain axis necessary

for the desired electrical and optical properties and performance in mechanically

flexible devices, such as sensors, LEDs, transistors, and photodetectors [7, 87].

4.2 Method

All DFT calculations were undertaken using a plane wave basis set, as imple-

mented in VASP [88]. A gamma centred Monkhorst-Pack grid of 8×8×1 k points

was used to sample the Brillouin zone for all calculations, with optimized struc-

tures converged to a force tolerance of 0.01 eV/Å. Both PBE and HSE06 func-

tionals were employed, with and without Grimme’s D3 vdW corrections (shown

as +D3 after functional name) [48]. For hybrid calculations, all supercells were

first pre-optimised using PBE to allow for quicker convergence. Ideal values of D3

parameters for HSE06 are still an open area of research and could not,therefore,

be sourced from literature, so this study used parameters quoted for the re-

lated hybrid functional PBE0 for calculations. Band calculations were then run

on the optimized structures along a path through k space generated by SUMO

package [89]. Version 5.2 PBE plane wave potentials (PAW) were used for all

calculations, with plane wave cutoff value of 520 eV to ensure a sufficient basis
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set while maintaining computational efficiency. Spin-orbit coupling was included

for both geometry optimisation and band structure calculations.

The lattice constants of bulk 2H-MoS2 have been experimentally measured

using x-ray diffraction (XRD) as a = 3.16 Å (in plane) and c = 12.29 Å (out

of plane) [90, 91]. Numerous DFT calculations have also been undertaken for

MoS2 using various levels of theory in order to calculate different properties. In

plane lattice constants are generally close to the experimental values using ei-

ther the GGA or hybrid levels of theory, for example a = 3.17 Å (PBE) [92]

or a = 3.18 Å (HSE06) [93, 94]. There is some variation in the literature relat-

ing to different code implementations and parameters. The out-of-plane lattice

constant is governed by the weaker inter-layer coupling, so is generally overes-

timated if Grimme’s dispersion corrections are not included [48, 92, 95]. With

regard to the choice of functional, one issue is that while yielding reasonably

accurate lattice structures, GGA functionals such as PBE are known to under-

estimate band gaps [96]. This error can be reduced by using a hybrid functional

which combines a GGA functional with a fraction of Hartree-Fock exchange [44].

The lattice structure also affects the band gap, so for a layered material inclusion

of an approximate treatment of Van der Waals forces is necessary to enable more

accurate lattice structure prediction. This is irrelevant in the monolayer systems,

but is included for bulk systems [78,97]. The exciton binding energy can lead to a

large difference between the calculated electronic band gap and the optical band

gap measured experimentally [98,99]. GW calculations can predict a more accu-

rate band structure when including the exciton binding energy, although trends

in band gap should remain accurate for GGA and hybrid methods. The lattice

parameters and band structure for TiS3 were not calculated at different levels

of theory to compare as it was assumed that the materials are similar enough

that the same functional for both materials would suffice. The validity of this
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assumption is further evidenced by the accuracy of lattice constants calculated

to within 0.04 Å and 0.02 Å for a and b lattice constants respectively compared

to experimental results [14]. This also ensured the calculations could be more

easily compared between the materials.

Optimisation of materials subject to uniaxial strain in the x direction was

performed by a small modification to the VASP source code to ensure the stress

matrix was only non-zero along the direction perpendicular to the applied strain,

therefore enabling optimization only along this direction. The desired strain

is then imposed by multiplying the components of the lattice vectors along the

strain direction by the relevant strain, as shown in Fig. 4.3. Strain can be applied

in arbitrary directions by rotating the supercell in the a-b plane such that the

desired strain direction is aligned along the x direction. We further verified the

method reaches an energy minimum by calculating the energy of structures with

the angle between a and b vectors changed by ±0.5 degrees.

Figure 4.3: Method of applying uniaxial strain by rotating the unit cell to align
with the x direction then increasing the components of the lattice vectors along
this direction (x and y directions shown in axes). Only y components of lattice
vectors are allowed to relax during cell optimisation. MoS2 and TiS3 are both
shown with strain directions defined as angle from the a lattice vector. Exagger-
ated strain is applied to (a) to illustrate approach.
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In order to gain further insight into the effect of strain on the band structure,

band decomposed charge densities were calculated using the k points correspond-

ing to the band edges and charge isosurfaces visualised in the VESTA package [75].

Due to limitations with the k point grid sampling, it was not possible to use k

points corresponding to the exact conduction band minimum so the closest point

to the band edges in the k point grid was used for this type of analysis.

4.3 Results

Table 4.1: Comparison of lattice parameters and band gap transitions predicted
by different functionals for MoS2. E

Direct
g and EIndirect

g are the direct and indirect
band gap transitions respectively.

Functional EDirect
g (eV) EIndirect

g (eV) a (Å) c (Å)

PBE(No SOC) 1.46 1.65 3.190 14.876
PBE 1.46 1.59 3.190 14.880
PBE+D3 0.96 1.63 3.170 12.490
HSE06 2.05 2.10 3.157 14.780
HSE06+D3 1.53 2.16 3.136 12.336
Experimental [100,101] 1.29 - 3.168 12.322

The predictions of different functionals for lattice parameters and band gaps

of bulk 2H-MoS2 are compared in Table 4.1. The in plane lattice constant, a, is

close to that measured in experiment for all functionals tested. The out of plane

lattice constant, c, was found to be far higher than experiment for both PBE

and HSE06 unless D3 corrections were applied, which significantly reduced c to

be close to the experimental value. This suggests PBE+D3 or HSE06+D3 would

be good choices for this material.

The dependencies of direct and indirect band gaps on functional choice are also

shown in Table 4.1. Firstly, one can see there is a significant difference between

the direct band gaps at the PBE and PBE with no spin orbit coupling (SOC)

levels of theory. We include, therefore, SOC in all subsequent calculations. It
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can also be seen from the difference between PBE and PBE+D3 functionals that

the effect of D3 parameters was to reduce the indirect band gap, maintaining a

similar direct band gap between the two cases. This was then mirrored in the

hybrid calculations. Another effect of the inclusion of D3 parameters for both

HSE06 and PBE functionals was a change in location of the CBM from the K

point to the K-Γ midpoint, bringing the band structure closer to profiles calcu-

lated in the literature [60]. Finally, the effect of changing from PBE and HSE06

was to increase both the indirect and direct band gaps by a similar amount.

Thus we conclude that the closest band gap to experiment is obtained using the

HSE06+D3 functional. Although this approach predicts a fundamental gap far

higher than the experimental band gap, the latter is based on optical measure-

ment of the band gap, which is expected to be lower than the fundamental band

gap by the exciton binding energy.

We then investigate the strain-engineered properties of ML MoS2 and TiS3

using tensile strain. The unit cells used for the ML were generated using the

HSE06+D3 optimised bulk structures (Fig. 4.2) with a vacuum gap of 20 Å

introduced, sufficiently large to remove interactions between periodic images. A

symmetrically nonequivalent range of strain directions were sampled according to

the unit cell symmetry. A 30 degree range and 90 degree range for MoS2 and TiS3

respectively were spanned (direction defined in degrees anticlockwise from the x

direction shown in Fig. 4.3) and sampled every 15 degrees with various levels of

uniaxial strain applied up to 5%. A larger range was necessary for TiS3 due to the

reduced symmetry in comparison to MoS2. Both direct and indirect transitions

were investigated for MoS2 to assess which transition has a lower energy but this

was unnecessary for TiS3 as the direct transition has the lowest energy for both

monolayer (ML) and few layer systems [70].

MoS2 has two independent bonds per unit cell, one of which is increased in
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length while the other decreases with applied strain, as expected to maintain a

positive Poisson ratio. For each of these bonds, the difference in bond length

for 5% strain along 0° and 30° directions is only 0.01 Å, suggesting a highly

isotropic effect. TiS3 has many more independent bonds per unit cell due to its

more complex structure and here we focus on the two most significant bonds

for band gap determination (the bonds with highest band edge charge density

localised along these two bonds, which are circled in blue and black in Fig. 4.5b).

These are oriented along two perpendicular directions and hence can be strained

independently from each other. The change in length of these bonds for 5% strain

along 0° and 90° is 0.2 Å and 0.1 Å for the Ti-Ti and Ti-S bonds respectively -

an order of magnitude larger than the changes seen between strain directions for

MoS2.

Figure 4.4 shows how band gaps vary with strain applied in different directions

in the ML systems. Band gaps in MoS2 vary linearly, independent of direction.

Least square linear fits were applied to direct and indirect gap trends separately

and gradients with statistical error calculated from the fit. The strain at which

the band gap changed from direct to indirect for each direction was found to be

around 5.3-5.4 % for all three directions (although this is quite sensitive to the

level of theory employed, so it is expected that the gradient of the band gap energy

with respect to strain would be more useful for comparison to experiment [102]).

In TiS3 the story is different, as the band gap variation can only be reasonably

approximated as linear with respect to strain for the extrema at 0 and 90 degrees.

