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Abstract

Two-dimensional (2D) materials have attracted immense attention due to their novel

and exceptional characteristics such as atomically thin body, large surface area to

volume ratio, unique electronic properties, and high charge carrier mobilities. This

makes 2D materials promising candidates for the next generation of low-power, high-

performance electronic devices. In this thesis, the mechanical, vibrational, thermal,

and electronic properties of several 2D materials are explored and their possible appli-

cation to devices is examined. The work was carried out in collaboration with experi-

mentalists at several institutions with theoretical calculations confirming experimental

measurements and improving the understanding of the observed results.

First, Professor Luhua Li’s group of Deakin University carried out Raman measurements

on multilayer hBN and found that the Raman active G band in suspended hBN was not

sensitive to a change in layer number; however, for substrate bound samples the change

in frequency is appreciable due to a strain induced by the Si/SiO2 substrate. The trend

for suspended samples is confirmed utilising density functional theory; however, an

underestimation of the Γ-point frequency is observed using the van der Waals (vdWs)

corrected optB88-vdW and hybrid HSE06 functionals. Increasing the amount of exact

Hartree-Fock exchange used in the HSE06 functional allows for the experimental value

to be reproduced exactly. Calculations on the Grüneisen parameter reveals negative

values for the ZA phonon branch. A negative thermal expansion of the hBN sheet in

the range ∼0-600 K is observed which increased with increasing layer number. Experi-

mental measurements on the thermal expansion confirmed a negative expansion in the

293-423 K range and the trend of increasing thermal expansion with layer number.

Experimental measurements on the Young’s modulus of multilayer hBN and graphene

show that the value for hBN is not sensitive to a change in the number of layers. This

is in contrast to graphene which experiences an appreciable decrease with increasing

layer number. Finite element analysis carried out by Professor Dong Qian’s group at



ii

the University of Texas calculated the pressure and strain on bilayer hBN and graphene

close to and far away from the indenter tip during nanoindentation. Ab initio calcu-

lations on the interlayer interaction energies in bilayer graphene and hBN reveal that

close to the indenter tip, the interaction energy becomes negative for graphene indi-

cating that the equilibrium AB stacking configuration is no longer stable. Conversely,

for hBN the energy increases forcing the layers to stay in their equilibrium AA′ stacking

configuration.

Second, vdWs heterostructures based on C60/hBN and C60/WSe2 are examined. Profes-

sor Zhenan Bao of Stanford University used high-resolution scanning tunnelling elec-

tron microscopy and selective area electron diffraction to reveal a single crystal-like

structure of C60 molecules on a hBN substrate. A comprehensive study revealed twelve

orientations of C60 molecules relative to the hBN surface. Theoretical calculations on

the binding energies of the twelve configurations show that the energy increases by

a factor of ∼5-7 when vdWs interactions are included. Rotational energy barriers for

the C60 molecule show striking similarity with experimentally measured preferential

orientation of the C60 molecules.

Scanning tunnelling microscopy (STM) measurements on C60/WSe2 carried out by Pro-

fessor Qing Hua Wang’s group of Arizona State University revealed a 2×2 superlattice

on the orbital arrangement of C60 molecules. An additional study revealed sixteen C60

geometries relative to WSe2 surface. Calculations reveal that the binding energy in-

creases by a factor of∼5 when vdWs corrections are included. Calculations on the rota-

tional energy barrier show that C60 molecules preferentially orientate with an electron-

rich 6:6 bond facing an electron-poor pentagonal face. Simulated STM images on all

sixteen geometries generated using the local density of states from the lowest unoc-

cupied molecular orbitals reveal 2-, 3-, and 5-fold symmetry in the orbitals of the C60

molecule. Ab initio molecular dynamics simulations reveal a coupling between neigh-

bouring C60 molecules based on the orientation of electron-rich and electron-poor sites

on neighbouring C60 molecules, confirming the calculations on the rotational energy

barriers. Following the molecular dynamics calculation, the seven lowest unoccupied

orbitals are plotted with each showing a unique real space configuration and being

extremely diffuse in addition to exhibiting characteristics similar to that of the STM

measurements.

Third, the effect of large uniaxial strain applied to the transition metal dichalcogenides

(TMDCs) WS2 and WSe2 is examined through phonon calculations and Raman spec-
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troscopy. Professor Abhay Pasupathy’s group of Columbia University developed a tech-

nique to apply large uniaxial strain to 2D materials. Optical measurements on triangu-

lar flakes of TMDCs confirm large uniaxial strains of ∼6.5% have been applied to the

layer. The change in the Raman active modes using unpolarised and cross-polarised

light is measured with WS2 showing additional peaks compared to WSe2. Upon appli-

cation of strain, a split is observed in the doubly degenerate E′ mode at the Γ-point. The

application of strain causes a decrease in the frequency of the modes for both WS2 and

WSe2 with the decrease being larger for in-plane modes. Under cross-polarisation the

A′ mode is suppressed; however, after the application of 2.85% strain in WS2 the mode

became active again. In addition, an increase in strain in WSe2 leads to a decrease in

the Raman intensity whereas in WS2 an increase is observed.

Ab initio calculations on the phonon spectra and Raman intensities of WS2 and WSe2

under strain also reveal a split in the E′ mode. All modes are found to decrease with

strain, the exception being the A′ and 2LA modes in WSe2. The A′ is suppressed under

cross-polarisation but becomes active again after 3% strain. Theoretical calculations

allow for the assignment of the P1 and P2 peaks to the transverse optical modes of

the E′ and E′′ bands at the M -point of the Brillouin zone based on their frequencies.

Calculations on the Grüneisen parameters in WS2 and WSe2 show excellent agreement

with the experimentally measured values.

Finally, in collaboration with Professor Chih-Jen Shih’s group of ETH Zürich, the calcu-

lation of dielectric constants in 2D materials is reviewed. A high-throughput screening

of 55 two-dimensional materials of disparate structure was carried out at HSE06 level

including spin-orbit coupling. It is shown that increasing the length of the supercell

along the non-periodic direction, L, results in a decrease of the calculated dielectric

constant which is entirely unphysical. The dielectric constant is reformulated in terms

of the 2D polarisability which is shown to converge within the range L=10-15 Å. Using

an R2 analysis, a strong correlation is shown between the in-plane polarisability and

the minimum electronic bandgap in addition to the out-of-plane polarisability and the

effective thickness of the layer. A natural connection between the 2D polarisability and

the screening in a 2D layer is developed. Moreover, a model to relate the 2D polar-

isability back to the 3D dielectric constants is found with the model reproducing the

in-plane 3D dielectric constants extremely well.
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Chapter 1

Introduction

1.1 Background

The industrial revolution of 18th century Britain led to the creation of new jobs, ma-

chines, and methods of production which has affected the economies of the world ever

since. Although having many benefits, such as improvements in healthcare and living

standards, the burning of fossil fuels which were used to power the industrial revolu-

tion has affected our planet massively.

In the years since 1960, CO2 emissions per capita have increased by ∼60% (Figure

1.1), with countries such as the US, China, Russia, and India being the most significant

contributors [1]. Many researchers believe the increase in greenhouse gas emissions

has led to a 0.8◦C change in average sea-level temperature relative to the 1951-1980

mean temperature (Figure 1.2). Although the use of fossil fuels has had a positive

impact on society, the increased levels of CO2 in the atmosphere, and the problems

associated with it, have forced us to reexamine our methods of energy production in

addition to the efficiency of our energy use.

Renewable energies such as wind, solar, and tidal offer a ‘clean’ alternative to the burn-

ing of fossil fuels. Over the past 30 years, there has been a surge in the use of renewable

energies to power the world. In 2014 these energy sources accounted for ∼22% of the
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Figure 1.1: CO2 emissions per capita between 1960 and 2014. An increase of ∼60%
over the 54 year period can be seen, with an increase of 22% in the 2000 to 2014
period. Adapted from [1].

world’s total energy production [2]. However, without an increase in the use of renew-

able energies, the global CO2 emissions will increase, potentially leading to a global

catastrophe.

Discovering new, clean energy sources is one route to solving the world’s energy issues;

however, the time to develop the technology from theory to a commercial product can

be several decades. Another method is to improve the efficiency of the technologies we

use today. One such way in achieving this is to discover new materials with properties

that are more beneficial than those used in our current devices.

One class of materials that fit this description are the so-called two-dimensional (2D)

materials. The first 2D material, graphene, was isolated by Geim and Noveselov in

2004 [3, 4]. Since then, a family of 2D materials have been experimentally isolated,

with more than a thousand being predicted to exist [5]. The discovery of 2D materi-

als has opened the door for potential device applications in addition to the possibility

of discovering new and exciting fundamental physics. In the following sections, an
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Figure 1.2: Mean global surface temperatures and ten year running average be-
tween 1880 and 2009 relative to the 1951-1980 mean. An increase of 0.6◦C increase
from the 1951-1980 mean to 2009 can be seen with the 10 year running average show-
ing a continuous increase from 1975-2009. Adapted from [6]

overview of 2D materials is presented, beginning with graphene and then moving on

to other members of the family. The methods of synthesis and possible devices applica-

tions are given, in addition to the barriers that need to be overcome in order to realise

this set of material’s full potential.

1.2 An Introduction to Two-Dimensional Materials

2D materials are a class of structures where the in-plane atoms are held together by

strong covalent bonds with layers being coupled by weak out-of-plane van der Waals

(vdWs) interactions. 2D materials have been studied for over 70 years with the original

work being carried out by Wallace [7] who created a tight-binding model to study the

electronic properties of a single layer of carbon atoms. The work was a basis to study

the bulk form of this material, graphite.
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Figure 1.3: Number of publications on graphene between 2008 and 2018 (gen-
erated by a search for "graphene" in titles, abstracts, author keywords, and keywords
plusr in Web of Science, accessed 11/3/19).

2D materials were long thought to be unstable and would disintegrate when finite

temperature was introduced to the system [8]. This idea was further supported by

experimental observations that the melting point of thin films reduced exponentially

with a decrease in the number of layers [9].

This belief was held until the Nobel prize-winning work of Andre Geim and Konstantin

Novoselov, where the duo successfully isolated and measured the electronic character-

istics of graphene: a single layer of carbon atoms [3, 4]. Following this seminal work,

there has been an explosion of research into graphene (Figure 1.3) in addition to other

2D materials. The aim of this research has been to reveal fundamental new physics

in addition to examining each material’s suitability for use in the next generation of

electronic devices.
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Figure 1.4: Real space, reciprocal space, and electronic structure of graphene. (a)
Hexagonal lattice of graphene with the lattice vectors, a1 and a2, labelled along with
atoms A and B which occupy the two triangular sublattices and the nearest neighbour
vectors δ1, δ2, δ3. (b) First Brillouin zone of the hexagonal lattice with reciprocal lattice
vectors, b1 and b2, labelled in addition to the high symmetry points Γ, M, K, K ′. (c)
Energy dispersion of graphene at the Fermi level with the Dirac point at K highlighted.
Adapted from [10]

1.2.1 Graphene

Graphene was first isolated by Geim and Novoselov in 2004 using the infamous scotch-

tape method and was found to be a zero bandgap semiconductor [3, 4]. As seen in

Figure 1.4a, graphene has the structure of a honeycomb lattice with lattice vectors:

a1 =
a

2
(3,
√

3), a2 =
a

2
(3,−

√
3) (1.1)
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where a is the carbon-carbon bond length. The reciprocal space representation of the

honeycomb lattice, with high-symmetry points Γ,M,K,K ′, also take on a hexagonal

symmetry and can be seen in Figure 1.4b. The lattice vectors of the reciprocal lattice

are given by:

b1 =
2π

3a
(1,
√

3), b2 =
2π

3a
(1,−

√
3) (1.2)

The graphene lattice can be thought of as two triangular sublattices with carbon atoms

occupying the A and B sites and three vectors: δ1, δ2, and δ3, connecting the two sublat-

tices (Figure 1.4a). The carbon atoms are held together by strong sp2 covalent bonds.

Because the two sublattices are identical, a band-crossing in the energy dispersion at

the K and K ′ points of the Brillouin zone is observed, with the Fermi energy crossing

exactly at this point (Figure 1.4c). These are known as Dirac-points. In the vicinity of

the Dirac-points, a linear dispersion in the energy is found which has profound impli-

cations on the electronic properties of graphene.