The gradient of the response is, therefore, not a good figure of merit for this

system. Interestingly, the band gap energy change (∆Eg) with increasing strain

changes from negative, when applied along the a lattice vector, to positive, when

applied at 90 degrees to this, highlighting the anisotropic nature of the effect in

TiS3 in contrast to the MoS2 case. The total energies per unit cell as a function of
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Figure 4.4: Changes in band gap transition energies compared to the unstrained
system (∆Eg) as a function of strain, with strain along different directions for a)
MoS2 and b) TiS3, and total energies for these strains and directions are shown
for c) MoS2 and d) TiS3. Modulations of the direct transition is shown for TiS3,
and modulation of both direct and indirect transition shown for MoS2. Linear
fits are shown for a) but lines are just a guide to the eye for b-d).

strain are also shown for both MoS2 and TiS3 in Fig. 4.4c and Fig. 4.4d. It can be

seen that there is little difference in energy between directions at the maximum

strains for MoS2 ( 13.2 meV). This is in contrast to the case of TiS3, where a far

larger difference in energy 77 meV can be seen between 0 and 90 degrees. This

suggests TiS3 has a greater anisotropy in its elastic constants than is the case for

MoS2.

Changes in structure in the two materials under strain can also be noted. In

MoS2, there are two bonds per unit cell, both of similar length. Under five percent

strain, one bond changes from 2.387 Å (unstrained) to 2.416 Å and 2.433 Å with

strain along 0° and 30° directions respectively – corresponding to percentage

63



Chapter 4 Strain engineering

changes in length of 1.2% and 2.0%. The other bond changes from 2.387 Å

(unstrained) to 2.370 Å and 2.375 Å with strain along 0° and 30° directions

respectively – corresponding to percentage changes in length of -0.7% and -0.2%.

In TiS3, two relevant bonds are identified, as shown in Fig. 4.5. The ‘Short

bond’ changes under 5 percent strain from 3.383 Å (unstrained) to 3.365 Å and

3.552 Å with strain along the 0° and 90° directions respectively – corresponding

to percentage changes in length of 0.5% and 5%. The ‘Long bond’ changes from

2.627 Å (unstrained) to 2.725 Å and 2.617 Å with strain along the 0° and 90°

directions respectively – with percentage changes in length of 3.7% and -0.4%.

The differences in structure with strain aligned along different directions can

be seen to be more pronounced in TiS3 compared to MoS2 due to notable differ-

ences in symmetry.

To provide further insight into the weak dependence of the band gap on strain

direction for MoS2, we analyse band decomposed charge densities corresponding

to electronic states at the band edges (Fig. 4.5). At both the CBM and VBM

in the unstrained system, the MoS2 charge density is clearly not isotropic, re-

sulting in some directional dependence on the band decomposed charge densities.

However, the band decomposed charge density is localised mostly around the

molybdenum atoms for both bands. This means that there is similar charge den-

sity along each of the bonds, suggesting straining each bond has a similar effect

on the VBM/CBM energy. After straining, the 0° and 30° cases show similar

charge densities, with only a small difference in the distribution in the CBM.

This small difference explains the weak directional dependence of strain on the

band gap.

The band decomposed charge density calculation results shown in Fig. 4.5

provide some explanation as to the different response to strain in TiS3 compared

with MoS2. The valence band shown in Fig. 4.5b has charge localised along a
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‘long’ Ti-S bond oriented parallel to the a lattice vector (circled in black), while

the conduction band has charge localised along a ‘short’ Ti-Ti bond perpendicular

to this direction (circled in blue). This causes the charge density along these

‘long’ and ‘short’ bonds to be modified more when strain is oriented along the a

and b lattice vectors respectively. If stretching both bonds causes an increase in

band energy, the valence band energy will be increased with strain along the a

lattice vector, while the conduction band will be increased with strain along the b

lattice vector. This will result in a decrease in band gap for the former case and an

increase for the latter. The origin for the non-linearity observed at intermediate

directions is not immediately clear and is likely due to the complex interplay

between these two effects when there is a strain component along both a and b

directions. Only the high symmetry directions were included here to illustrate

the directional variation, as these directions showed the largest differences in the

character of band edge states.

4.4 Discussion

The initial hypothesis that the strain-band gap relationship would be close to

isotropic for MoS2 and highly anisotropic for TiS3 was proven to be correct.

The non-linear transition between the high symmetry directions in TiS3 was,

however, unexpected. This builds upon work by Kang et al. where only the

extreme directions were investigated in TiS3, going further to compare to MoS2

and provide insight as to how the differences between the two arise [103]. A study

by Deng et al also found a similar directional symmetry of band gap variation

for biaxial strain in MoS2 [104].

The inclusion of excitonic effects using the Bethe-Salpeter equation could en-

able PL spectra to be calculated for easier comparison to experimental results
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Figure 4.5: Band decomposed charge densities in a) MoS2 and b) TiS3 for VBM
and CBM, for the unstrained system, and 5% strain applied along high symmetry
directions. Isosurfaces are visualised using VESTA [75] with isosurface levels of
2.5 × 10−5 eÅ−3 for the VBM and 3 × 10−5 eÅ−3 for the CBM. Relevant TiS3

bonds (most affected by strain) for strain in different directions referred to as
‘long bond’ and ‘short’ bond are circled in black and blue respectively. The VBM
and CBM charge densities for TiS3 are shown viewed along the b and a lattice
vectors respectively to highlight directions with largest changes (unnecessary for
MoS2 due to higher symmetry).

and the exciton binding energy to be included in calculations. However, these

types of calculations were not used in this study due to their prohibitive compu-

tational cost [105]. We expect the hybrid DFT approach used in this study to

remain reliable for studying the trends in the variation of band gaps with strain,

although quantitative evaluation of energies is likely to have 100s of meVs offset

(exciton binding energy) from experimental values.

Weak directional dependence of the strain on band structure could be useful
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in all application of uniaxial strain. Thankfully, in the case of MoS2 we would

not need to consider the crystal alignment to gain close to the maximum change

in band structure. This is an advantage experimentally as crystal alignment is

likely to limit real-world applications, as it can be difficult and is often not easily

reproducible. As other 2H phase TMDs have similar hexagonal structures to

MoS2 this weak directional is likely also extendable to these materials (including

WS2, MoSe2, MoTe2 and WSe2 ).

The advantage of TiS3 is the freedom to increase or decrease the band gap by

rotation of the strain axis. It is not clear what level of maximum strain could be

supported by TiS3 experimentally along the b lattice vector, as the material often

breaks into long 1D flakes. This could be investigated further experimentally to

discover what level of band gap change can be induced in reality. This behaviour

is likely extendable to similarly structured trichalcogenides such as ZrS3, ZrSe3

and HfS3 due to the structural origin of such behaviour. Experiments could be

devised to investigate these predicted effects e.g by applying strain along different

directions in the crystal and monitoring their photoelectric properties.

4.5 Conclusion

The variation of band gap with uniaxial strain applied along different directions

for both MoS2 and TiS3 was investigated by DFT calculation. MoS2 was found

to exhibit negligible anisotropy in band gap modulation, but strong anisotropy is

predicted for TiS3. This results in a change in the gradient of the band gap with

respect to strain from negative to positive, as the strain direction is rotated from

the a to the b lattice vector directions. A non linear response was observed for the

intermediary directions in TiS3 due to the complex interplay between the system

asymmetry and strain, whereas the MoS2 system maintained a linear behaviour
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for all strain directions, reflecting its more symmetric structure. From this we

can conclude that the band gap in TiS3 and likely other trichalcogenides with

similar structures, can be either increased or decreased by strain. Such an effect

is only limited to a small decrease in MoS2 and other hexagonal dichalcogenides.

Such directional dependent stain-induced band gap engineering could be useful in

optoelectronic applications, for example to achieve fine tuning of the wavelength

in light emitting devices. Further work is necessary to identify the maximum level

of strain that TiS3 can be physically supported along these crystal directions.
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Experimental strain effect on

photoluminescence

5.1 Introduction

Following the success of other TMDs such as MoS2, WS2 has gained interest in

recent years due to its similar structure and properties to MoS2. As a result of

these similarities, many of its applications are similar. For example applications

have been realised in devices such as light emitting diodes (LEDs) and photode-

tectors [106, 107]. One of the main properties affecting such applications is in

the band gap; bulk WS2 has a band gap of 1.35 eV compared to the bulk MoS2

band gap of 1.29 eV [79, 108]. The corresponding figures for monolayer are 1.97

eV and 1.9 eV for WS2 and MoS2 respectively [79, 109]. This similarity extends

to the position of these transitions in reciprocal space; both MoS2 and WS2 have

an indirect transition from Γ to halfway between Γ and K in the bulk and a

direct transition at the K point in the monolayer [60, 78, 110]. The similarity

in band structure enables WS2 to be substituted for MoS2 in some applications

and, despite W and Mo having similar earth abundances, W currently has lower
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demand pressures. WS2 has also been reported to have the highest PL quantum

yield of all transition metal dichalcogenides (TMDs) potentially making it a bet-

ter choice for future technologies [110, 111]. Although similar, these differences

are apparent enough to incentivize WS2 research in its own right. This work fo-

cuses on tuning the band gap of WS2 for such applications. As noted in chapter

4, introduction of lattice strain has emerged as a useful tool enabling band gap

tuning. This, in turn, can change the PL of a strained sample, enabling the level

of strain to be measured. Strain has been predicted to change the band gap by

∼55 meV/%, calculated using DFT [112]. Band gap engineering via strain has

been experimentally realized through different methods of strain application, for

example by transferring WS2 to a flexible substrate such as PDMS and bending

the substrate to induce strain, a system for which a strain of ∼0.5% and a band

gap variation of ∼60 meV/% has been reported [113]. While useful in its ability

to introduce a range of different strains, this method may not be optimal for

many devices as bending occurs over a macroscopic length scale, thus does not

lend itself to miniaturization. Another method for applying strain is by transfer

of a monolayer flake onto a range of nanopillars patterned into a substrate - en-

abling a strained region to be formed in the surrounding area of the pillar [114].

Although not novel in itself, the method is further investigated within this work

via PL studies, with an emphasis on optimisation of the method to maximise

induced strain. This is initially investigated by varying the height of pillars and

also highlighting differences in PL when using different flake transfer processes

(using wet or dry transfer techniques). While strain induced via bending of a

flexible substrate is mechanically tunable in real time, this impacts reliability as

there is more chance of the flake slipping on the substrate. In contrast, induction

of strain via pillars results in a set level of strain post-transfer. However the fixed

position of the sample increases the reliability of such a system. The pillar mech-
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anism could also apply to a variety of geometries, as the strained area is smaller

and can therefore can induce strain on curved or flat substrates. We choose to use

the pillar method in order to quantify the reliability of the method for differently

prepared systems, allowing a more direct comparison between these methods.

5.2 Method

To prepare dry transfer samples, WS2 samples were exfoliated onto PDMS and

monolayer areas identified via optical microscopy. The monolayer areas were then

transferred to nanopillarred SiO2/Si substrates by directly applying the PDMS

to the substrate surface and removing (dry transfer). Exfoliated flakes could

have been used for both wet and dry transfer processes. However as we had

access to CVD grown wafer scale samples provided by our industrial collaborator

(AIXTRON) we were able to cover a large array of pillars but these samples can

only be transferred via wet transfer. These CVD grown samples had a far lower

PL efficiency (∼10x lower) due to an increased level of defects. Wet transfer

is a more involved process - CVD grown monolayer WS2 samples on sapphire

substrates were spin coated with PMMA and etched from the sapphire using

hydrofluoric acid. These PMMA coated flakes were then floated on water and

brought into contact with the substrate. The sample was heated to evaporate

any water between substrate and flake and the PMMA removed with acetone.

Substrates used contained pillars of ∼250 nm and ∼500 nm to assess the effect

of pillar height variation on strain level introduced. All pillars were spaced by

∼10 µm to minimize interaction between strain fields from neighboring pillars

while maintaining a sufficient pillar density to cover more than one pillar with

each flake, improving the chance of successful strain introduction per sample.

The PL spectrum was measured using a 532 nm pump laser, focused onto the
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sample using a 50x objective to give a spot size of 1 µm. A map of spectra was

taken for each sample with a step size of 1µm to be consistent with the spot size,

however the z height was adjusted to maximise the PL signal only prior to the first

spectrum being taken due to the large number of spectra required. This enabled

a 2D map to be constructed, effectively imaging the PL across a given area. Dry

transfer samples used lower integration times than wet transfer samples due to

higher observed PL signals, using 1s unless otherwise specified (in some cases

0.5s was necessary due to CCD saturation). Wet transferred samples required

5s integration time. Laser power also differed between dry and wet transfer

samples for this reason: 0.96 mW and 3.2 mW laser powers were incident on

the sample for dry and wet transfer respectively. The spectra were characterised

based on their integrated intensity and peak wavelengths. The peak wavelength

was found by fitting of a single gaussian to the top 80% of each spectrum, while

integrated intensity was integrated across all wavelengths captured by the CCD.

When plotted in 2D maps integrated intensities in each map were normalised

by dividing all integrated intensities by the highest value in each map. Strained

areas were subsequently imaged with AFM using an RTESPA-300 tip to correlate

any changes in PL with strained areas and highlight any broken flakes.

5.3 Results

Optical images of exfoliated WS2 flakes dry transferred onto patterned substrates

are shown in Fig. 5.1, with monolayer areas highlighted. Optical images of wet

transferred flakes are not shown as large (cm scale) monolayer areas result in

very limited contrast as can be seen from the dry transferred monolayer areas in

Fig. 5.1. The minimal contrast in these areas highlights the need for confirmation

that pillars are fully covered using AFM images.
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Figure 5.1: Optical images showing dry transferred WS2 flakes on a) ∼250 nm
ad b) ∼500 nm pillars. Monolayer areas are outlined in red dashed lines, with
scale bars shown (top right of each image).

Examples for typical PL curves taken for strained and unstrained dry trans-

ferred monolayer areas on a ∼250 nm pillared substrate are shown in Fig. 5.2.

As the probe was moved from an unstrained to a strained area, both peak wave-

length and width increased - the peak due to the higher wavelength emission

due to strain, and the width due to both strained and unstrained areas being

illuminated by the pump laser due to the finite spot size. This is reflected in

the integrated intensity which also increases due to the increase in peak width

without a large decrease in intensity. The integrated intensity could be expected

to stay constant or reduce when the strained area is probed because there is

no change in the incident photon intensity and, all else being equal, absorption

should not change. In this case, however, the photon absorption is reduced by the

substrate due to scattering with optical phonons at the surface and in strained

areas the sample is often suspended. The increased PL from suspended material

compared to a flake adhered to a substrate is well-known in TMDs [115]. The

wavelength changed due to a decrease in band gap, which would also result in

a broadening of the peak as the finite laser spot size resulted in areas of both

low and high strain being probed in each spectrum. This means a range of band

gap would be present in each region, as a strain gradient can be assumed rather
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than a step-change. The suspended flake can be seen in the AFM images in

Fig. 5.3a-b), with an extended strained region beyond the central pillar clearly

visible.
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Figure 5.2: Typical PL spectra for WS2 in strained and unstrained monolayer
regions, shown for dry transferred ∼250 nm height pillars.

Fig. 5.3 also shows a striking difference between the height profiles of the dry

and wet transferred examples, with no obvious suspended region visible in the

latter case. This is likely a result of the differences in transfer process, the main

candidate being that during dry transfer the flake was forced onto the pillared

substrate using a PDMS substrate, which constrained the material as the PDMS

was still adhered to the flake throughout most of the process. In contrast, the

wet transfer process involved floating the flake on water, then capturing this on a

substrate and baking the system. There perhaps exists more opportunity for the

flake to relax in this case as the water does not constrain the flake in the same way

as PDMS. The sample height in the unstrained region also varied more in the wet
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transfer case than for dry transfer, which can be attributed to few-layer island

growth during the CVD process producing small areas of increased thickness.

This is consistent with the quality of samples not being constant between wet

and dry transfer samples due to different growth processes.

Figure 5.3: Examples of typical AFM images taken from a-b) a dry transfer
sample with one strained pillar (top left) and c-d) a wet transfer sample (all
pillars covered in monolayer, but minimal strain shown). a) and c) show colour
maps, while b) and d) show 3D profiles. Both show ∼500 nm pillar heights.

The difference in profile around the pillars between wet and dry transfer

samples is clearly reflected in the differences between wavelength shifts between

Figs. 5.5 and 5.6. If the ∼250 nm pillar height case is considered across these

figures, the range in wavelength shifts for dry transfer of ∼9 nm is far larger

than the equivalent ∼2 nm figure in the case of wet transfer - highlighting a lack

of strain within such samples. This effect is also visible in the ∼500 nm pillar

height cases, where the equivalent figures are ∼12 nm and ∼2 nm for dry and

wet transfer respectively. It is also interesting to note this wavelength range for

wet transferred samples changes only minorly across different height pillars - in-

troducing further disparity between the transfer methods. This further suggests
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little to no strain was induced by the wet transfer process. There could also be,

however, highly localised areas of strain at the edges of the pillars, which would

provide a limited signal due to a low fill fraction of the laser spot size. This

effect is illustrated in Fig. 5.4, where the high strain region close to the pillar is

a fraction of the overall excitation laser beam diameter of 2. These areas would

likely not be visible in AFM images due to the rapid change in height in these

regions which introduces larger error in the measured height in such regions. A

higher objective magnification could be used to further reduce the excitation laser

spot size, however this would also require larger integration times due to lower

numerical aperture.

Figure 5.4: Illustration of possible highly localised strain regions which could
appear undetected during wet transfer due to limits of AFM and PL spatial
resolution. High strain region is shown by red dashed lines and laser spot size is
shown by blue dashed lines.

In the dry transferred samples, two pillar heights were probed, ∼250 nm and

∼500 nm. Figure 5.5a-b) shows an example of the PL maps one of these smaller

pillars, compared to Figure 5.5c-d), which shows the same for two adjacent pillars

for the taller pillar case. The number of pillars did not change results as the

pillars are clearly distinguishable due to having dimensions larger the laser spot
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Figure 5.5: 2D PL maps of the surface of dry transferred flakes for a-b) 250nm
samples and c-d) 500nm samples. a) and c) show peak wavelength, while b) and
d) show integrated intensity. Pillar positions are shown by red dots in a-d)

size and number of pillars in each map was based purely on how many pillars

showed strain within a region. Some samples formed cracks around the pillars

(confirmed by AFM), making them unsuitable for analysis due to the resulting

crystal relaxation in such regions.