The linear dispersion around the Dirac-points leads to the electrons in graphene be-

having as massless Dirac fermions. This endows graphene with extremely large carrier

mobilities of ∼15,000 cm2V−1s−1 for both electrons and holes [11]. In addition to its

excellent electronic properties, graphene is chemically inert and can be easily patterned

using nano-lithography which also makes it favourable for nanoelectronic applications

[12]. Moreover, graphene was also found to be ∼400 times stronger than steel, due to

the sp2 hybridised σ bonds, with a Young’s modulus of ∼1 TPa. This makes graphene

the strongest material on earth [13].

However, one major drawback of graphene is that it is a zero bandgap semiconductor.

This makes it unsuitable for use in logic devices due to the extremely low on/off ratio

[14]. As such, much effort has been devoted to opening a bandgap in graphene without

sacrificing the systems excellent transport qualities. Several suggestions have been

put forward, for example, by functionalising the surface with adsorbates, changing

the dimension of the system by creating nanoribbons, applying an electric field, or

combinations of these [15–17]. However, these options present a substantial technical

challenge to implement and often degrade the outstanding properties of graphene.

Modifying graphene’s properties is one method of realising the material’s usefulness in

electronics. An alternative approach is to discover new 2D systems.
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Figure 1.5: Polar histogram for the ten most common 2D structural prototypes in
the set of 1,036 easily exfoliated 2D materials. Ball and stick models for each system
are shown, together with the prototype formula and the space group of the 2D systems.
Reproduced from [5].

1.2.2 2D Materials Beyond Graphene

Following the isolation of graphene from graphite, the search for other bulk materials

whose layers are held together by weak vdWs interactions had commenced. A high-

throughput screening employing density functional theory including van der Waals cor-

rections of 5,619 experimentally known layered compounds identified 1,036 materials

that can be easily exfoliated from their bulk counterparts [5]. The search identified a

diverse array of materials with differing electronic, structural, and vibrational proper-

ties including 56 ferromagnetic and antiferromagnetic compounds. The most common

structural prototypes can be seen in Figure 1.5. In the following, the 2D materials

studied in this thesis are presented and discussed.

1.2.2.1 Hexagonal Boron Nitride

Hexagonal boron nitride (hBN) is an analogue of graphene with in-plane sp2 hybridised

σ bonding. hBN also adopts the same honeycomb lattice made up of two triangular
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sublattices with boron and nitrogen atoms occupying the A and B sites seen in Figure

1.4a. hBN has a comparable Young’s modulus to graphene of 0.865±0.073 TPa [18]

due to the similar in-plane bonding. However, due to the change in the atomic species,

hBN is an insulator with an optical gap of ∼5.9 eV measured through G0W0 + BSE

calculations [19] making it unuseful in many electronic and optoelectronic applications

such as field-effect transistors (FETs) and solar cells.

Due to its wide bandgap, chemical inertness, and similar lattice constants to graphene

(∼1.0% lattice mismatch), hBN is an excellent candidate for use as a substrate with

graphene. Experiments have shown that electron mobilities of graphene/hBN het-

erostructures are similar to that of suspended graphene [20]. Additionally, hBN is

stable up to 800◦C in air [21], compared to graphene which begins to oxidise at 300◦C

[22]. As such, hBN can be used to reinforce ceramics and metal matrix composite

which are fabricated at high temperatures [23]. Furthermore, due to the atomically

flat nature and large surface area to volume ratio, hBN can provide high sensitivity and

reusability in sensing applications [24].

1.2.2.2 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDCs) are a set of materials with the general for-

mula MX2, where M is a transition metal, such as molybdenum or tungsten, and X is

a chalcogen species such as sulfur, selenium, or tellurium. As seen in Figure 1.6, the

metal atom is sandwiched between two chalcogen atoms to form the TMDC structure.

The electronic characteristics of TMDCs are dependent on the electronic structure of

the metal atom, for example, molybdenum and tungsten atoms form a semiconduct-

ing TMDC, whereas niobium and rhenium results in metallic behaviour. In addition,

the electronic characteristics are dependent on the coordination of the metal atom, i.e.

in the trigonal prismatic 2H phase, MoS2 is semiconducting, but in the octahedral 1T

phase, it is metallic [25].

Taking MoS2 as a prototypical TMDC, the bulk form of the material is an indirect semi-

conductor with a bandgap of 0.88 eV. The valence band maximum is at Γ and the con-

duction band minimum is a low symmetry point between Γ and K. Monolayer MoS2 is

a direct semiconductor with a transition at K and a bandgap of 1.71 eV calculated by
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Figure 1.6: Ball and stick model of a typical 2H-MX2 structure. Chalcogen atoms
(X) in yellow and metal atoms (M) in black. Adapted from [25].

density functional theory using the generalised gradient approximation (Figure 1.7).

This change in characteristics is attributed to the significant contribution of p-states

from the sulfur atoms at the Γ-point which are sensitive to quantum-confinement ef-

fects [25]. From Figure 1.7, a spin-orbit splitting in the valence band at the K-point

of the Brillouin zone is observed having a magnitude of 0.15 eV. The magnitude of the

spin-orbit splitting increases with the proton number of the metal.

Due to the improved electronic characteristics over graphene, such as bandgaps in the

visible region of the electromagnetic spectrum, TMDCs have found themselves being

applied to a wide range of devices such as field-effect transistors [27], biosensors [28],

solar cells, light-emitting diodes, and photodetectors [29]. In addition, due to the

non-centrosymmetric crystal structure and sizeable spin-orbit coupling, TMDCs have

attracted considerable interest in valleytronic applications [30].

1.2.2.3 vdWs Heterostructures

Considering the large number of 2D materials, each with their own unique and exciting

properties, it would be interesting if separate 2D materials could be combined to create
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Figure 1.7: Electronic bandstructures of bulk and monolayer MoS2 calculated us-
ing density functional theory. (a) Bandstructure of bulk MoS2 showing an indirect
transition between the valence band at Γ and the conduction band between Γ and
K. (b) Bandstructure of monolayer MoS2 showing a direct transition at the K-point.
(c) Bandgap, Eg, of bulk MoS2 with the orbital contribution to the states shown. (d)
Bandgap of monolayer MoS2 with orbital contributions to the states labelled in addition
to the magnitude of the spin-orbit splitting, ∆SO, and band offset, ∆Γ−K. Reproduced
from [26].

a new structure, with different characteristics than its component parts. If we consider

each 2D material as a Lego brick, it is possible that a 2D layer can be placed on top of

another 2D material, just as a Lego brick is placed on top of another Lego brick (Figure

1.8). Indeed, much attention has been given to this area of research with some of

the first reports showing improved carrier transport in graphene by encapsulation with

hBN [20, 32]. In addition to improving the electronic properties, encapsulation can

also be used to increase the stability of a 2D material by passivation of the surface as

was shown in the case of phosphorene [33]. Furthermore, the electronic characteristics

of one system can be used to change those of another system, for example, the spin-
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Figure 1.8: Representation of vdWs heterostructures using Lego. Considering each
2D material as a Lego brick, the construction of vdWs heterostructures can be compared
to stacking Lego bricks of different colour on top of one another. Reproduced from [31]

orbit coupling in graphene can be enhanced by forming a vdWs heterostructure with

WSe2 [34].

1.2.3 Synthesis of 2D Materials

The large-scale, high-quality, low-cost synthesis of 2D materials is necessary to realise

their full potential in the next generation of electronics. The growth methods for 2D

materials fall into two classes, namely: top-down and bottom-up. Top-down methods

involve the bulk material as the initial product with successive layers being removed,

while bottom-up techniques grow 2D layers on substrates. In the following section, a

top-down and a bottom-up method is presented and discussed.

1.2.3.1 Mechanical Exfoliation

Mechanical exfoliation is a top-down method that takes advantage of the weak vdWs

forces holding 2D layers together to cleave them apart. The method was made famous
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in 2004 by Geim and Novelsov [3, 4] as the first means to obtain monolayer graphene.

Since then, the method has been applied to several 2D materials such as hBN [35],

MoS2 [36], and WSe2 [37]. Mechanical exfoliation has the advantage that it creates

exceptionally high-quality samples; however, the lateral size of the exfoliated layers

tends to reach only a few tens of micrometres. Moreover, the cumbersome method is

not applicable to high-throughput production of samples. As such the method is only

suitable for building single devices, or for fundamental research in a laboratory.

1.2.3.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a bottom-up method whereby a substrate is ex-

posed to precursors (usually under ultra-high vacuum) which react with one another.

The product is then deposited onto the substrate forming the desired product. CVD

growth allows for large areas of 2D layers to be produced as well as precise control

over the number of layers formed in the sample. In addition, CVD allows for the direct

growth of vertical heterostructures [38]. The method has been applied to graphene

[39], hBN [40], and TMDCs [41].

1.2.4 Defects in 2D Materials

Imperfections in the lattice structure of bulk crystalline solids are always present. They

can significantly influence the vibrational, thermal, electronic, and optical properties

of the material. The effect these defects have on the solid is of great importance in

materials science and has attracted huge research interest. In many instances, defects

are unwanted and degrade the properties of a material. In some cases, defects are

purposefully introduced to alter the properties of a substance for a specific purpose.

For 2D materials, the situation is no different.

Defects in materials can be broadly classified as either intrinsic or extrinsic. Intrinsic

defects involve atoms that belong to the system, examples of which being vacancies

(the removal of atoms) and antisites (the atom of one species occupying the sublattice

site of another species). Typical intrinsic defects in a graphene lattice can be seen in

Figure 1.9. Extrinsic defects involve foreign atoms where the dopant can greatly effect



1.2. An Introduction to Two-Dimensional Materials 13

a b

c d e

Figure 1.9: Stone-Wales and monovacancy defect states in monolayer graphene.
(a) Experimental transmission electron microscopy image of a Stone-Wales defect. (b)
Ball and stick model of the relaxed structure obtained using density functional the-
ory. (c) Carbon monovacancy observed in an experimental transmission electron mi-
croscopy image. (d) Ball and stick model of the relaxed structure obtained through
density functional theory. (e) Experimental scanning tunnelling microscopy image of a
carbon monovacancy, appearing as a protrusion due to an increase in the local density
of states at the dangling bond (marked with a red circle in panel d). Adapted from
[42].

the properties of the material. Defects can be introduced into the 2D layer by one of

three pathways, namely: during the growth process, irradiation by ions, and chemical

reactions such as oxidation.

The effect of such defects has garnered immense interest. Using graphene as an ex-

ample, several studies have used doping to open a bandgap in monolayer graphene

[43, 44]. Also, Stone-Wales defects have been found to open a small bandgap of ∼0.3

eV [45]. Additionally, nanoindentation experiments have shown that low defect con-

centrations (< 1.5%) result in an increase of the Young’s modulus [46]. Moreover,

defects associated with dangling bonds can also increase the reactivity of the graphene

surface which is usually chemically inert.
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a b

Figure 1.10: MoS2 based field-effect transistor. (a) Optical image of an MoS2 field-
effect transistor. The device consists of two field-effect transistors connected in series
and defined by three gold leads that serve as source and drain electrodes for the two
transistors. Monolayer MoS2 is covered by 30 nm of atomic-layer-deposited HfO2 that
acts both as a gate dielectric and a mobility booster. Scale bar inset 10 mm. (b) 3D
schematic of one of the transistors shown in (a). Adapted from [47].

1.2.5 Applications to Devices

Although the properties of 2D materials are interesting from a fundamental point of

view, the primary goal is to implement these materials in silicon-based devices to en-

hance their efficiency. As such, many theoretical and experimental studies have been

carried out in order to realise 2D material’s full potential. In the following, several of

the most exciting applications of 2D materials are presented and discussed.

Field-effect Transistors

Field-effect transistors (FETs) are the basic building blocks from which modern elec-

tronic devices are made. The FET is fundamentally a switch which allows for a high

conductivity in the on-state, and low conductivity for the off-state. Due to the lack of

a bandgap in graphene, its applications to FETs has been limited. As discussed in Sec-

tion 1.2.1, many attempts have been made to open a bandgap in graphene; however,

these methods add complexity to the device and tend to diminish the desirable high

mobilities found in graphene [47].

In contrast to graphene, several monolayer TMDCs possess a bandgap in the range 1-2

eV which make them more suitable for FET applications. An example FET made of a

single MoS2 layer using HfO2 as a gate dielectric has been demonstrated (Figure 1.10).

The device was found to have on/off ratios of ∼106-108 and electron mobilities of a



1.2. An Introduction to Two-Dimensional Materials 15

few hundred cm2V−1s−1 which is comparable to the mobility achieved in silicon films

[48]. The standby power dissipation of MoS2 based FETs is extremely low which in

turn boosts the device efficiency.