Figure 5.5 provides only representative examples of such data as many sam-

ples were subjected to such mapping. The areas of maximum strain within these

images correspond to the pillar locations. The smaller pillar samples gave an av-
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Figure 5.6: 2D PL maps of wet transferred flakes for a-b) 250 nm samples and
c-d) 500 nm samples. a) and c) show peak wavelength, while b) and d) show
integrated intensity (normalised). Pillar positions are shown by red dots in a-d).

erage wavelength shift of (8.4±0.2) nm while the larger pillar height samples gave

an average wavelength shift of (15±2) nm; with uncertainties obtained from re-

peated measurements via the standard error of the mean. This shows a clear cor-

relation between pillar height and wavelength shift and therefore induced strain.
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The larger pillars, however, also showed a larger spread in wavelength shift, as

illustrated by the error in the average shift. This is attributed to sample slippage

during transfer due to larger forces within the larger pillar samples. If these forces

are larger than those keeping the flake adhered to the PDMS, the flake may relax

slightly on the PDMS reducing the strain induced by the process.

The gradient of band gap with respect to strain has been determined by Deng

et al as ∼50 meV/% [86]. Applying this figure to the dry transferred samples

yields approximate strain values of ∼1 % and ∼0.5 % strains for 500 nm and 250

nm height pillars respectively. A point to note is that Fig. 5.5 shows non-circular

strain fields, in contrast to the AFM images in Fig. 5.3, which is likely due to

strain caused by creases localised along one dimension (visible as thin lines in

Fig.5.3a)). As there is evidence for slipping between the substrate and flake, this

suggests the adhesion strength between substrate and flake is the limiting factor in

achieving higher strains, as strains of 0.5-1 % without breaking should be easily

possible - with strains approaching 10% having been reported in TMDs [116].

Further work would be needed to confirm this comparison, however, as the latter

figure is for maximum strain whereas this work focuses on an averaged effect, thus

localised areas of higher strain could still exist - hidden by the spatial resolution

of the PL measurements.
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5.4 Discussion

Exfoliation remains an unscalable method, thus it is crucial to develop a method

of inducing strain using a more scalable method, for example for CVD grown

flakes, if such technology is to be viable for further application. Results suggest

dry transfer introduced far higher strain levels than for wet transfer, however the

possibility exists of localised strain introduced within wet transferred samples on

a length scale smaller than the spot size used. Further work with reduced probe

and step size could shed light on this, however any strain discovered would be

present over a limited area, thus may have limited applications.

One potential application for strain engineering within 2D materials is in

single photon emission. As the strained area can be highly localised this can

provide a potential well for bound excitons which then have a well defined emis-

sion wavelength. Such localisation can, therefore, lead to single photon emission,

which could be present in the samples in this work but would not be visible at

room temperature [117]. Further experiments at cryogenic temperatures would

be necessary to confirm any single photon emission in this system, as the signal

from such systems is a well-defined low-width peak in the PL spectrum, which is

undetectable at room temperature due to broadening mechanisms.

5.5 Conclusion

The results suggest that the wet transfer of CVD grown monolayer was not an

effective method for implementing strain using nanopillars. This is contrary to

dry transfer of exfoliated flakes, which readily introduced detectable strain within

such systems. Furthermore, the wavelength shift introduced in dry transferred

samples was (8.4±0.2) nm and (15±2) nm for ∼250 nm and ∼500 nm height

pillars respectively, meaning a larger wavelength shift was possible for larger pillar
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heights, however the spread was larger. The spread was taken as the standard

error of the mean from a range of samples. This suggests ∼250 nm pillars are more

reliable at introducing a specific strain, whereas ∼500 nm pillars can introduce

larger strains at the expense of repeatability. The wavelength shifts introduced

in dry transferred flakes correspond to strain levels of ∼0.5 % and ∼1 % for ∼250

nm and ∼500 nm height pillars respectively when correlated to the estimated

band gap change from DFT results by Deng et al [104].
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Chapter 6

Surface defect engineering via

UV-Ozone and

1,2-dichloroethane treatments †

6.1 Introduction

Engineering defects within the surfaces of materials can be a useful route to vary-

ing the optoelectronic properties of materials. One method for defect introduction

is via chemical treatment. For example submersion in 1,2-dichloroethane has re-

cently gained traction as a method for doping with Cl in TMDs [118]. However

the optical effects of introducing such defects is an open question.

Chlorine-sulfur substitution defects were investigated via DFT calculations to

investigate potential changes to the density of states which could cause changes

in the optoelectronic properties. Chlorine contains five p electrons in its outer

†Part of this chapter has been adapted from work that is published: Fahrettin Sarcan,
Alex J. Armstrong, Yusuf K. Bostan, Esra Kus, Keith P. McKenna, Ayse Erol, and Yue Wang.
”Ultraviolet-Ozone Treatment: An Effective Method for Fine-Tuning Optical and Electrical
Properties of Suspended and Substrate-Supported MoS2” Nanomaterials 2023, Vol. 13, Page
3034, 13(23):3034, 11 2023 [13].
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orbitals compared to four for sulfur meaning it has potential to be a good n-type

dopant in the MoS2 system, which would introduce defect states near the con-

duction band minimum. Although MoS2 is naturally an n-type material, tuning

to further increase the charge density of electrons could also be advantageous

for some applications, enabling more efficient charge transfer. Doping within

semiconductor devices is pivotal to their operation in many circumstances, for

example transistors require areas of both p and n type doped material.

A convenient method for surface modification is UV-ozone treatment. Such

treatment involves irradiation of oxygen with ultraviolet (UV) light, dissociating

O2 into triplet oxygen, which can then react with O2 to form O3. UV also

dissociates O3 into O2 and singlet oxygen - the latter being highly oxidizing and

resulting in high reactivity with organic compounds. This reactivity with organic

compounds, while being relatively inert with respect to interaction with inorganic

compounds such as silicon, makes the technique ideal for removal of organic

residue on inorganic substrates, hence it is often used in substrate cleaning [119].

The forming of polar bonds involving oxygen on surfaces during this process also

increases hydrophilicity of surfaces enabling the use of the technique for surface

modification purposes, for example to increase attraction between a substrate and

flake during dry transfer, increasing transfer success rate. The reactive species

generated by the UV-ozone process can also interact with materials in other ways,

potentially causing changes in their properties by introducing defects [120].

P-type doping has become a highly sought after property within the field

of 2D materials, as both n- and p-type materials are necessary in a transistor.

Both would, therefore, be necessary in any all-2D transistor, however the latter

is generally more difficult to achieve. In the case of MoS2, there is evidence to

suggest the native structure after growth is n-type doped, with p-type doping

requiring specialised methods to achieve [121]. For photonic applications, it is
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also important the PL spectrum maintains a high intensity - dramatically reduc-

ing intensity would result in low efficiency for any applications involving light.

Some progress has been made in this area, for example doping with Nb during

CVD growth has been shown to reduce the native n-type behaviour in MoS2,

while increasing the PL intensity and also blue-shifting the PL spectrum [122].

Phosphorous ion implantation has also been shown to reduce n-type behaviour

within MoS2, however the effect on PL remains unclear for this process [123].

Usual methods for doping bulk crystals involve introducing dopants during

the crystal growth process. This forces a change in structure, which has neg-

ligible effect in a three dimensional (3D) crystal. However in the case of a 2D

crystal this is not appropriate - the large surface area to volume ratio renders the

crystal properties extremely sensitive to structural changes. Ideally these struc-

tural changes can be limited by introducing doping at the post-growth stage,

when global restructuring of the lattice is far less likely. UV-ozone treatment is

presented as a potential method to achieve this.

Evidence for p-type doping in UV-ozone treated four layer MoS2 has been

observed experimentally but the mechanism causing this is currently an open

question [13]. The experimental work motivating these calculations initially fo-

cused on how treatment time affected PL intensity for different numbers of layers

to ensure a limited reduction in PL (Fig. 6.1). For suspended MoS2, the optimum

treatment time was four minutes, maintaining a consistent PL intensity for this

treatment time, however a consistent decrease in intensity was measured when a

Si3N4 substrate was included. Higher layer numbers were found to have a more

stable PL intensity with increasing treatment time. As an example with stable

electronic properties and PL, four layer MoS2 was chosen to fabricate a transis-

tor, which was electrically characterised to determine the level of p-type doping

induced by UV-ozone treatment for different treatment times. The results of this
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Figure 6.1: PL intensity ratio between treated and untreated MoS2 with varying
treatment times, shown for different MoS2 layer numbers from 1-7. Results are
shown for both MoS2 on a Si3N4 substrate and suspended MoS2 [13].

characterisation are shown in Fig. 6.2. It should be noted that this character-

isation was undertaken by other collaborators but is included here to provide

motivation for subsequent DFT calculations. Fig. 6.2b shows a clear transition

from negative to positive dominant charge carriers as treatment time is increased,

with this transition occurring between 4 and 6 minutes of treatment. This is illus-

trated by the change in sign of the gradient of drain current with respect to gate

voltage. In Fig. 6.2d drain current with both positive and negative bias can be

seen to reduce above 6 minutes of treatment time, suggesting that both electron

and hole densities are decreased above this limit. The p-type behaviour induced

by the UV-ozone treatment process motivated further investigation via DFT cal-

culations to identify possible charge trapping defects causing such changes to

material properties.
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Figure 6.2: a) Optical microscope image with 20 µm scale bar and illustration
(inserted) of the MoS2 field effect transistor, drain-source current as a function
of (b) applied gate voltage, c) applied drain-source voltage, and d) UV-ozone
treatment time [13].

6.2 Method

Density functional theory (DFT) calculations were undertaken to investigate

which oxygen species present during the UV-ozone treatment could cause p-type

doping via charge trapping in defect states introduced into the band gap close

to the VBM. Three species were identified: atomic oxygen (O), molecular oxy-

gen (O2) and ozone (O3). Sulfur substitutional defects involving these species, as

well as surface adsorption onto various symmetrically inequivalent high symmetry

sites were considered as potential charge-trapping defects. Preliminary geometry

optimisations were undertaken with the PBE functional, including Grimme’s D3

van der Waals corrections [48] to determine the lowest energy adsorption site and

87



Chapter 6 Surface defect engineering via UV-ozone and 1,2-dichloroethane
treatments

adsorbate bond orientations for the adsorption calculations.

Further calculations, and all calculations for substitution defects, were under-

taken using the HSE06 functional with D3 corrections, ensuring more accurate

energy levels above the valence band to fully capture any charge trapping lev-

els. These calculations were initially optimised with an extra electron added to

capture the geometry of the charged structure, then reoptimized for the neutral

case. This enabled Bader charge analysis [124] to be conducted on both neutral

and charged cases to identify any areas where the charged case differed greatly

at the defect site, which would be indicative of charge trapping. To reduce the

defect density and prevent bands forming from the defect levels, the unit cell used

was double the size of the primitive cell in x and y directions, while all defect

simulations were undertaken on a 4-layer system. Calculations were also under-

taken for 1-5 layer and bulk pristine MoS2 to confirm the layer dependence of the

band gap. These were optimised using the PBE functional with D3 corrections

to determine an initial structure and wavefunction, then further optimised using

HSE06 with D3 corrections to obtain the final structure. Band calculations were

then performed using HSE06 [44] with D3 corrections, with the high symmetry

k path generated by the sumo package [89]. The band structure for the 4 layer

system was also necessary to determine where the defect levels were relative to

these bands.

All DFT calculations were undertaken using a plane wave basis set, as im-

plemented in the VASP package [88]. A gamma centred Monkhorst-Pack grid of

2x2x1 k points was used to sample the Brillouin zone for all calculations, which

were converged to a force tolerance of 0.01 eV/Å. Ideal values of D3 parameters

for HSE06 are still an open area of research and could therefore not be sourced

from literature, so this study used parameters quoted for the related hybrid func-

tional PBE0 for calculations. Version 5.2 PBE plane wave potentials (PAW) were
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used for all calculations, with plane wave cutoff value of 520 eV.

Defect formation energies were also calculated for each oxygen defect as a

function of the chemical potential of sulfur to determine which defects were most

stable under different sulfur conditions. These energies were calculated as:

Edef
f = Edef − Ebulk −

∑
i

niµi (6.1)

Where Edef
f is defect formation energy, Edef is the energy of the defected

system, Ebulk is the energy of the bulk, ni is the number of atoms removed of

species i, and µi is the chemical potential of species i.

Both sulfur rich and sulfur poor limits were considered at a constant oxygen

chemical potential – with only two points necessary due to the clear linear nature

of these energies with respect to one chemical potential. These limits were defined

as the sulfur chemical potential when µs = 1
2
ES2 and µMo = EMo for the sulfur

rich and sulfur poor cases respectively, as either of these conditions uniquely

defines both µs and µMo according to:

EMoS2 = µMo + 2µS (6.2)

All energies used were calculated at PBE+D3 level of theory and formation ener-

gies for O2 defects were halved to calculate energies per oxygen atom and ensure

these energies are comparable between the different systems.

Defect energy levels were defined as the lowest lying state above the valence

band with a non-negligible weight attributed to the defect site in the neutral

charge case. To ensure the energies were consistent between systems despite any

systematic shifts in VBM and CBM energies, density of states were calculated

using sumo and energies aligned to the pristine surface using the lowest energy

molybdenum core state as a reference [89].
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Partial charge density from states within the band gap region were calculated

for chlorine defects, which were then visualised in VESTA using an isosurface

level of 1x10−3eÅ−3 [75].

6.3 Results

6.3.1 Band gap variation with number of layers

The layer dependence of band gap in MoS2 is shown in Fig. 6.3 both experimen-

tally and calculated by DFT. It should be noted that the experimental work in

this figure was undertaken by collaborators [13]. The comparison between cal-

culated results and experiment provides evidence for validity of the DFT model

for this system. The DFT calculated results in Fig. 6.3a show both direct and

indirect transitions, however both energies are not accessible experimentally, so

Fig. 6.3b shows only the lowest energy of these transitions. This is because the

lowest energy transitions can be easily probed optically and identified from the

peak in the PL spectrum, but for other transitions it can be difficult to deter-

mine which optical transitions correspond to different features within the PL

curve. The experimental data should be equal to the calculations for the indirect

transition, except in the monolayer case, for which the direct transition should be

synonymous with the experimental data. Taking this into account, the trend of

the two curves is visibly consistent, however the calculated values are larger than

experiment by a constant value of ∼0.2 eV. This systematic difference between

experiment and theory can likely be attributed to the exciton binding energy,

which is not taken into account by standard DFT, however another contribu-

tion to this is the inherent overestimation of band gap by the HSE06 functional.

Fig. 6.3a shows a transition from an indirect to a direct band gap when the

number of layers is reduced to one. The model was not extended to include 6
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and 7 layer systems to further compare with experiment due to the excessive

computational cost associated with these larger systems and the substrate effect

was excluded from calculations for the same reason. The bulk limit for both

the direct and indirect transitions were calculated, shown by dashed lines, to

represent an approximation to the many layer case. The indirect transition can

be seen to be highly layer dependent in contrast to the direct transition which

stays approximately constant in energy with a change in layer number (discussed

further in chapter 4). Fig. 6.4 compares calculated band structures of the mono-

layer and bulk systems, illustrating the shift from direct to indirect gap with

increasing layer numbers. This is also consistent with other calculations in the

literature [125–127].

Figure 6.3: Band gap transition energies in MoS2 with a) DFT electronic band
gaps with both direct and indirect transitions shown, together with the calculated
bulk limits for these parameters and b) experimentally derived optical band gaps
from PL data. It should be noted that b) is adapted from work carried out by
other collaborators, taken from published work [13]

6.3.2 Oxygen defect states

Both substitution and adsorption of O3 resulted in dissociation into an O defect

and a free O2 molecule in the vacuum gap at the PBE level, so this was not

investigated further as the structure would be the same as for O defects. From
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Figure 6.4: DFT calculated band structures in a) monolayer and b) bulk MoS2

systems. Direct and indirect transitions marked by red and black arrows respec-
tively.

Figure 6.5: a) Defect formation energies for O and O2 adsorption and S substitu-
tional defects as a function of sulphur chemical potential; b) Defect energy level
offsets for each stable defect mechanism, with respect to the conduction band
minimum (CBM) in the pristine 4L-MoS2 system.

Fig. 6.5a) it can be seen that the two most stable defects are those involving

single O atoms, with sulfur substitution becoming the most stable only under

sulfur poor conditions because of a higher density of S vacancies under these

conditions, reducing the energy barrier to these defects forming. Under most

conditions, single O atom adsorption has the highest stability.

Further analysis is displayed in Fig. 6.5b), showing the calculated energy

levels introduced by the various defects relative to the CBM. All defect levels
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were found to be above the CBM by more than 0.5 eV, suggesting no charge

trapping would be introduced by any of these states, which would require states

located within the band gap.

Figure 6.6: Excess Bader charge for each atomic site (right), with sites aligned
vertically with unit cell (left), for the O adsorption case. Excess Bader charge
was calculated as the charge difference at each site between the neutral system
and the system with a single electron added.

A lack of charge trapping effects is further corroborated via explicitly calculat-

ing the difference in charge attributed to atomic sites between the neutral system

and the system with an extra electron added (excess Bader charge). The findings

were similar for all defect types, hence only one example is shown in Fig. 6.6,

namely single O atom adsorption. This was chosen due to its higher stability com-

pared to other defects under most conditions calculated. If non-negligible charge

trapping were to occur, the excess Bader charge would be a reasonable fraction of
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that of an electron, with ideal trapping representing a charge of 1e. Conversely,

Fig.6.6 shows a maximum of ∼0.08e - indicating no charge trapping within the

system. This is not unexpected as only freestanding MoS2 was modelled, which

did not show p-type doping experimentally. Inclusion of the substrate within the

calculations could change these results but was too computationally expensive to

calculate in full using the hybrid theory level necessary for these calculations.

The density of states (DOS) for O atom adsorption is shown in Fig. 6.8, which

further highlights no differences between the two systems within the band gap

region - indicating no defect states within the band gap. Differences in the DOS

clearly exist outside of the band gap region, indicating defect states do exist,

however their placement with respect to the band gap would not cause charge

trapping effects. Only one defect is shown, as the key result of no defect states in

the band gap was common across all defects considered. The optimized structures

for calculated defects are shown in Fig. 6.7.