The mobility of the charge carriers is limited by the scattering mechanisms in the ma-

terials namely: electron-phonon, electron-electron, surface, and defect scattering [29].

Suppression of these scattering mechanisms using high-κ dielectric materials and ultra-

pure samples of the 2D material are a means to improve the mobilities of charge carriers

and the overall performance of the FET.

2D Sensors

Detecting environmental pollutants such as carbon monoxide, carbon dioxide, and ni-

trogen dioxide is vital for tracking the concentration of chemicals in the atmosphere

over time. Exposure to high concentrations of these chemicals can cause medical prob-

lems for the public, in addition to pollution of the environment. Therefore, it is im-

perative that high-performance methods of detecting these contaminants reliably and

accurately are developed [49].

Owing to the large surface area to volume ratio, 2D materials have found themselves

receiving attention for use in gas sensors. Graphene-based gas sensors have been ex-

plored; however, the response of the graphene layer to adsorbates was found to be

extremely small [50]. Reduced graphene oxide was found to enhance the sensitivity

of the sensor, which allowed for the detection of the three main classes of chemical-

warfare agents and explosives with concentrations of parts-per-billion [51]. Several

other 2D materials have seen applications in gas sensors such as MoS2 [49, 52] and

WS2 [53], and have shown improved sensitivity compared to graphene-based devices.

In addition to gas sensors, through the introduction of nanopores in the layer, 2D ma-

terials such as graphene [55] and MoS2 [56] also have the potential to sequence DNA.

Here, the DNA strand is electrophoretically passed through the nanopore which has

an applied bias across it (Figure 1.11). The change in the current as the DNA strand

passes through the nanopore represents a sequencing of the DNA strand, with around

107 bases being read per second [56].
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Figure 1.11: Principle of nanopore DNA sequencing technology. (a) Schematic of
the experimental setup. The DNA strand is passed through the graphene nanopore.
(b) Schematic of an ionic current trace as the DNA strand is electrophoretically driven
through the nanopore. Each DNA nucleobase is discriminated by the blocked ionic
current. Reproduced from [54].

Optoelectronic Devices

Optoelectronic devices such as solar cells and light-emitting diodes (LEDs) are devices

which can generate, detect, and interact with light. In semiconductor devices, the

bandstructure determines the interaction of the material with light. For direct bandgap

materials, photons with energy equal to or greater than the bandgap energy can be

readily absorbed and emitted. For indirect systems, an additional phonon is needed to

supply the difference in momentum making the process less efficient. Optoelectronic

devices that are flexible and transparent are expected to become increasingly important

in solar arrays, wearable electronics, and transparent displays [25].

Due to the strong light-matter interactions, large surface area to volume ratio, and



1.2. An Introduction to Two-Dimensional Materials 17

unique electronic properties, optoelectronic devices based on 2D materials have re-

ceived intense interest. TMDCs have been explored for use in photovoltaics due to

their direct bandgaps in the range 1-2 eV. Monolayer MoS2 was reported to form a

heterojunction with silicon and achieved a power conversion efficiency (PCE) > 5%

[57]. This is of particular interest as the 2D material could be integrated into existing

silicon-based technologies. Heterojunctions, such as WSe2/MoS2, were also studied for

photovoltaic applications [58] and exhibited a PCE of ∼0.2%. One of the challenges of

realising TMDCs in photovoltaic devices is the low light absorption (∼10% [59]) due

to the atomically thin body.

Another application of 2D TMDCs is flexible LEDs. Heterojunctions of monolayer MoS2

and silicon were found to emit light [60]. By utilising hBN as bottom dielectric diodes

with monolayer WSe2, brighter electroluminescence was emitted due to more effective

carriers being injected [61].

Although the efficiency of devices utilising 2D materials is lower than that of silicon-

based systems; novel device structures, removal of adsorbates and defects, and the

discovery of additional 2D materials could improve the low efficiency observed in ex-

periments.

Flexible, Transparent Electronics

Owing to their outstanding mechanical and electronic properties, 2D materials have

found applications in the field of flexible, transparent electronics such as touch screens.

Typically, indium tin oxide (ITO) is the material used in these devices due to its high

conductivity and optical transparency. However, due to the scarcity of indium, the cost

of production for such devices is substantial.

In comparison, graphene is a low-cost material which exhibits 97.4% optical transmit-

tance [62] and a Young’s modulus of ∼1.0 TPa [13] which would make it suitable for

applications in flexible, transparent electronics. Previously, the limiting factor for re-

alising graphene’s potential was the lack of an efficient method to synthesise, transfer

and dope the layer. These limitations have been overcome, and 4-layer doped graphene

electrodes were implemented into a fully-functional touch-screen panel which was ca-
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Figure 1.12: Graphene based flexible screen. (a) Transparent ultra-large area
graphene film transferred on a 35-inch polyethylene terephthalate (PET) sheet. (b) An
assembled graphene/PET touch panel showing outstanding flexibility. (c) A graphene-
based touch-screen panel connected to a computer with control software. Adapted
from [62].

pable of withstanding high strain (Figure 1.12). The resulting graphene film had a

sheet resistance ∼30 Ω/sq and a sheet transparency of ∼90% which made it superior

to commercially available transparent electrodes made of ITO [62] .

1.3 Motivation and Outline of this Thesis

The unique properties of 2D materials make them notable candidates for use in the next

generation of electronics with a broad range of applications. The possibility of each

material being tailored to a specific role through, for example, the application of strain

or generation of heterostructures with other materials is extremely exciting. However,

much of the fundamental physics related to these materials is still to be discovered and

several barriers, such as large-scale growth and defect control, still need to be overcome

to realise the full potential of 2D materials.

In this thesis, ab initio density functional theory calculations are used to examine the

mechanical, vibrational, thermal, and electronic properties of several 2D materials in-

cluding hBN, WS2, and WSe2. For each material considered, the technological implica-

tions will be explored, and future pathways of research will be laid out.

The work in the following chapters was carried out in collaboration with experimental

groups from several institutions. Experimental work is labelled as such, and was not

carried out by the author. The author carried out simulations using and developing

different theoretical techniques on the systems described herein. Any work not carried
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out by the author has been properly referenced.

This thesis is organised in the following way:

In Chapter 2, an introduction to the many-body problem and the concepts of Kohn-

Sham density functional theory (DFT) is given. The fundamentals of basis-sets, pseu-

dopotentials, and exchange-correlation functionals is provided in addition to details

on corrections to standard density functional theory in the form of spin-orbit coupling

and the inclusion of van der Waals (vdWs) interactions. The theory behind the calcula-

tion of vibrational properties in crystalline solids and ab initio molecular dynamics are

also provided. Additional details on calculations specific to each results chapter will be

given at the end of that chapter.

Chapter 3 provides a comprehensive study on the mechanical, vibrational, and thermal

properties of multilayer hexagonal boron nitride (hBN). The work in this chapter was

carried out in collaboration with Professor Luhua Li at Deakin University and Profes-

sor Dong Qian at the University of Texas. Experimental measurements show that the

Raman active G band of suspended hBN is not sensitive to a change in the number of

layers, whereas for hBN on a SiO2/Si substrate the frequency upshifts with decreasing

layer number. Calculations are carried out on multilayer hBN employing the optB88-

vdW and hybrid HSE06 functionals. Each functional showed a minimal change in the

Raman frequency with changing layer number; however, both functionals show an

underestimation of the experimentally measured Raman frequency. By increasing the

amount of Hartree-Fock exchange used in HSE06 to ∼0.4, the experimental value can

be reproduced. In addition, the Grüneisen parameters are calculated and the value

corresponding to the ZA phonon mode was found to be negative. Calculations reveal

a negative thermal expansion in the 0-600K range with the magnitude of the thermal

expansion increasing with layer number. This is confirmed by experimental measure-

ments in the range 293-423K.

Using a multiscale analysis, the effect of pressure and strain on the interlayer interac-

tion energies of multilayer hBN and graphene is explored. Experimental measurements

on the Young’s modulus are carried out. Professor Qian’s group carried out finite ele-

ment measurements to calculate the pressure and strain at several distances close to,

and far away from the indenter tip in bilayer hBN and graphene. Using these values,
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calculations were performed on the interlayer interaction energies of bilayer hBN and

graphene.

Chapter 4 presents results on the energetic and electronic properties of C60/hBN and

C60/WSe2 vdWs heterostructures. The work was carried out in collaboration with Pro-

fessor Zhenan Bao at Stanford University and Professor Qing Hua Wang at Arizona

State University. High-resolution transmission electron microscopy and selective area

electron diffraction measurements were carried out on C60 molecules epitaxially grown

on hBN. A comprehensive study employing theoretical calculations was undertaken

identifying twelve orientations of C60 molecules relative to the hBN surface. Calcu-

lations with and without vdWs corrections were carried with the binding energy in-

creasing by a factor of ∼5-7 when vdWs are included. Rotational barriers for the C60

molecule were also calculated and showed a striking similarity to the experimentally

measured relative orientation of the C60 molecules to the hBN surface.

The study of C60/WSe2 heterostructures revealed, through scanning tunnelling mi-

croscopy (STM) measurements, a 2×2 C60 superlattice. Calculations on the binding

energy of sixteen orientations of C60 relative to the WSe2 surface were undertaken.

Molecular dynamics simulations of the four most stable configurations found a strong

dependence on the relative orientation between the C60 molecules and the stability of

the system. Moreover, simulated STM measurements using the local density of states

(LDOS) at the bottom of the conduction band reveal 2-, 3- and 5-fold symmetry in the

C60 orbitals. Finally, following the molecular dynamics simulations, the wavefunction

of the seven lowest unoccupied states were plotted

In Chapter 5 the effects of uniaxial tensile strain applied to the TMDCs WS2 and WSe2

concerning the vibrational properties of the systems are explored. The work was car-

ried out in collaboration with Professor Abhay Pasupathy at Columbia University. A

novel experimental technique which allowed for the application of large uniaxial ten-

sile strain to be applied to 2D materials was developed, with optical measurements

confirming strains as high as 6.5%. Raman measurements on WS2 and WSe2 under

strain reveal that the doubly degenerate E′ mode splits with the application of strain

and the frequency of each mode decreases with increasing strain. For WSe2, the Ra-

man intensity decreased with increasing strain but increased for WS2. In WS2, the A′
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mode was found to the suppressed under cross-polarisation but was active at strains of

2.85%.

Theoretical calculations on the phonon dispersion and Raman intensities also find a

split in the E′ mode. Additionally, the calculations reveal the different trends in the

Raman intensities of WS2 and WSe2 can be attributed the different ionicity of the W-

S and W-Se bonds. Furthermore, the additional peaks found in the WS2 spectra are

assigned to the transverse optical E′′ and E′ modes at the M -point of the Brillouin zone

based on their frequencies. Finally, the suppression of the A′ mode is also seen under

cross-polarisation but becomes active again at strains of 3%.

In Chapter 6, a high-throughput screening at HSE06 level including spin-orbit coupling

of 55 two-dimensional materials namely the TMDCs (MX2 where M is a metal in group

4, 6, 10 and X=O, S, Se, Te) with phases P6m2 and P3m1, metal monochalcogenides

(Ga2S2, Ga2Se2), cadmium halides (CdX2, X=Cl, I), hexagonal boron nitride (hBN),

fluorographene (C2F2) graphane (C2H2) phosphorene (P4) and the perovskite MAPbBr3

was carried out. In collaboration with Professor Chih-Jen Shih’s group of ETH Zürich

we show that, due to the dependence on the supercell size along the non-periodic

direction, L, the dielectric constant is not a good descriptor to be used for 2D materials.

It is proposed that the 2D polarisability, which is L independent, is the true descriptor

of the bonding properties in 2D materials. We carry out an R2 analysis to show there

is a strong correlation between the in-plane polarisability and the minimal electronic

bandgap. In addition, we also show that there is a significant correlation between the

out-of-plane polarisability and the effective thickness of the layer. We also apply our

analysis to the C2DB [63] dataset of over 210 materials. Furthermore, we show that

the 3D bulk dielectric constants can be obtained from the 2D polarisability through a

simple model.

Finally, a summary and outlook is provided in Chapter 7.



Chapter 2

Theoretical Background

In the following, the fundamental principles of the theory and methods used in this

thesis are presented. In Section 2.1, the many-body problem: the main obstacle to

overcome when calculating the properties of an N -body system, is introduced. In Sec-

tion 2.2, the fundamental equations of the Hartree-Fock approximation and density

functional theory are shown, and the methods of solving these equations are given. In

addition, corrections such as the inclusion of dispersion interactions are also included.