Figure 6.7: Structures of defects calculated, showing a) O adsorption, b) O sub-
stitution with sulfur, c) O2 adsorption and d) O2 substitution with sulfur

94



Chapter 6 Surface defect engineering via UV-ozone and 1,2-dichloroethane
treatments

4 2 0 2 4

4 2 0 2 4
Energy (eV)

Ar
b.

 U
ni

ts

Figure 6.8: DFT calculated density of states for pristine 4L MoS2 (top) and 4L
MoS2 with an O atom adsorbed on the surface (bottom). Spin up and down
shown above and below x axis respectively.

6.3.3 Chlorine defect states

While Oxygen defects were not found to result in defect states within the band

gap region, the story is different when a chlorine-sulfur substitution defect is

considered. The calculated density of states for this system is shown in Fig. 6.9.

It can be seen from Fig. 6.9 that the introduction of a chlorine atom results in

defect states in the band gap region. The shifting of the Fermi level to the top of

these states suggests that these states represent the donation of an electron from

chlorine to the system, meaning it could be a candidate for n-type doping. These

states are not well localised in energy - however this is likely due to computational

limitations, as a small unit cell only four times the size of the primitive cell was

used. This relatively small unit cell can result in more diffuse states due to

interaction with neighboring unit cells. The chlorine states coincide with the
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Figure 6.9: Density of states for chlorine substitution with a sulfur atom, as well
as the partial density of states for chlorine (spin up and down shown above and
below x axis respectively). Intensities of chlorine states are multiplied by 15 due
to low intensity compared to other atoms.

energies of defect states shown in the total density of states, corroborating that

these states are a result of chlorine defects. Fig. 6.9 also shows some chlorine

states around the CBM region, which helps to explain the small decrease in

energy of the conduction band minimum compared to the pristine system.

The potential for n type doping is corroborated by preliminary experimental

evidence by collaborators, as shown in Fig. 6.10. This shows the drain-source

current in transistors fabricated with four layer MoS2 as a function of gate voltage,

which is shown to increase when the material was soaked in 1,2-dichloroethane

for increasing times up to an hour. The variation from this trend at higher

treatment times could be due to reduced charge transport efficiency at higher
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Figure 6.10: Figure showing a fabricated four layer MoS2 transistor (left). Source-
drain current is shown as a function of gate voltage for different 1,2-dichloroethane
treatment times. This figure was produced by our collaborators from Istanbul
university, lead by Fahrettin Sarcan.

defect densities - with further work necessary to determine the origin of this

effect.

Figure 6.11: Charge isosurface from four layer MoS2 with one sulfur atom substi-
tuted with chlorine. Only states within band gap region (energies between -1.1
and 0, relative to the Fermi energy). An isosurface level of 1x10−3 eÅ−3 is used.
a) and b) show the visualization from different directions.

The charge isosurface including only states within the band gap region is vi-

sualised in Fig. 6.11. Here the charge can be seen to be delocalised across the
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unit cell which would likely result in interaction with neighboring cells. The dif-

fuse nature of this charge distribution provides an explanation for the chlorine

states being low intensity in Fig. 6.9, despite defect states having a larger inten-

sity. These states are not all attributed to chlorine, as they are not all spatially

localised near the chlorine atom.

6.4 Discussion

The layer dependence data could have been improved by including the Bethe-

Salpeter equation to calculate the exciton binding energy and improve the data

with respect to experiment, however this would increase computational cost. The

formation energies were calculated with a constant oxygen chemical potential of

half the energy of an oxygen atom. This could also take on a range of values which

would result in a systematic shift of the formation energies and could result in

O2 defects becoming stable under some conditions, for example if the O2 defect

was mediated by an incident O3 atom, the relevant chemical potential would be

1
3

the energy of an O3 molecule. The relevant chemical potentials for incident O,

O2 and O3 were calculated as -1.5 eV, -4.9 eV and -4.5 eV respectively, to give

an idea of the magnitude of this effect. As the O2 defects would still be higher

in energy than the O defects they would likely be short lived, decomposing to

the lower energy defect so would not be relevant for this study. These short-lived

defects could however be relevant for providing mechanisms to form O defects.

As these calculations found no evidence for charge trapping in suspended MoS2,

these calculations should ideally be undertaken with a substrate included to con-

firm how this changes the carrier dynamics. This is considered future work due

to the difficulties involved: large unit cells would be required for such calcula-

tions to effectively model the interface as lattice mismatch at such surfaces can
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result in relaxation over distance far larger than the primitive cell. A potential

way to further investigate the substrate effect would be to hypothesize some spe-

cific mechanisms for charge trapping induced by a substrate and modelling these

rather than directly including the substrate within the calculation. The p-type

doping effect of UV-ozone treatment has potential in gas sensing applications.

For example recent research proposes a selective gas sensor for volatile organic

compounds [128]. Here, UV-ozone treatment is used to increase the selectivity of

polar compounds by changing the electron density.

Chlorine substitution was found to introduce states within the band gap re-

gion, suggesting it could be a good candidate for an n-type dopant. However

these states are quite dispersed possibly as a result of a relatively small unit cell.

Further investigation including larger unit cells could confirm the effect of the de-

fect density on the dispersion of such states, which would be expected to reduce.

Inclusion of excitonic effects in the model would also be necessary to predict any

PL spectrum changes from such defects.

6.5 Conclusion

Calculations of band gap variation with number of layers confirmed a decrease

in band gap energy with increasing layer number. This provides justification

for the validity of the DFT model for electronic effects within the system when

compared to experimentally measured band gaps for such systems found via pho-

toluminescence spectroscopy. The oxygen defect calculation results suggest that

no significant charge trapping or PL peak energy shift should be expected from

the substitution and adsorption of O, O2 and O3 on the surface of a suspended

MoS2 flake. The charge trapping effect observed in experiment is likely to orig-

inate from the substrate interaction with the sample. However calculations to
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confirm this are considered future work. Chlorine substitution with sulfur was

also investigated, and found to donate an electron to the system with defect states

introduced into the band gap region, which explains the n-type doping effect ex-

perimentally demonstrated in devices. This research represents a further step

towards understanding the role of defects in controlling the optoelectronic prop-

erties of MoS2 and is likely to apply similarly to other TMDs, which is necessary

if devices using such technology are to be realised.
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Chapter 7

Edge defect engineering in WS2

7.1 Introduction

WS2 is a 2D material that has attracted research attention in recent years. It

has the same hexagonal structure as MoS2, common to transition metal dichalco-

genides and hence also exhibiting similar properties to other materials of this

categorisation. Similar to the MoS2 band structure detailed in chapter 4, WS2

also has a layer dependent band structure changing from an indirect to a di-

rect band gap as the number of layers is reduced to monolayer [110]. Chapter

1 discusses defects in such materials and how they can introduce states within

the band gap, a well established phenomenon. A particularly interesting type of

defect within 2 D materials is edge defects which comprise of a termination of a

2D material along a particular direction. This disrupts the structure from the

infinitely repeating bulk structure to introduce relaxations at these edges and

changing the electronic properties of the material. These terminations can exist

along different crystallographic directions, the obvious candidates in a material

with hexagonal symmetry such as WS2 being termination along the armchair and

zigzag directions.
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Edge defects along these directions have been found to heavily modify the

electronic properties, with such effects highly directionally dependent. For the

example of WS2, armchair terminations have been shown to cause a reduction in

band gap via the introduction of defect states within the band gap. In contrast,

zigzag terminations have been shown to introduce many states within the band

gap, resulting in a metallic electronic structure and ferromagnetic order. While

armchair and zigzag direction edge defects are covered in the literature, the effects

of intermediate directions are completely unexplored [129–131]. These different

edge types are illustrated in Fig. 7.1, which highlights how a termination between

edge and armchair directions can have both armchair and zigzag character. This

combination of zigzag and armchair edges is highlighted in Fig. 7.2, which shows a

scanning tunneling microscopy (STM) image of a graphene nanoribbon including

edges with both armchair and zigzag character.

The intermediate direction termination in Fig 7.1c, for example, can be viewed

as an armchair termination (blue) with zigzag direction ‘kinks’ (red). Varying the

termination direction can, therefore, be thought of as varying the density of such

kinks. However, this does not mean a direct sum of zigzag and armchair states,

as these kinks could cause a relaxation of atoms around them, with overlapping

states from atoms in the zigzag and armchair regions forming slightly different

states than the summation of the individual states. This could be a useful effect

to fully understand because experimentally prepared edges are unlikely to be fully

armchair or zigzag in character and likely to include such defects. Investigation of

such effects could, therefore, provide a better description of experimentally pro-

duced edge defects. The investigation of these kink defects via DFT calculations

is the main focus of this chapter.
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Figure 7.1: Illustration of different types of edge defects in WS2, showing ter-
minations along a) the armchair direction, b) the zigzag direction and c) an
intermediate direction. Armchair and zigzag edges are highlighted in blue and
red respectively.