Finally, Sections 2.3 and 2.4 deal with the calculation of the vibrational properties of

a crystalline system and the method of solving Newton’s equations of motion within

density functional theory, respectively.

2.1 The Many-Body Problem

The principle problem in the study of materials is the determination of system proper-

ties knowing only the atomic positions and species. Such an problem can be overcome

by solving the many-body, time-independent Schrödinger equation:

HΨ(r1, ....rN ,R1, ....,RM ) = EΨ(r1, ....rN ,R1, ....,RM ) (2.1)
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where the Hamiltonian, H, in atomic units, is given by:

H =− 1

2

N∑
i=1

∇2
i −

M∑
I=1

1

2MI
∇2
I +

N∑
i=1

N∑
j=1,j 6=i

1

|ri − rj |
(2.2)

+
M∑
I=1

M∑
J>1

ZIZJ
|RI −RJ |

−
N∑
i=1

M∑
J=1

ZJ
|ri −RJ |

Here, indices i and j run over the N electrons while I and J run over the M nuclei and

Z is the nuclear charge. R and r are the nuclear and electron positions, respectively

and MI is the nuclear mass. In Equation 2.2, the first and second terms are the electron

and nuclei kinetic energy, the third, fourth, and fifth terms are the electron-electron,

nuclei-nuclei, and electron-nuclei interactions, respectively.

For any system larger than a few electrons, Equation 2.2 is, in its current form, im-

possible to solve. In order to make the problem tractable, we introduce the Born-

Oppenheimer approximation. Noticing that the mass of the nuclei are several thousand

times larger than the electrons, we see that the electrons move much faster than the

nuclei. As such, the electrons relax to their ground state after any small perturbation

to the positions of the nuclei. This allows the electronic and nuclear components of the

wavefunction to be decoupled as:

Ψ = Φ(r1, ..., rN )× χ(R1, ...,RM ) (2.3)

where Φ(r) and χ(R) are the electronic and nuclear wavefunctions, respectively. Thus,

the electronic Schrödinger equation is given by:

HΦ =

−1

2

N∑
i=1

∇2
i +

N∑
i=1

N∑
j=1,j 6=i

1

|ri − rj |
−

N∑
i=1

M∑
J=1

ZJ
|ri −RJ |

Φ = EΦ (2.4)

The electronic Hamiltonian describes the interactions of the electrons with the electro-

static charge produced by the nuclear components of the system.

The wavefunction that is a solution to Equation 2.1 must satisfy two conditions; it must

be normalised:

∫
dr1

∫
dr2...

∫
drNΦ†(r1, r2, ..., rN )Φ(r1, r2, ..., rN ) = 1 (2.5)
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and it must be antisymmetric under the exchange of electrons:

Φ(r1, r2, ..., ri, ..., rj , ..., rN ) = −Φ(r1, r2, ..., rj , ..., ri, ..., rN ) (2.6)

2.2 Solving the Electronic Schrödinger Equation

2.2.1 The Hartree-Fock Approximation

One of the first attempts to solve the electronic Schrödinger equation was the Hartree

approximation [64]. Hartree proposed that the electronic wavefunction could be writ-

ten as the product of single-particle orbitals:

Φ(r1, ..., rN ) = φ1(r1)φ2(r2)...φN (rN ) (2.7)

where the single particle wavefunctions are the probability distribution for individual

electrons. Writing the wavefunction in this way allows the N -body Hamiltonian to be

written as N one-electron Schrödinger equations taking the form:−1

2

N∑
i=1

∇2
i −

M∑
J=1

ZJ
|r−RJ |

+
N∑

j=1,j 6=i

∫
dr′
|φj(r′)|2

|r− r′|

φi = εiφi (2.8)

Here, the final term on the left-hand side is known as the Hartree potential and is a

mean field interaction caused by all electrons minus the ith electron. εi is the eigen-

value of the ith electron. The drawback of the Hartree approximation is that it does

not impose the anti-symmetric nature of the wavefunction. This can be enforced by

recasting the single-particle orbitals in the form of a Slater determinant:

Φ(r1, r2, ..., rN ) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣

φ1(r1) φ1(r2) · · · φ1(rN )

φ2(r1) φ2(r2) · · · φ2(rN )
...

...
. . .

...

φN (r1) φN (r2) · · · φN (rN )

∣∣∣∣∣∣∣∣∣∣∣∣
(2.9)

where the properties of the Slater determinant forces the wavefunction to change sign

upon exchange of any rows or columns. This inclusion of the Slater determinant by
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Fock is known as the Hartree-Fock approximation [65]. The full Hartree-Fock equation

is given by:

(
−1

2
∇2
i −

M∑
J=1

ZJ
|r−RJ |

+

∫
dr′

n(r′)

|r− r′|

)
φi(r)−

N∑
j=1

∫
dr′

φ†j(r
′)φj(r)

|r− r′|
φi(r

′) = εiφi(r)

(2.10)

where n(r′) is the electron density at r′ and is defined as:

n(r′) =
N∑
i=1

|φi(r′)|2 (2.11)

The final term on the left-hand side of Equation 2.10 is known as the non-local ex-

change operator and the set of N single-particle equations are known as the Hartree-

Fock equations. The exchange operator causes electrons of the same spin to be repelled

which results in an ‘exchange hole’ around each electron. The Hartree-Fock equations

describe a set of non-interacting electrons interacting with a mean-field potential cre-

ated by the Coulomb and non-local exchange potentials.

Although the Hartree-Fock approximation improves upon the Hartree approximation by

enforcing the anti-symmetric nature of the electronic wavefunction, the equations are

considerably more difficult to solve due to the non-locality of the exchange term. This

increase in complexity means that the time taken for a Hartree-Fock calculation scales

as N4, where N is the number of electrons in the calculation. As such, Hartree-Fock is

only applicable to systems with a modest number of electrons. Furthermore, assuming

a single-determinant form of the wavefunction completely neglects correlation effects

between electrons. However, the Hartree-Fock approximation is self-interaction free,

so the N th electron is only influenced by the N -1 electrons in the system.

2.2.2 Density Functional Theory

In Section 2.2.1, we have seen how the many-body wavefunction can be approxi-

mated as the product of one-particle wavefunctions, resulting in a set of single-particle

Schrödinger equations. Although providing an approximate method of solving Equa-

tion 2.1, the complexity of the non-local term in Equation 2.10 limits its applications.
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In 1964, Hohenberg and Kohn [66] provided an alternative to using the electronic

wavefunction as the main variable in electronic structure calculations. They produced

two theorems which showed that the ground state charge density, n(r), can be used as

the main variable in our calculations.

2.2.2.1 The Hohenberg-Kohn Theorems

Density functional theory is built upon the Hohenberg-Kohn theorems, namely:

Theorem 2.1: The external potential, Vext(r), is uniquely determined (up to an addi-

tive constant) by the ground state density, n0(r).

Theorem 2.2: For any Vext(r), we can define a functional for the energy in terms of the

density, E[n(r)]. The density that minimises this functional is the ground state density,

n0(r).

Theorem 2.1 assumes the system is non-degenerate but can be extended to degenerate

systems [67]. Theorem 2.2 holds only for densities that are V-representable i.e. ones

that are ground state densities of the external potential, Vext(r). V-representability is

a requirement to find a physically meaningful solution to the Schrödinger equation

[68, 69]. Both Theorem 2.1 and 2.2 assume that the system is in its groundstate.

Density functional theory cannot describe excited state properties of a system.

The Hohenberg-Kohn energy functional is given by:

EHK [n(r)] = Te[n(r)] + Eee[n(r)] +

∫
d3rVext(r)n(r) (2.12)

= FHK [n(r)] +

∫
d3rVext(r)n(r)

where Te, Eee, and Vext are the electron kinetic energy, electron-electron interaction

energy, and external potential, respectively. Equation 2.12 can be calculated by min-

imising the energy functional and imposing the constraint:
∫
n(r)dr=N , where N is

the total number of electrons in the system. As the energy functional is uniquely deter-

mined by the groundstate density, so too is the wavefunction. As such, all groundstate

properties of a system, i.e. ones not involving excitations, can be extracted from the

charge density.
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The Hohenberg-Kohn theorems can be generalised to include spin degrees of freedom

by considering two types of densities, namely, the particle density n(r) = n↓(r) + n↑(r)

and spin density s(r) = n↓(r) − n↑(r) where arrows denote spin-up and spin-down.

The energy functional is now given as EHK [n(r), s(r)] with all terms now having a spin

dependence.

Although the Hohenberg-Kohn theorems give us a means of reformulating the elec-

tronic Schrödinger equation in terms of the density, they give us no practical way to

solve the problem. This difficulty was overcome by Kohn and Sham [70] who proposed

the Kohn-Sham ansatz.

2.2.2.2 Kohn-Sham DFT

The Kohn-Sham method [70] replaces the interacting electron system with a system of

non-interacting independent particles where the two systems are assumed to have the

same ground state density. Introducing the auxiliary non-interacting system allows the

Schrödinger equation to be written as the sum of N single-particle equations as was

previously described in Section 2.2.1:

[
−1

2
∇2
i + Veff

]
φi(r) = εiφi(r) (2.13)

where Veff is the Kohn-Sham potential given by:

Veff = Vext(r) +

∫
n(r′)

|r− r′|
dr′ + VXC [n(r)] (2.14)

and φi(r) are known as the Kohn-Sham orbitals. We can rewrite the Hohenberg-Kohn

functional given by Equation 2.12 as:

EKS [n(r)] = Ts[n(r)] +

∫
d3rVext(r)n(r) + EH [n(r)] + EXC [n(r)] (2.15)

where Ts[n(r)] is the independent particle kinetic energy. The kinetic energy is given

by the non-interacting system. As such, it is not the true many-body kinetic energy.

The electron-electron interaction energy, Eee, has been separated into the Hartree en-

ergy, EH , and a term that accounts for the many-body effects in the system, EXC . By
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taking the difference of the Kohn-Sham and Hohenberg-Kohn energy functionals and

rearranging we obtain:

EXC [n(r)] = (Te[n(r)]− Ts[n(r)]) + (Eee[n(r)]− EH [n(r)]) (2.16)

Inspection of Equation 2.16 reveals that it is merely the energy difference between the

many-body effects of an interacting system and a non-interacting system. The EXC

term ensures the non-interacting Kohn-Sham equation has the same density as the

many-body interacting system.

A general algorithm for solving the Kohn-Sham equations self-consistently is given in

Figure 2.1. An initial guess to the charge density of the system is carried out by using,

for example, a superposition of atomic charge densities. From this, Veff is calculated

and the Kohn-Sham equations for the system are solved. The charge density is then

evaluated using Equation 2.11 and the total energy of the system is calculated. The

energy is then compared to the energy of the previous iteration. If the energies agree

within a predefined convergence, then the ground state has been found and the quan-

tities of the system are output. If the energies do not agree, the cycle repeats.

The Kohn-Sham eigenvalues, εi, given by Equation 2.13 are those of a non-interacting

system. As such, they have no physical meaning. The exception to this is the highest

eigenvalue of a finite system which is equal to the negative of the ionisation energy.

This is true only for the exact form of the exchange-correlation energy. When approx-

imations to EXC are used, this no longer holds. In contrast, the Hartree-Fock eigen-

values given by Equation 2.10 can be thought of as single-particle excitation energies

through Koopman’s theorem [71]. Within Kohn-Sham density functional theory, the

eigenvalues do hold a mathematical meaning through the Janak’s theorem [72]:

εi =
dEKS
dni

(2.17)

The eigenvalues are the derivative of the total energy of the system with respect to

their occupation.

One major limitation within Kohn-Sham density functional theory is the underestima-

tion of the bandgap. Although this was thought to be a consequence of the approxi-
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Figure 2.1: General algorithm employed in Kohn-Sham density functional theory.
An initial guess is carried out to the charge density and the effective potential, Veff is
calculated. The Kohn-Sham equations are then solved and the charge density and total
energy are evaluated. If the change in total energy from one iteration to the next is less
than some predetermined convergence criteria, the self-consistent cycle ends. If not,
the cycle repeats.
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mation to the exchange-correlation energy, it is instead a fundamental problem within

the method. In Kohn-Sham density functional theory, the fundamental bandgap, EKSg ,

is given as the difference in the highest occupied and lowest unoccupied states. This

differs from the definition of Eg from semiconductor physics, i.e. Eg = I − A, where I

is the ionisation potential and A the electron affinity. The relation between the two is

given by

Eg = EKSg + δXC (2.18)

where δXC is known as the derivative discontinuity in the exchange-correlation poten-

tial as the number of electrons passes through an integer value [73].