7.2 Methods

Infinite WS2 monolayer sheets were initially modelled, optimizing both atomic

positions and lattice parameters to generate a baseline for comparison to edge

calculations, referred to here as ‘bulk’ calculations. These bulk cells were also

used to construct unit cells for edge calculations to ensure consistent lattice pa-

rameters between the systems. A transformation of lattice vectors to a conven-

tianal cell was necessary to construct armchair direction terminations, whereas

zigzag terminations were constructed using the primitive cell. To enable periodic

boundary conditions to be used to model edges, nanoribbons were modelled in-

cluding two edges per unit cell with a vacuum gap of 10 Å. DFT calculations
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Figure 7.2: Scanning tunneling microscopy image of a graphene nanoribbon, with
proposed structure superimposed over the image. Reproduced from [132] with
permission.

were undertaken for both zigzag and armchair terminated nanoribbons of dif-

ferent thicknesses. The optimized unit cells were compared to that of the bulk

calculations to determine displacement from the bulk atom positions. This was

necessary to determine the minimum thickness of ribbon necessary to have close

to zero displacement in the centre, implying a central bulk region and outer edge

regions. The displacements of each atom along the direction normal to the ribbon

edge are shown in Fig. 7.3 alongside visualizations of these changes in structure,

with bulk and edge regions defined.

Fig. 7.3 shows largest movement of atoms during optimization around the

edges of each nanoribbon with relaxations due to the introduction of edges. The

displacement of each atomic site decays to less than 0.05 Å at a distance of

∼6 Å from the edges, suggesting a minimum ribbon width with no edge-edge

interaction of 12 Å. This is far smaller than the width of the ten W atom thick

ribbons modelled within this chapter (∼30 Å width), validating the model as a

reasonable approximation to a single edged system. Small atom displacements
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Figure 7.3: Displacements of atoms in the direction normal to the ribbon edge
with respect to the bulk unit cell, aligned with corresponding atoms in a visu-
alization of the unit cells. Displacements are shown for terminations along a)
armchair and b) zigzag directions, with bulk and edge region boundaries high-
lighted.

in the bulk region implies any strain fields from the two edge regions do not

overlap with each other, validating the model as a reasonable approximation of
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single edge effects despite modelling a two edged system. Nanoribbons of ten W

atoms thick were chosen for all edge calculations as this displayed sufficiently large

bulk regions without being too computationally intensive. Kinked unit cells were

constructed by terminating cells along different directions to sample a variety of

different kink densities, namely along the (310),(410) and (510) Miller indices

respectively for both the zigzag and armchair unit cells. As cartesian coordinates

were used to calculate atom displacements, the identical displacements at each

armchair edge present as mirrored in both the x and y axes. The opposite is true

for the opposing changes in each edge along the zigzag edges, which have different

relaxations at the edges. These relaxations are discussed further in the results

section. The partial density of states for bulk regions were compared between

systems to ensure consistency and further validate that the bulk regions did not

contain edge states. The partial density of states for the edge regions were then

compared to determine edge states within the band gap region from different

edges and identify how this changed when kinks were introduced.

All DFT calculations were undertaken using a plane wave basis set, as imple-

mented in VASP. A gamma centred Monkhorst-Pack grid with a k point grid

density of 75 divided by the number of atoms in each unit cell, as generated by

the pymatgen python package [133]. These k points were all along the length of

the ribbon, with 1 k point used along other directions due to a lack of periodicity

along these directions. All calculations were undertaken with the PBE functional,

including Grimme’s D3 corrections to a force tolerance of 0.01 eV/Å [48]. Density

of states calculations were run on each optimized unit cell and evaluated on a grid

of 2000 points to improve the resolution of peaks compared to the default grid.

Version 5.2 PBE plane wave potentials (PAW) were used for all calculations, with

plane wave cutoff value of 520 eV. Partial density of states for regions in different

systems had varying numbers of atoms, thus density of states calculations were
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all normalised by dividing by the number of atoms per unit cell to enable more

effective comparison between systems. The numbers of atoms for each cell for

the armchair terminations are 60, 240, 150, 90 and 60 for armchair, (510), (410),

(310) and bulk cells respectively. The numbers of atoms for each cell for the

zigzag terminations are 90, 146, 91, 71 and 90 for zigzag, (510), (410), (310) and

bulk cells respectively.

7.3 Results

For clarity, directions of all edge terminations used in calculations are illustrated

in Fig. 7.4.

The DOS for bulk regions within each cell were compared to that of the bulk

unit cell. Fig. 7.5 shows the armchair and zigzag termination bulk region DOS

compared to the bulk cell DOS. This shows all peaks in the density of states for

each bulk region overlapping well with the bulk unit cell density of states, further

validating the models as having well-defined bulk regions due to the lack of any

edge states within the band gap produced by the bulk regions. Edge states

originating from the bulk regions would indicate more extended edge regions.

Small differences do exist between the DOS from the different terminations and

the bulk unit cell. However this is likely due to slightly different k point spacing

between cells. This was because the number of k points in each direction must

be an integer and the cells were of different sizes, necessitating approximation of

the number of k points to maintain a similar k point spacing.

The atoms that displaced the most in the armchair termination were W atoms

along the edges, which moved towards the centre of the nanoribbon. Fig. 7.6b

shows a smaller change during optimization of the zigzag termination - with

outer W atoms moving towards the centre of the nanoribbon (blue) and outer S

107



Chapter 7 Edge defect engineering in WS2

Figure 7.4: Edge termination directions overlaid on a bulk unit cell, showing
(clockwise) armchair direction, (510) armchair,(410) armchair, (310) zigzag, (410)
zigzag, (510) zigzag, (310) armchair, zigzag. Terminations generated from zigzag
and armchair unit cells are shown in red and black respectively.

atoms moving away from the centre of the nanoribbon (red). These two different

relaxations result from the asymmetry of the zigzag termination, resulting in two

different edge types terminated with either W or S atoms.

Fig. 7.7 shows the partial DOS from the edge regions of all unit cells with

mainly armchair edge character, compared to the DOS from the bulk unit cell.

The armchair termination clearly adds many states into the band gap, reducing
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Figure 7.5: Bulk DOS compared to partial DOS from bulk regions of the armchair
(top) and zigzag (bottom) terminated systems

Figure 7.6: Visualizations of relaxations during optimization starting from bulk
structures for a) armchair and b) zigzag terminations. Small variations in b) are
highlighted by arrows showing directions of atom displacements for the left and
right edges, shown in blue and red respectively.

the band gap to ∼0.3 eV, in line with literature [129]. The main effect of ter-

minating along the (510) direction is to introduce some zigzag character to the

edge, which introduces further states into the band gap to reduce this further to

∼0.2 eV. As the density of kink defects is increased the band gap is reduced to
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Figure 7.7: Partial density of states edge regions of each unit cell constructed
from the armchair termination unit cell, compared to the bulk density of states.
Armchair, (510), (410) and (310) terminations are shown from top to bottom.
Band edges are shown by black dashed lines, and Fermi energies are shown by
blue dashed lines for metallic systems.

zero as the system moves to a DOS closer to that of the metallic zigzag direction.

The DOS was also calculated for a region around the kinks in each edge. This

region is shown in Fig. 7.8, with W and S atoms chosen in a ratio of 1:2 to main-

tain the correct stoichiometric ratio. The DOS for each kink density is shown in

Fig. 7.9. The reduction in band gap as kink density is increased is highlighted by

this analysis, showing the density of states within the band gap region increasing

- resulting in a metallic structure for the highest density of kinks. The different
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Figure 7.8: Kinked region atoms, illustrated for the 410 termination. 12 atoms
total are chosen for each kink density: two W and 4 S atoms per edge.

states resulting from these atoms in different kink densities is likely due to strain

fields from neighboring kinks interacting more with higher kink densities, result-

ing in a difference in structure, even within the armchair region, in comparison

to the unkinked edge.

The corresponding results for edges with mainly zigzag character are shown

in Fig. 7.10. There is no clear trend as the defect density is increased in this

figure, as the zigzag edge produces a metallic electronic structure, so there is no

band gap in any DOS to easily quantify the changes.

If the density of kinks could be controlled during the growth process, this

provides a potential route to engineering the band gap. However this modification

in band gap would be limited to the edge regions of any crystals. As the edges

of a flake represent a larger fraction of the total flake area in nanoribbons, the

effect would likely be more apparent in thinner samples. The effect could result

in attraction of electrons from the bulk towards the edge region due to the lower

energy transition compared to the bulk.
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Figure 7.9: Density of states for armchair direction terminations with kinks,
showing terminations along the a) (510), b) (410) and c) (310) directions. Re-
duced band gaps are highlighted in blue.

7.4 Discussion

As the band gap is reduced to below ∼0.3 eV when kink defects are introduced to

the armchair termination, such defects are likely to act as non-radiative recom-

bination centres - as the barrier to recombination across the band gap is reduced

in these areas. This is expected to reduce the PL efficiency and could be probed

by PL measurements of WS2 nanoribbons to determine how PL intensity varies

across nanoribbons with different kinks. However this is considered future work.

The PBE functional was used for these calculations, which could lead to underes-

timation of the band gap. Such underestimation could be reduced by performing

112



Chapter 7 Edge defect engineering in WS2

Figure 7.10: Partial density of states edge regions of each unit cell constructed
from the zigzag termination unit cell, compared to the bulk density of states.
Zigzag, (510), (410) and (310) terminations are shown from top to bottom.

calculations with a hybrid functional such as HSE06.