2.2.2.3 Approximations to the Exchange-Correlation Functional

Although Kohn-Sham density functional theory is exact, the true form of the exchange-

correlation functional in terms of the density is unknown. In this section, some of the

most popular approximations are presented.

Local Density Approximation

The first attempt to find an approximate form of EXC [n(r)] was the local density ap-

proximation (LDA):

ELDAXC [n(r)] =

∫
n(r)εhomXC [n(r)]dr (2.19)

εhomXC [n(r)] is the exchange-correlation of the homogenous electron gas (HEG) with den-

sity n(r) at a point r. Calculations on the homogenous electron gas were carried out by

Ceperley and Alder in 1980 using the quantum Monte Carlo method [74]. The assump-

tion is made that the electron density of the system is slowly varying with respect to r.

Thus the local density approximation is better suited to solids than atoms or molecules.

Although being a rather crude approximation, LDA performs well in many cases. This

is due, in part, to LDA giving the correct sum rule to the exchange-correlation hole

i.e. there is a total of one electron charge excluded from a radius surrounding an

electron at r. It does however underestimate ionisation energies and lattice constants,

and overestimates binding energies.
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Generalised Gradient Approximation

The next step to improve the approximation to EXC would be to also include the gra-

dient of the density. This is known as the generalised gradient approximation (GGA):

EGGAXC [n(r)] =

∫
n(r)εhomX FXC [n(r),∇n(r)]dr (2.20)

where εhomX is the exchange energy in the HEG and FXC is known as the enhancement

factor, with each GGA functional having a different form of FXC . GGA functionals tend

to produce more accurate atomisation energies, total energies and reaction barriers

than LDA.

One major issue with the (semi)-local LDA and GGA functionals is that they are based

on the mean-field of the electron density n(r). As such, the N th electron will feel

a potential created by the N -1 electrons in the systems and itself. This is known as

the self-interaction error which, in the HF method, is cancelled due to the exchange

contribution to the Hamiltonian. There are several, costly, methods to remove the self-

interaction error from density functional theory. However, the introduction of some

exact exchange from a Hartree-Fock calculation can reduce the impact of the error on

results.

Hybrid Functionals

The central idea behind hybrid functionals is to introduce a fraction of exact Hartree-

Fock exchange, EHFx , into the calculation of exchange energy using a LDA/GGA func-

tional, EGGA/LDAex :

EhybXC = αexE
HF
ex + (1− αex)EGGA/LDAex + EGGA/LDAc (2.21)

where EGGA/LDAc is the GGA/LDA correction energy and αex is the fraction of Hartree-

Fock exchange to be included in the calculation. One of the most popular hybrid func-

tionals in solid-state physics was proposed by Heyd, Scuseria, and Ernzenrhof (HSE)
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[75, 76]:

EHSEXC =
1

4
EHF,SRex (ω) +

3

4
EPBE,SRex (ω) + EPBE,LRex (ω) + EPBEc (2.22)

where the calculation has been separated into a short- and long-range component:

1

r
=

1− erf(ωr)

r
+

erf(ωr)

r
(2.23)

with ω taking a value of 0.2 Å−1. By separating the functional into short- and long-

range components, the HSE functional mimics a screened Coulomb interaction. For

ω=0, the long-range term becomes zero and the full Hartree-Fock exchange is used.

Conversely, for ω → ∞, the short-range term tends to zero and the PBE functional is

recovered. The value of αex=1/4 in Equation 2.22 was calculated by minimising the

error of atomisation energies of molecules found the in the G1 dataset [77, 78].

2.2.3 Basis-sets

Using Bloch’s theorem [79], we can rewrite the single particle wavefunctions as:

φi,k(r) = ui,k(r)eikr (2.24)

where k is a wave-vector that lies within the first Brillouin zone and ui,k(r) maps the

wavefunction from one unit-cell to the next, such that: ui,k(r)=ui,k(r+R). ui,k(r) can

be expanded as a linear combination of functions. This is known as the basis set.

Plane-waves are an obvious choice for the basis set as they immediately adopt the

periodicity of the system. In addition to this, plane-waves are the solution to the orbitals

in the HEG. ui,k(r) can be written in a plane-wave basis as:

ui,k(r) =
1√
Ω

∑
G

ci,k(G)eiG.r (2.25)

with the orbitals given as:

φi,k(r) =
1√
Ω

∑
G

ci,ke
i(k+G).r (2.26)
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where Ω is the volume of the cell, ci,k are a set of coefficients such that:
∑
|ci,k|2 = 1,

and G is the lattice vector in reciprocal space.

The plane-wave basis set is complete and orthogonal. It is also quite easy to evaluate

quantities in real or reciprocal space using fast Fourier transforms. The one major

drawback of using a plane-wave basis set is that all space must be represented using

plane-waves. In the case of molecules and slabs, a vacuum region is needed to limit

spurious interactions between images through periodic boundary conditions. Plane-

waves are used to represent this vacuum region which can increase the computational

load significantly.

In addition to plane-waves, atom-centred basis sets such as atomic orbitals (AO) can

also be employed. These have the advantage that the functions used are localised on

the atoms. As such, they are better suited for the treatment of molecules where large

vacuum regions are used. The expansion of the single particle wavefunctions in a AO

basis is given as:

φIlmn(r) = RInl(|rI |)Ylm(r̂I) (2.27)

where I is the index of the atom, l,m are the angular momentum and n allows for

multiple orbitals with the same l,m. Rnl(|rI|) are radial solutions of the Schrödinger

equation and Ylm(r̂I) are real spherical harmonics.

2.2.4 Pseudopotentials

The physical interactions in a system of atoms, such as chemical bonding, are primarily

due to the valence electrons. Here, the wavefunction is smooth in contrast to close

to the core, where it is rapidly oscillating due to the large attracting potential of the

nucleus [80]. As such, many plane-waves are needed to represent core states which

can increase the computational load substantially. To reduce the computational effort,

it is possible to replace the core states with a smooth pseudised (PS) wavefunction.

Such a transformation should only affect the wavefunction within some cutoff radius,

rC , with the PS and all-electron, (AE), wavefunctions being the same beyond rC . A

schematic of the pseudopotential concept is given in Figure 2.2.

The two types of pseudopotentials utilised in this thesis are projector augmented wave
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Figure 2.2: A schematic of the pseudopotential inside and outside the core region
of an atom at position R. The black and blue lines represent the exact potential and
pseudopotential, respectively. The exact potential and pseudopotential agree beyond
some cutoff region, rc, with the zeroth to second order differentials agreeing at rc.

(PAW) [80] and norm-conserving [81]. Norm-conserving pseudopotentials are defined

by the following properties [82]:

1. AE and pseudo-valence eigenvalues agree for a chosen ‘prototype’ atomic config-

uration.

2. AE and pseudo-valence wavefunctions agree beyond a chosen ‘core radius’, rc.

3. The integrals between 0 < r < rc for the AE and PS charge densities agree (the

norm-conservation rule).
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4. The logarithmic derivative of the AE and PS wavefunctions and their first energy

derivatives agree for r = rc.

Properties (1) and (2) ensure that AE and PS are equal beyond rc. Property (3) forces

the total charge in the core region, 0 < r < rc, to be the same for both the AE and PS

wavefunctions. This ensures that the potential outside the core region is also correct as

the potential outside a spherically symmetric charge distribution is only dependent on

the charge enclosed by the sphere. Point (4) is a direct result of the norm-conserving

property (3) and is crucial to ensure the transferability of the pseudopotential. The PS

wavefunction can be developed in a simple chemical environment and then used in a

much more complex system with a high degree of accuracy. However, transferability

can be difficult to obtain when an atom has several possible charge states. The correct

charge state will depend on the coordination of the atom which varies with the chemical

environment thus limiting transferability.

The PAW method has the advantage over norm-conserving pseudopotentials that it

does not enforce norm-conservation, allowing for a smoother PS wavefunction. In the

PAW framework, we introduce a PS wavefunction, |φ̃〉, and AE wavefunction, |φ〉 which

are related by:

|φ〉 = T |φ̃〉 (2.28)

where T is a linear transformation:

T = 1 +
∑
R

T̂R (2.29)

and TR is a local contribution that acts only within some augmentation region, ΩR,

enclosing the atom [80]. TR is defined for each individual augmentation region by

specifying a set target functions, |φi〉, from a set of initial functions, |φ̃i〉, such that:

|φi〉 = (1 + T̂R)|φ̃i〉 within ΩR (2.30)

Here, |φ̃i〉 are the PS partial waves and |φi〉 are the target AE partial waves. Within

ΩR, a partial-wave basis, |ψi〉 is constructed using radial solutions to the Schrödinger



2.2. Solving the Electronic Schrödinger Equation 36

equation. Therefore, we can write the PS and AE wavefunctions as:

|φ̃〉 =
∑
i

ci|ψ̃i〉 within ΩR (2.31)

and

|φ〉 =
∑
i

ci|ψi〉 within ΩR (2.32)

respectively. The coefficients, ci, are identical in each expression. Combining Equations

2.31 and 2.32, we can express the AE wavefunction in terms of the PS wavefunction

as:

|φ〉 = |φ̃〉+
∑
i

ci(|ψi〉 − |ψ̃i〉) (2.33)

where the expansion coefficients, ci, for the partial wave expansions remain to be de-

termined. Here, we have separated the AE wavefunction into three parts: the smooth

PS wavefunction |φ̃〉, the PS partial waves |ψ̃i〉, and the AE partial waves |ψi〉.

Since T is linear, we also require that the coefficients must be linear functionals of the

PS wavefunctions. As such, the coefficients are scalar products:

ci = 〈p̃i|φ̃〉 (2.34)

of the PS wavefunctions with projector functions, |p̃i〉, where there is one projector

function for each PS partial wave [80].

The projector functions are localised within ΩR and are such that
∑

i|ψ̃i〉〈p̃i| = 1.

As such, the one-centre expansion,
∑

i|ψ̃i〉〈p̃|φ̃〉, of a PS wave is identical to the PS

wavefunction, |φ̃〉. This implies that:

〈p̃i|ψ̃j〉 = δi,j (2.35)

The PAW method currently provides one of the best mixes of transferable accuracy and

speed in density functional calculations.
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2.2.5 Spin-Orbit Coupling

So far, a non-relativistic description of density functional theory has been presented.

However, when the electrons are moving with a speed on the same order as that of

light, this no longer holds.

As seen in Section 2.2.4, the one-electron wavefunctions within the PAW framework

are given as:

|φn〉 = |φ̃n〉+
∑
i

(|ψi〉 − |ψ̃i〉)〈p̃i|φ̃i〉 (2.36)

Any operator, O, acting on |φn〉 can be written as a pseudo-operator, Õ, acting on the

pseudo orbital, |φ̃n〉 [80]:

Õ = O +
∑
ij

|pi〉(〈ψi|O|ψj〉 − 〈ψ̃i|O|ψ̃j〉)〈pj | (2.37)

Assuming that the spin-orbit coupling (SOC) effects are negligible outside the PAW

spheres and that |φ̃n〉 forms a complete basis set, the first and third terms in Equation

2.37 cancel. This reduces the contribution of the SOC to the AE one-centre terms:

H̃SO =
∑
ij

|pi〉〈ψi|HSO|ψj〉〈pj | (2.38)

In the zeroth-order-regular approximation, HSO is given as [83]:

Hαβ
SO =

~2

(2mec)2

K(r)

r

dV (r)

dr
σαβ ·L (2.39)

where L is the angular momentum operator: L = r × p, and, σ = (σx, σy, σz) are the

2×2 Pauli spin matrices, V (r) is the spherical part of the effective AE potential with the

PAW sphere, and:

K(r) =

(
1− V (r)

2mec2

)−2

(2.40)

The action of the SOC operator on the pseudo orbital is given as

|φ̃αn〉 =
∑
α,β

H̃α,β
SO |φ̃

β
n〉 (2.41)

where α and β are the spin-up and -down components respectively [84].
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2.2.6 Van der Waals Correction to Density Functional Theory

Van der Waals (vdWs) forces are a set of non-local, long-range interactions includ-

ing: (i) the Pauli-exclusion principle, (ii) dipole-dipole interactions, (iii) dipole-induced

dipole interactions, and (iv) spontaneous dipole-induced dipole interactions. The last

instance is known as the London dispersion forces which dominate the binding in lay-

ered systems. Due to the (semi)-local nature of the LDA and GGA functionals, non-local

vdWs interactions are poorly described. As such, a correction must be made to the DFT

energy functional to account for these effects.

Several empirical corrections to account for non-local interactions in density functional

theory have been developed, the most notable of which are Grimme’s D2 [85] and

D3 [86] methods, as well as the Tkatchenko-Scheffler (TS) [87] approach. For each

method, the vdW energy is given by the sum over pairwise interactions:

E6 = s6

∑
i<j

Cij6
|ri − rj |6

fd,6(|ri − rj |) (2.42)

where s6 is a material dependent scaling factor different for each XC functional used,

Cij6 are coefficients which are determined according to the method used, and fd,6 is a

damping function. The damping function is such that it approaches 1 at large |ri − rj |

and 0 for small |ri−rj | to avoid a singularity due to the denominator in Equation 2.42.

For D2, the Cij6 coefficients are a function of atomic ionisation energies and polaris-

abilities calculated with the PBE0 [88] functional. The D3 coefficients are calculated

with time-dependent DFT for different atoms and then interpolated for the given sys-

tem being calculated. For the TS method, the Cij6 coefficients are calculated by scaling

the free atom polarisability values by a Hirschfeld-partitioned effective atomic volume

[86].

To move beyond a parameterised vdW correction to density functional theory, Dion et

al developed the so-called van der Waals density functional (vdW-DF) [89]. Beginning

with the adiabatic-connection fluctuation-dissipation theorem [90, 91], we can write

the XC-energy as a function of one-electron orbitals:

EXC = −
∫
d3rd3r′

∫ ∞
0

du

2π

∫ 1

0

dλ

λ
(χλ(r, r′, iu)Vλ(r, r′)− n(r)δ(r− r′)) (2.43)
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where Vλ(r, r′) = λ/|r − r′| is the electron-electron repulsion scaled by a coupling

strength, λ. The orbital-dependence emerges from χλ(r, r′, ω): the non-local frequency-

dependent density-density response function.

By replacing χλ with the non-interacting response function (λ = 0), Equation 2.43 is

equal to EX . Thus, EC can be expressed as the difference in EXC − EX :

EC = −
∫
d3rd3r′

∫ ∞
0

du

2π

∫ 1

0

dλ

λ
(χλVλ − χ0Vλ) (2.44)

Due to the ab initio derivation of the vdW-DF functional, it is expected to be the most

transferable and reliable vdW correction to density functional theory.

A more recent method developed by Tkatchenko and Sheffler [92] further improves

the accuracy of calculations by using the coupled fluctuating dipole model [93] and

treating the system as a set of coupled quantum harmonic oscillators to take into ac-

count many-body effects. This improves on the accuracy since screening and interact-

ing pairs of fluctuating dipoles are also taken into account. This approach is now seen

as one of the most accurate methods, with mean absolute relative errors compared to

coupled-cluster single-determinant calculations of 5% or less for all types of systems,

even outside the S22 set [94].

2.3 Calculation of Vibrational Properties

The calculation of the phonon frequencies of a crystalline material allows for the de-

termination of the stability, phase transitions, and thermodynamics of the system [95].

There are two approaches to ab initio phonon calculations: the linear response method

and the direct method. In the linear response method, the dynamical matrix, D(k;µν),

is expressed in terms of the inverse of the dielectric matrix.

For the direct method, two variants exist. In the frozen-phonon approach, the atoms

are displaced to represent a ‘snapshot’ of a phonon mode. The phonon energy is then

calculated as a function of the displacement amplitude. The second approach measures

the forces via the Hellmann-Feynman theory [96, 97]. From this, the force constants

can be calculated and the dynamical matrix constructed through a Fourier transfor-
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mation [95, 98]. It is a combination of these approaches that will be utilised in this

thesis.

Ab initio force constant calculations are based on the supercell approach. The displace-

ment of a single atom, u(0, ν), induces forces, F(n, µ), acting on all other atoms:

F(n, µ) = −
∑
L

B(n, µ;L, ν) ·u(0, ν) (2.45)

where B(n, µ;L, ν) are the (3×3) harmonic force constant matrices relating atoms

(n, µ) and (L, ν). Here, n is the index of the primitive unit cell and L are the indices of

the lattice constants of the supercell. µ and ν are the indices of atoms in the primitive

unit cell. The summation over L in Equation 2.45 accounts for the forces acting on all

atoms in the supercell due to the displaced atom, and the displaced atoms in all images

of the supercell through periodic boundary conditions. Therefore, it is straightforward

to introduce the cumulant force constant matrix:

BΣ(n, µ;0, ν) =
∑
L

B(n, µ;L, ν) (2.46)

which has the same symmetry as B(n, µ;0, ν). The (3×3) BΣ matrix can also be

represented by the (9×1) column matrix BΣ. It is convenient to decompose BΣ into a

component determined solely by symmetry, A, and one calculated from the interatomic

potential, PΣ:

BΣ(u, µ;0, ν) = A(n, µ;0, ν) · PΣ(n, µ;0, ν) (2.47)

Combining Equations 2.45 and 2.47 we obtain:

F(n, µ) = −U(0, ν) · A(n, µ;0, ν) · PΣ(n, µ;0, ν) (2.48)

where the displacement vector, U(0, ν), has been converted to a (3×9) matrix, with ele-

ments of u(0, ν). Letting C(n, µ;0ν) = −U(0, ν) · A(n, µ;0, ν), we can rewrite Equation

2.48 as:

F(n, µ) = C(n, µ;0, ν) · PΣ(n, µ;0, ν) (2.49)
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Equation 2.49 can also be written in global matrix form:

F = C · PΣ (2.50)

To determine PΣ, the single value decomposition method is applied to C giving: PΣ =

C−1 · F . This pseudo-inversion allows the treatment of problems with the singular

matrix, C.

Using the above, we can now construct the dynamical matrix:

D(k;µν) =
1√

MµMν

∑
m

B(0, µ;m, ν) (2.51)

× exp{−2πik · [R(0, µ)−R(m, ν)]}

Using the cumulant force constants from Equation 2.46, we can define an approximate

dynamical matrix as:

D(k;µν) =
1√

MµMν

∑
M

wMBΣ(0, µ;M, ν) (2.52)

× exp{−2πik · [R(0, µ)−R(M, ν)]}

Here, the summation, M , runs over all atoms. Mµ, Mν and R(0, µ), R(M, ν) are

the masses and positions of atoms, respectively. Atoms located at the surface of the

extended supercell are separated by a length, L, and are the equivalent displaced

atoms. These atoms influence the central atom with a similar strength. Therefore,

BΣ(0, µ;M, ν) must be taken with a fractional weight, wM , so that at the wave-vector,

kL, fulfilling the condition:

exp(2πikL ·L) = 1 (2.53)

the approximate and conventional dynamical matrices are equal: D(kL) = D(kL) [95].

By diagonalising the dynamical matrix the phonon eigenvalues and vectors of the sys-

tem can be determined. From Equation 2.53, we can see that phonon eigenvalues and

vectors calculated at kL are exact. Dispersion curves between exact points are interpo-

lated; however, if the force constants outside the supercell used in the calculation are

negligible, then the eigenvalues and vectors are exact for all wave-vectors.
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2.4 Ab Initio Molecular Dynamics

Molecular dynamics (MD) simulations allow for the calculation of a systems dynamical

properties at finite temperature and pressure while simultaneously providing a micro-

scopic view of the atomic motions of particles. In MD simulations, the forces on each

atom are determined through some potential. The system is then propagated by solv-

ing Newton’s equations of motion. Traditionally, the calculation of interatomic forces

was carried out using an empirical potential that was fitted to reproduce the experi-

mentally measured properties of the system of interest for example, the bulk modulus,

lattice constants, or phonon dispersion. The approach has had immense success in

many areas of research from liquids, to biological matter and solids [99].

Despite its success, MD simulations using parameterised potentials have several limi-

tations. One major constraint is the lack of transferability of potentials. As was men-

tioned, potentials are fitted to reproduce specific characteristics of a material that have

been determined experimentally. As such, there is no guarantee that a potential that

can reproduce the experimental bulk modulus can also reproduce the experimental

thermal conductivity, say. The second issue is that calculations are set up in such a way

that atomic bonds are predefined through the potential. Therefore, there is an inability

to describe the creation and breaking of bonds.

To address the limitations of the parameterised potential MD, ab initio MD (AIMD)

was developed. The forces are calculated from the electronic structure of the system

which is evaluated at each timestep using the methods described in Section 2.2. The

ions are then allowed to propagate according to Newton’s equations of motion. By

incorporating the electronic structure explicitly in the AIMD calculation, many-body

forces, polarisation, and bond creation/breaking are all included in the simulation.

The only limitation is the underlying electronic structure method [99]. One major

drawback in including the electronic degrees of freedom during the MD run is the

substantial increase in computational time. This increase in workload means that AIMD

is currently only applicable to systems of a several thousand atoms on timescale of tens

or hundreds of picoseconds.

From Equation 2.3 we see that the electronic and nuclear degrees of freedom can be de-
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coupled leaving us with an electronic wavefunction, Ψ(r1, ..., rN ), and a nuclear wave-

function, χ(R1, ...,RM ). The nuclear eigenvalue equation is given by:

[TN + VNN (R) + εi(R)]χ(R) = Eχ(R) (2.54)

The electronic eigenvalues, εi, give rise to a set of i free-energy surfaces on which

the time-dependent nuclear wavefunction, X(R, t), can evolve. This is determined by

solving the time-dependent Schrödinger equation:

[TN + VNN (R) + εi(R)]X(R, t) = i~
∂

∂t
X(R, t) (2.55)

In the above, the effects of non-adiabatic coupling have been neglected. The nuclear

motion on the groundstate free-energy surface can be described by:

[Te + Vee(r) + VeN (r,R)]φ0(r,R) = ε0(R)φ0(r,R) (2.56)

[TN + VNN (R) + εi(R)]X(R, t) = i~
∂

∂t
X(R, t) (2.57)

Neglecting quantum effects, we can assume an ansatz for X(R, t) in the form [99]:

X(R, t) = A(R, t)eiS(R,t)/~ (2.58)

S(R, t) in known as Hamilton’s principal function and is such that:

∂S

∂t
=
∑
i

piq̇i −H = L (2.59)

where H is the Hamiltonian of the system, L is the Lagrangian, and (pi, qi) are a set of

variables given by:

q̇i =
∂H

∂pi
, ṗi = −∂H

∂qi
(2.60)

In the classical limit, we can neglect all terms involving ~ and arrive at an approximate

equation for S(R, t):

HN (∇IS, ...,∇NS,R1, ...,RN ) +
∂S

∂t
= 0 (2.61)
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Calculate forces: F=F(Ψ(r+Δt))

Apply boundary conditions, 

thermostat, and barostat

Calculate output quantities 

t=t+Δt

Calculate acceleration: a(t+Δt)=F/m

r(t+Δt)=r(t)+v(t)Δt+1/2a(t)Δt2

Update positions

Update Velocities

v(t+Δt)=v(t)+1/2(a(t)+a(t+Δt))Δt

Atoms have initial postion, r, and velocity, v

Choose some Δt

Figure 2.3: Algorithm employing the Velocity Verlet method for ab initio molecular
dynamics. The initial positions and velocities of the atoms in a system are provided.
The atomic positions are updated. The forces and resulting acceleration on the atoms
are calculated. The atomic velocities are then updated. Boundary conditions, ther-
mostating, and barostating are applied and the quantities of interest are output. The
process is then repeated for as long is necessary.
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which is just the classical Hamiltonian-Jacobi equation with:

HN (P1, ...,PN ,R1, ...,RN ) =
N∑
I=1

P2
I

2MI
+ VNN (R) + ε0(R) (2.62)

The Hamiltonian-Jacobi equation is equivalent to classical motion on the ground-state

free-energy surface, E0(R) = ε0(R) + VNN (R), given by:

ṘI =
PI

MI
(2.63)

ṖI = −∇I(ε0(R) + VNN (R)) (2.64)

where

−∇Iε0(R) = 〈φ0(R)|∇IHe(R)|φ0(R)〉 (2.65)

through the Hellmann-Feynman theorem [96, 97].

Equations 2.63 to 2.65 form the theoretical basis for the AIMD approach. Density

functional theory is used to find a numerical solution to Equations 2.63 and 2.64 with

the forces obtained from Equation 2.65. Having determined the forces on the atoms,

the system can be propagated through numerical integration of Newton’s equations of

motion by, for example, the Velocity Verlet [100] or predictor-corrector algorithm, with

the temperature and pressure of the system being controlled by a thermo- and barostat,

respectively. An algorithm for AIMD using the Velocity Verlet algorithm is given in

Figure 2.3. Due to the corrector stage in the predictor-corrector method, the algorithm

no longer observes time-reversal symmetry. As such the Velocity Verlet algorithm is the

preferred method of choice for numerical integration of Newton’s equations of motion.