Further work would be necessary to consider further kink defect densities

which would determine the limiting kink defect density along the armchair di-

rection to maintain a band gap. This would allow further characterisation of the

level of band gap variation as a function of this density. This work would be

important in any application for band gap reduction, as it would determine the

defect density necessary to reproduce a specific band gap. It would also determine

the maximum defect density possible to still maintain a band gap.
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7.5 Conclusion

Differing electronic structures between armchair and zigzag terminated WS2

nanoribbons was confirmed, showing a reduced band gap of 0.3 eV for the arm-

chair termination and a zero band gap metallic structure for zigzag terminated

nanoribbons. Kink defects at different densities introduced along both armchair

and zigzag edges separately were found to modify the density of states. How-

ever such defects introduced along an armchair termination were found to reduce

the band gap with increasing defect density until a metallic structure is reached.

This provides a potential route to engineering the band gap within 2D materials

using edge defects. However further work would be necessary to determine the

limiting defect density to maintain a band gap. This represents a novel contri-

bution to the field as these calculations have not been undertaken for realistic

edge defects containing both armchair and zigzag character - an important step

towards development of realistic systems.
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Conclusions and Future work

8.1 Conclusions

In this thesis, defects and strain effects on electronic properties have been inves-

tigated in the 2D chalcogenide materials TiS3, MoS2 and WS2, including both

PL and DFT studies. Such studies are important to understand the fundamental

effect of such defects and strain on optoelectronic properties, as both strain and

defects are likely to be present in a realistic device. One example of this would

be in flexible electronics where a successful device would need to deal with strain

resulting from any flex of such a device. Defects are also present in any material,

thus an understanding of their effect on optoelectronic properties is vital.

DFT studies investigating the orientation dependence of uniaxial strain in

TiS3 found this to be critical to the variation of band structure due to its

anisotropic structure - strain was found to decrease linearly when oriented along

the a lattice vector, but increased linearly when the strain direction was shifted

by 90°. Comparing this to MoS2, which was found to have a roughly constant

band gap variation with strain independent of strain direction due to its highly

isotropic structure, suggests the use of this technique within more anisotropic
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materials could introduce another degree of freedom with which to tailor this

strain response.

Extending the investigation of strain to monolayer WS2, PL was used to char-

acterise the band structure response to strain applied experimentally by pillars

fabricated on a silicon substrate by varying the height of such pillars from 250

µm to 500 µm. The higher pillars were found to increase the strain supported by

the suspended WS2. However the standard error was smaller for 250 µm pillars,

suggesting higher reliability for smaller pillars at the expense of a lower strain

being introduced. Wet and dry transfer techniques were compared for transfer-

ring WS2 flakes to the nanostructures with dry transfer found to introduce a ∼9

nm shift in the peak of the PL curve compared to a ∼2 nm shift for wet transfer.

This suggests dry transfer is the optimum choice for introduction of higher strains

using this method.

The impact of point defects on charge trapping was studied using DFT in

four layer MoS2, namely substitution and surface adsorption of different oxygen

species. O, O2 and O3 were considered, with O adsorption found to be the most

energetically favourable under most conditions. None of the defects considered

were found to introduce charge trapping effects. Chlorine substitution with sulfur

was also investigated as a comparison. This was found to cause n-type doping by

creating states within the band gap near the bottom of the conduction band to

donate an electron to the system, shown by density of states calculations.

Defects were considered within monolayer WS2, focusing specifically on edge

defects. Large differences in electronic structure were found between structures

terminated along the armchair and zigzag directions. Armchair terminations

resulted in a reduction in band gap, compared to zigzag terminations which

introduced a metallic structure with no band gap. Terminations between the

armchair and zigzag directions introduced a mixture of these outcomes, with
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directions close to the armchair termination causing a further reduction in band

gap, potentially suggesting a novel method for localised band gap engineering.

In conclusion, a selection of methods for modification of optoelectronic prop-

erties have been shown to be possible within 2D chalcogenide materials due to

their reduced dimensionality, with such methods providing different changes in

electronic structure. Each of the methods investigated has highlighted further

research possibilities and directions.

8.2 Future work

While the work presented in this thesis provides insight into some methods of

electronic structure modulation, it is by no means exhaustive, with various other

routes possible to achieve this objective - some examples being twistronics and

heterostructures [74, 134]. Opportunity to further extend the research purely

involving methods considered within this thesis also exist.

A general avenue applying to all chapters would be to consider a broader range

of materials; the field of 2D materials provides a large sample space to explore,

with only a limited selection of structures and atoms explored within this work -

even within the 2D chalcogenide family.

In terms of the strain calculations presented in chapter 4, further extension

could include biaxial strain of such systems as well as directional strain experi-

ments to determine the limit of mechanical strains applied along different direc-

tions before breaking of the materials.

Other ways of straining materials exist other than the pillarred substrate

method utilised in chapter 5, including bending substrates allowing variable strain

with time which could be explored. Only two pillar heights have been explored

within this work, thus an improvement could involve examining the effects of
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intermediate pillar heights as well as different substrates to further optimize the

method. The effect of pillar shape could also be considered, for example triangular

or square pillars could be introduced. The potential for this technique to enable

single photon emission is also considered future work, as this would involve PL

measurements under cryogenic temperatures.

Further point defects in MoS2 could also have been included within chapter

6. While chlorine and oxygen dopants have been studied for example, many

other dopant candidates could be included. A limited selection of chlorine and

oxygen defects have also been included, leaving further possibilities to explore

such defects within different numbers of layers or defects sandwiched between

these layers.

One of the main opportunities to further build upon the work presented in

chapter 7 is to include hybrid functional calculations. This was deemed pro-

hibitively computationally expensive within this thesis but could provide more

concrete conclusions on the band gap size for different edges due to the lim-

ited accuracy of unnocupied state energies at the PBE level of theory. Further

edges could also be considered to further examine the level of band gap variation

possible from different terminations.
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and Theory. https://doi.org/10.1137/1019005, 19(1):46–89, 7 2006.

[66] Xiangming Xu, Tianchao Guo, Hyunho Kim, Mrinal K Hota, Rajeh S Al-

saadi, Mario Lanza, Xixiang Zhang, Husam N Alshareef, X Xu, T Guo,

H Kim, M K Hota, R S Alsaadi, M Lanza, X Zhang, H N Alshareef Ma-

terials Science, and Engineering Physical Science. Growth of 2D Materials

at the Wafer Scale. Advanced Materials, 34(14):2108258, 4 2022.

[67] Alex Armstrong, Keith P. McKenna, and Yue Wang. Directional depen-

dence of band gap modulation via uniaxial strain in MoS2 and TiS3. Nan-

otechnology, 35(1):015704, 10 2023.

127



Chapter 8 BIBLIOGRAPHY

[68] Cheng Yue Wang, Shao Rong Li, Su Fang Wang, Peng Xiang Zhao, and

Ri Sheng Zhuo. First principles study of the effect of uniaxial strain on

monolayer MoS2. Physica E: Low-dimensional Systems and Nanostructures,

144:115401, 10 2022.

[69] Xiaofeng Fan, C. H. Chang, W. T. Zheng, Jer Lai Kuo, and David J.

Singh. The electronic properties of single-layer and multilayer MoS2 under

high pressure. Journal of Physical Chemistry C, 119(19):10189–10196, 5

2015.

[70] Jun Kang and Lin Wang Wang. Robust band gap of TiS3 nanofilms. Phys-

ical Chemistry Chemical Physics, 18(22):14805–14809, 6 2016.

[71] Keliang He, Charles Poole, Kin Fai Mak, and Jie Shan. Experimental

demonstration of continuous electronic structure tuning via strain in atom-

ically thin MoS2. Nano Letters, 13(6):2931–2936, 6 2013.

[72] Robert Biele, Eduardo Flores, Jose Ramón Ares, Carlos Sanchez, Isabel J.

Ferrer, Gabino Rubio-Bollinger, Andres Castellanos-Gomez, and Roberto

D’Agosta. Strain-induced band gap engineering in layered TiS3. Nano

Research 2018 11:1, 11(1):225–232, 8 2017.

[73] Yaping Qi, Mohammad A. Sadi, Dan Hu, Ming Zheng, Zhenping Wu,

Yucheng Jiang, and Yong P. Chen. Recent Progress in Strain Engineer-

ing on Van der Waals 2D Materials: Tunable Electrical, Electrochemical,

Magnetic, and Optical Properties. Advanced Materials, 35(12):2205714, 3

2023.

[74] Stephen Carr, Daniel Massatt, Shiang Fang, Paul Cazeaux, Mitchell

Luskin, and Efthimios Kaxiras. Twistronics: Manipulating the electronic

128



Chapter 8 BIBLIOGRAPHY

properties of two-dimensional layered structures through their twist angle.

Physical Review B, 95(7):075420, 2 2017.

[75] Koichi Momma and Fujio Izumi. VESTA 3 for three-dimensional visual-

ization of crystal, volumetric and morphology data. Journal of Applied

Crystallography, 44(6):1272–1276, 12 2011.

[76] Z. Y. Zhu, Y. C. Cheng, and U. Schwingenschlögl. Giant spin-orbit-induced
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