Chapter 3

Vibrational, Thermal, and

Mechanical Properties of hBN

The following chapter presents the vibrational, thermal, and mechanical properties of

few-layer hexagonal boron nitride (hBN). The work presented in this chapter can be

found in references [18, 35, 101] and was carried out in collaboration with Professor

Luhua Li of Deakin University and Professor Dong Qian of the University of Texas.

As discussed in Section 1.2.2.1, hexagonal boron nitride (hBN) is an atomically thin

analogue of graphene with boron and nitrogen atoms occupying the A and B sublat-

tices as opposed to carbon atoms (Figure 1.4). hBN is an insulating material with a

bandgap of ∼5.9 eV [19] that has received relatively little research interest in compar-

ison to graphene and the transition metal dichalcogenides. hBN has found itself being

applied in several areas such as dielectric substrates to improve mobilities in graphene

and MoS2 [20, 102], molecular sensors due to a conformational change of the surface

[103], in addition to protecting metals against corrosion and oxidation due to its high

thermal stability and impermeability [104, 105].

To realise mono- and few-layer hBN’s application in the next generation of electron-

ics, large-area, high-quality hBN nanosheets need to be isolated and identified quickly

and accurately. Raman spectroscopy is a powerful technique that can identify doping
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[106], strain [107] and, temperature [108] effects in materials. Additionally, the num-

ber of layers in a thin film of material can be easily determined as the Raman active

modes are generally sensitive to a change in layer number. In the case of hBN on an

SiO2/Si substrate, monolayer hBN showed an upshifted Raman active G band, whereas

few-layer hBN displayed a downshifted band relative to the bulk [109]. However, con-

flicting reports have emerged [105, 110, 111] which showed that all bands upshifted

with respect to the bulk. Such differences in experimental results must be addressed.

In addition, the use of hBN as a dielectric substrate in flexible electronics requires accu-

rate measurements of its mechanical properties. Monolayer hBN was reported to have

a Young’s modulus of 0.334±0.024 TPa [112] which is much lower than several theo-

retical studies [113–115]. Such discrepancies in reported results implies a knowledge

gap which needs to be addressed. Moreover, the incorporation of hBN into electronic

devices needs a precise understanding of how the thermal properties of few-layer hBN

change with heating as such an effect is inevitable in any electronic circuit.

The chapter is divided as follows: Section 3.1 presents experimental results on the

Raman spectra of hBN bound on a SiO2/Si substrate and suspended hBN. It is found

that the Raman active G band is not sensitive to a change in the number of layers

for suspended hBN but is for substate bound hBN with the difference being attributed

to strain induced by the SiO2/Si surface. The experimental trend for substrate-bound

hBN is confirmed with ab initio calculations using the optB88-vdW [116, 117] and

hybrid HSE06 [75, 76] functionals. Both functionals underestimate the frequency of

the Raman active mode; however, by increasing the amount of exact Hartree-Fock

exchange in HSE06 to ∼0.4, theoretical calculations can capture the experimentally

measured Raman frequencies precisely.

In addition to the Raman frequencies, the thermal expansion of 1-3L hBN was mea-

sured experimentally and theoretically using the quasi-harmonic approximation. Ab

initio calculations show that the thermal expansion is negative between ∼0-600K and

increases with increasing layer number. This is confirmed by experimental measure-

ments which qualitatively reproduce the trend in the 293-423K range. Calculations on

the Grüneisen parameters reveal a negative value for the ZA phonon branch which is

the cause of the negative thermal expansion.
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Section 3.2 deals with the mechanical properties of multilayer hBN. The Young’s mod-

ulus of multilayer hBN and graphene is measured experimentally through nanoinden-

tation. It was found that there was a relatively small variation in the measured Young’s

modulus of hBN between 1-9 layers. Comparatively, 1-8 layer graphene showed a sig-

nificant change. Finite element calculations on bilayer graphene and hBN carried out

by Professor Qian’s group measured the pressure and strain on the systems close to,

and far away from the indenter tip. These values were used in theoretical calculations

on the interlayer interaction energies. It was found that close to the indenter tip, the

interlayer interaction energy in graphene becomes negative, indicating the layers are

no longer stable in the AB stacking configuration. Conversely for hBN, the energy in-

creases, indicating the system will stay in the equilibrium AA′ stacking configuration.

This shows a clear difference in the interlayer interactions in bilayer hBN and graphene.

3.1 Substrate Effects on Raman Frequencies and Thermal Ex-

pansion of hBN

Professor Li’s group identified atomically thin hBN nanosheets using optical microscopy

on SiO2/Si (Figures 3.1a,d). The thickness of the hBN nanosheets was characterised

through atomic force microscopy (AFM) measurements shown in Figures 3.1b,e with

the height traces overlaid. The thickness of the monolayer and bilayer systems was

found to be ∼0.53 and 0.89 nm, respectively, consistent with previous reports [104,

109–111]. The G band frequencies, corresponding to the E2g mode, of substrate-bound

and suspended hBN are shown in Figure 3.1c,f. For bulk hBN, a G band frequency of

1366.6±0.2 cm−1 (N=6, where N is the number of samples) was measured which is

consistent with previous studies [105]. From the monolayer system to bulk, there is

a clear decrease in the G band frequency for substrate-bound hBN: 1369.6±0.6 cm−1

for monolayer (N=8), 1369.0±0.5 cm−1 for bilayer (N=6), and 1367.5±0.2 cm−1 for

trilayer (N=9). In addition, 1-3L hBN showed more variation between samples in their

measured G band frequencies than the bulk crystal.

There are three possible reasons for the increase in G band frequency of substrate-

bound hBN:
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Figure 3.1: Experimental optical, AFM, and Raman measurements on 1-3L and
bulk hBN. (a) Optical image of 1-3L hBN nanosheets bound to the SiO2/Si substrate.
(b) The corresponding AFM image with height trace inserted. (c) Raman frequencies
of the G band for substrate-bound 1-3L and bulk BN. (d) Optical image of 1-2L hBN
nanosheets partially suspended over ∼1.3 µm wells. (e) AFM image with height trace
inserted. (f) Raman frequencies of the G band of suspended 1-3L hBN and bulk hBN.
Reproduced from [35]

1. Doping due to substrate or adsorbates.

2. Heating from the laser during Raman measurements.

3. Strain induced by the substrate.

Doping effects are ruled out as previous studies have shown that monolayer hBN was

not subject to doping [118]. Additionally, laser heating can also be ruled out as an

increase in temperature leads to a redshift of the G band [119, 120]. Thus, only one

possibility remains: strain. The corrugation and rippling of the SiO2 surface could

induce strain on atomically thin hBN with similar effects having been seen in the case

of graphene [121, 122]. As seen in Figure 3.1f, there is little variation in the average

G band of suspended hBN: 1367.3±0.3 cm−1 for monolayer, 1367.0±0.1 cm−1 for

bilayer, 1367.0±0.2 cm−1 for trilayer, and 1366.6±0.3 cm−1 for bulk. As there is no

possibility of doping or heating from the laser, the only possible explanation for the

difference in the trend has to be strain. Suspended hBN experiences much less strain

compared to the substrate-bound sample due to the absence of a corrugated and rippled

substrate surface.
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Figure 3.2: Theoretical calculations on the phonon dispersion, Raman frequency,
and Grüneisen parameter of few-layer hBN. (a) Phonon dispersion with the acoustic
(ZA, TA, LA) and optical (ZO, TO, LO) branches labelled for 1L hBN nanosheets calcu-
lated within density functional theory. The range-separated hybrid functional HSE06
was used at different values of the mixing factor αex found in Equation 2.21. The
frequency of phonon branches increases with increased αex, as displayed in different
colours. (b) The enlarged region along the optical mode (E2g) highlighted by a small
green rectangle in (a) to compare HSE06 simulations with the experimental value (red
bar). (c) Calculated Raman shifts for the E2g mode as a function of αex for the 1L hBN
system. The different values of αex correspond to the different contributions of HF
exact exchange to the exchange-correlation functional: 0.0 (optB88-vdW functional),
0.10, 0.25 (standard HSE06), 0.35, and 0.40. (d) Ab initio Raman spectra of free-
standing 1-3L, with the vertical dashed line representing the calculated E2g frequency
of bulk hBN calculated at the optB88-vdW level. The top inset shows a schematic of the
Raman-active E2g mode in hBN, and the bottom inset shows the variation of the Raman
shift as a function of thickness at standard HSE06 functional (faint brown squares) and
optB88-vdW (orange squares) in comparison with the experimental values (red cir-
cles). (e) Phonon Grüneisen dispersion relations calculated for the 1L hBN layer at
standard HSE06 (faint brown) and optB88-vdW (orange) levels of theory. Reproduced
from [35].

To better understand the vibrational properties of hBN, density functional theory cal-

culations using the van der Waals (vdWs) corrected optB88-vdW [116, 117] functional

and the hybrid HSE06 [75, 76] functional which includes 25% Hartree-Fock exchange

were undertaken. Figure 3.2a shows the phonon dispersion of monolayer hBN for sev-



3.1. Substrate Effects on Raman Frequencies and Thermal Expansion of hBN 51

eral values of exact exchange, αex, with the acoustic (ZA, TA, LA) and optical (ZO,

TO, LO) modes labelled. For each value of αex, the lattice parameters and internal

coordinates were re-optimised. In general, we see an increase in the frequency of the

phonon modes with increasing αex. The most substantial difference from optB88-vdW

(αex = 0) to HSE06 (αex = 0.4) is seen for the ZO mode (47.80 to 67.41 cm−1, 41.0%

change). Figure 3.2b highlights the change in the frequency of the doubly degenerate

Raman active E2g modes at the Γ-point. It can be seen that optB88-vdW and HSE06

(αex = 0.25) give rise to ∼1.5% and 0.5% underestimation of the frequency compared

to experiment, respectively. However, increasing the value of exact exchange, αex, to

0.4 leads to a near negligible difference between the theoretically calculated and exper-

imental measured frequency (Figure 3.2c). This highlights the need to include a large

fraction of exact exchange to correct for the self-interaction error discussed in Section

2.2.2.3. In addition, the use of the range separation in the HSE06 functional recov-

ers the exact −1/r asymptotic form of the potential. This was needed to reproduce

experimentally measured values exactly with previous studies showing this for several

non-layered systems [123].

Figure 3.2d shows the Raman spectra for 1-3L and bulk hBN under a 514.5 nm laser

calculated using the optB88-vdW exchange-correlation functional. The polarisation of

the incident and scattered beams was set along the (010) axis. The frequency of the E2g

mode of freestanding 1-3L and bulk hBN were calculated to be 1348.5, 1343.3, 1347.6

and 1343.7 cm−1 respectively using the optB88-vdW functional which are downshifted

compared to the experimental values. Improvement can be achieved using the HSE06

functional with αex = 0.25. The frequencies for 1-3L and bulk hBN becoming 1360.5,

1357.6, 1357.4 and 1356.8 cm−1 respectively (inset, Figure 3.2d). The results at

HSE06 level reproduced the experimental results shown in Figure 3.1f whereby the

change in the frequency of the E2g mode does not depend sensibly on the number of

layers. This result is contrary to the behaviour of several other 2D materials [124–126].

Using the phonon frequencies, the mode Grüneisen parameters were calculated using:

γi = − V

ωi(q, ν)

∂ωi(q, ν)

∂V
(3.1)

at optB88-vdW and HSE06 (αex=0.25) level (Figure 3.2e). The derivative on the right-
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hand side of Equation 3.1 is calculated by applying a small positive and negative strain

to the system and the change in phonon frequency with respect to the volume is mea-

sured. However, the volume term in Equation 3.1 poses a problem for two-dimensional

materials as the definition of volume is ambiguous. Replacing the volume term, V ,

with AL where A is the area of the material and L is the length of the cell along the

non-periodic direction it can be seen that:

γi = − AL

ωi(q, ν)

∂ωi(q, ν)

∂(AL)
(3.2)

If L is held fixed during the calculation, and the strain is applied in-plane only, then we

are measuring the change in phonon frequency with respect to area:

γi = − V

ωi(q, ν)

∂ωi(q, ν)

L∂A
(3.3)

It can be seen that the L terms cancel and, as such, the calculation of mode Grüneisen

parameters has no dependence on the vacuum spacing used in the calculation.

HSE06 gave smaller Grüneisen parameters compared to optB88-vdW due to the in-

crease in phonon frequencies. The calculated values of γi using HSE06 lay in the range

-1.13 to +0.83. The modes can be grouped into two sets: (i) modes with γi > 0

were formed by the in-plane vibrations, (ii) modes with γi < 0 were formed by out-of-

plane vibrations which was previously reported for few-layer hBN [127] and graphene

[128]. We also note that the phonon frequencies are susceptible to strain. For example,

changes in the lattice constants as small as ∼0.15% result in a frequency shift of ∼9

cm−1.

Having identified the role of the substrate on the phonon frequencies in 1-3 layer hBN,

Professor Li’s group utilised Raman spectroscopy to measure the thermal expansion co-

efficients (TECs) of 1-3 layer hBN. The samples were exfoliated on to SiO2/Si without

micro-wells (Figure 3.3a,b). The frequency shifts of the Raman G band were measured

in the temperature range 293-423 K (Figure 3.3c-e). It can be seen that the G band fre-

quency decreases with increasing temperature. As mentioned before, substrate doping

can be ruled out in the case of hBN. As such, there are three possible reasons behind

the redshift:
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Figure 3.3: Experimental AFM, temperature dependent Raman measurements,
thermal expansion coefficients, and theoretical thermal expansion calculations.
(A) AFM image of 1-2L hBN on SiO2/Si substrate (without micro-wells); (B) diagram
of the optothermal Raman technique for TEC measurement; (C-E) the G bands of the
SiO2 substrate supported 1-3L hBN at 293-423 K; (F) the corresponding G band fre-
quency shift as a function of temperature and the linear fittings of 1-3L hBN using
TEC as fitting parameters; (G) experimental (dots) and theoretical (lines) curves of the
TECs of the 1-3L BN. Reproduced from [101].

1. Thermal expansion of the hBN lattice, ∆ωEG(Tm).

2. Anharmonic effects, ∆ωAG(Tm).

3. Thermal expansion mismatch between the hBN sheets and SiO2/Si substrate,

∆ωSG(Tm) (inset Figure 3.3B).

Here, Tm is the temperature of the sample. ∆ωSG(Tm) is the effect of strain, ε(Tm), due

to the TEC mismatch between hBN and SiO2 which can be expressed as:

∆ωSG(Tm) = βε(Tm) = β

∫ Tm

297
(αSiO2/Si(Tm)− αhBN(T ))dT ) (3.4)

where β = 2γiωG is the biaxial strain coefficient of the G band, γi is the mode

Grüneisen parameter for 1-3L hBN (obtained from theoretical calculations [101]),

and ωG is the zero strain frequency of the G band. αSiO2(Tm) and αhBN(T ) are the

thermal expansion coefficients of SiO2/Si and hBN, respectively, with αSiO2(Tm) being

measured by finite element calculations [101]. Because the measured temperature-
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Figure 3.4: Experimental measurements on the elastic properties of graphene and
hBN nanosheets using AFM. (a) 2D Young’s modulus, E2D, of graphene (G) and hBN
nanosheets of different thicknesses. Dashed lines indicate projections based on mul-
tiplying the monolayer value of E2D by the number of layers. (b) Volumetric Young’s
modulus (E) of G and hBN nanosheets of different thicknesses. Dashed lines indicate
the monolayer value of Young’s modulus of G and hBN. From panel (b) it is clear that G
deviates more from the monolayer value of the Young’s modulus than hBN. Reproduced
from [18].

dependent G band shifts of the suspended hBN nanosheets contribute only to ∆ωEG(Tm)

and ∆ωAG(Tm), Equation 3.4 can be used to fit the experimental data of the G band shifts

for substrate-bound hBN nanosheets (Figure 3.3F). Figure 3.3G shows the theoretical

and experimental thermal expansion, α, of 1-3L hBN nanosheets. The experimental

TECs of 1-3 layer hBN at room temperature were estimated to be (-3.57±0.18)×10−6,

(-2.55±0.28)×10−6, and (-1.67±0.20)×10−6/K, respectively. Theoretical calculations

using the quasi-harmonic approximation (QHA) qualitatively reproduce the experimen-

tally measured trend of increasing thermal expansion with an increasing number of

layers. In the temperature range ∼0-600 K, a negative thermal expansion coefficient is

observed (Figure 3.2e) with the negative thermal expansion arising from the calculated

negative Grüneisen parameter relating to the ZA mode [127, 129, 130].
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Figure 3.5: Finite element analysis on the strain distribution of hBN during inden-
tation. (a) Nominal strain distribution in 1L hBN suspended over a micro-well with
a radius of 650 nm under a fracture load. (b) Enlarged view close to the indentation
centre, with the indenter tip (6.3 nm in radius) shown as a dashed circle. (c) Strain
distribution along the radius of the nanosheet under the fracture load. Reproduced
from [18].

3.2 Interlayer Interactions in hBN and Graphene

Having studied the effect of phonons and temperature on few-layer hBN, the mechan-

ical properties of hBN and graphene (G) are examined. Figure 3.4 shows the Young’s

modulus of G and hBN nanosheets of different thickness measured by Professor Li’s

group using nanoindentation. The average 2D Young’s modulus, E2D, of 1-3L G was

342±8 Nm−1 (N=11), 645±16 Nm−1 (N=13), and 985±10 Nm−1 (N=6), respec-

tively. These results are consistent with previous studies on G [13, 131]. The average

2D Young’s modulus, E2D, of 1-3L hBN was 289±24 Nm−1 (N=11), 590±38 Nm−1

(N=14), and 822±44 Nm−1 (N=6), respectively. The dashed lines in Figure 3.4a

show the projection of the monolayer E2D with increasing layer number. It can be seen

that E2D for G deviated more from the projected values than hBN indicating a stronger

dependence on the interlayer interactions. This is clearly seen in Figure 3.4b where the

volumetric Young’s modulus, E, of G and hBN is plotted. The E of 1L G is 1.026±0.022

TPa and undergoes a reduction of 8.2% to 0.942±0.003 TPa for 9L G. Conversely, lit-

tle change is seen in the Young’s modulus of hBN. 1L and 9L hBN have E values of

0.865±0.073 and 0.856±0.003 TPa, respectively; a reduction of only 1.0%.

To elucidate the nature of the strain distribution during indentation of suspended G

and hBN nanosheets, finite element simulations employing the ABAQUS code [132]

were carried out by Professor Qian’s group. Figure 3.5a shows the strain distribution
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Figure 3.6: Theoretical calculations on the pressure response of bilayer graphene
and hBN. The interlayer distance is decreased, the forces on the atoms along the z-
direction are measured, and the pressure calculated. (a) Graphene pressure response.
Increasing the in-plane tensile strain applied to graphene results in a reduced pressure
response. Between 16.8% and 21.7% there is little change in the calculated pressure.
(b) Pressure response for hBN. Negligible change in the pressure response upon apply-
ing an in-plane strain is observed.

over a 650 nm micro-well with the strain concentrated at the very centre of the load,

i.e. only a small proportion of the hBN sheet adjacent to the indenter (dashed line

Figure 3.5b) was highly strained. This is evident through the strain distribution curve

from the centre of the indenter tip to the edge of the micro-well (Figure 3.5c).

The experimental results have shown that the strength of graphene decreased signif-

icantly with increasing layer number. Similar trends have been observed for MoS2/G

and MoS2/WS2 heterostructures [133]. Previous reports have suggested this is due to

interlayer slippage in few-layer G under indentation [134]. Conversely, the strength of

hBN had minimal change with increasing layer number (Figure 3.4).

To determine the cause of the difference in mechanical properties with increasing layer

number, ab initio density functional theory calculations including van der Walls (vdW)

interactions for 2L G and hBN are carried out. Finite element simulations (Figure 3.5)

show that far from the indenter tip 2L G and hBN experience negligible strain and

pressure and can be modelled using the equilibrium geometries; however, close to the

centre the materials experience significant in-plane strain and out-of-plane compres-

sion.

To calculate the pressure applied to 2L G and hBN, the interlayer distance is reduced

and the forces along the z-direction are used to determine the applied pressure. For 2L
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Graphene hBN

Radial Distance (nm) Strain (%) Pressure (GPa) Strain (%) Pressure (GPa)

0 21.7 16.9 14.5 14.1
2 16.8 17.9 12.4 14.2
4 12.4 8.9 9.8 5.3
10 7.2 0 5.7 0
∞ 0 0 0 0

Table 3.1: Calculated strain and pressure in 2L graphene and hBN from finite
element calculations. Distances of 0, 2, 4, 10, and∞ nm from the indenter tip during
nanoindentation are calculated.

G, increasing the in-plane strain leads to a decrease in the pressure response (Figure

3.6a). Similarly for hBN a decrease in the pressure response is observed with the

application of 5.7% in-plane strain; however, for larger values of strain the pressure

response is negligible (Figure 3.6b).

Figure 3.7a shows the calculated nominal strain and interlayer pressure at radial dis-

tances of 0 to 10 nm from the indenter centre. For our vdW-corrected theoretical

calculations, five distances from the indenter tip: 0, 2, 4, 10, and∞ nm are used. The

strain and pressure at these distances, calculated from Professor Qian’s finite element

calculations, are applied to the system and the sliding energy is measured. We define

the sliding energy as the total energy difference relative to the equilibrium stacking at

different points in the sliding pathway. Table 3.2 summarises the five combinations of

strain and pressure considered in the calculations for 2L G and hBN.

At equilibrium geometries, the sliding energy of hBN from AA′ to AA′ stacking was

only slightly larger than that of G from AB to AB stacking: 7.22 vs 5.12 meV/unit-

cell (Figure 3.7b). These results are qualitatively consistent with previous calculations

[135, 136]. When the lattice is strained to model a distance of 10 nm from the indenter

tip, the sliding energies of both systems increased: 11.64 meV/unit-cell for G and 21.57

meV/unit-cell for hBN (Figure 3.7c). Moving to a distance of 4 nm from the indenter

centre, hBN and G start to display different characteristics. The sliding energy of G

decreases to ∼0 meV/unit-cell whereas the sliding energy of hBN increased to 69.56

meV/unit-cell. This trend continues with the smaller radial distances: the sliding of

graphene decreases to -112.26 meV/unit-cell but hBN experiences a further increase to

582.84 meV/unit-cell (Figures 3.7e,f).
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Figure 3.7: Theoretical calculations on the change of sliding energies in 2L G and
hBN with strain and pressure. (a) Finite element calculation induced in-plane strain
(solid lines) and out-of-plane pressure (dashed lines) in 2L graphene and hBN within
a radial distance of 10 nm from the indentation centre. (b-f) Sliding energies in 2L
G (AB to AB) and hBN (AA′ to AA′) under five conditions: (b) equilibrium/standard
state without strain or pressure, representing the portion of G and hBN not close to
the indentation centre; (c) at a radial distance of 10 nm away from indentation centre:
7.2% strain + 0 GPa pressure in 2L G, and 5.7% strain + 0 GPa pressure in 2L BN; (d)
4 nm away from indentation centre: 12.4% strain + 8.3 GPa pressure in 2L G and 9.8%
strain + 5.3 GPa pressure in 2L BN; (e) 2 nm away from indentation centre: 16.8%
strain + 17.9 GPa pressure in 2L G and 12.4% strain + 14.2 GPa pressure in 2L BN; (f)
the indentation centre or 0 nm: 21.7% strain + 16.9 GPa pressure in 2L G and 14.5%
strain + 14.1 GPa pressure in 2L hBN. Reproduced from [18].

The different electronic character of G and hBN, i.e. semi-metallic and insulating,

respectively, play a major role in their distinct sliding characteristics. With increasing

strain and pressure in G, the 2pz orbitals tend to overlap resulting in a decrease in

the stability of the system causing the layers to slip during indentation. Contrarily in

hBN, the interaction of the 2pz orbitals causes the sliding energy to increase forcing the

system to remain in its equilibrium stacking configuration.
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Figure 3.8: Theoretical calculations comparing the optB88-vdW functional and
Tkatchenko’s many-body dispersion (MBD) for (a) G and (b) hBN. Qualitatively,
both dispersion corrections give the same trend however the calculated values for the
sliding energy, ES, differ. Reproduced from reference [18].

To ensure there is no dependence on the vdWs correction used, additional calcula-

tions using the many-body dispersion (MBD) method along with the PBE functional

(PBE+MBD, Figure 3.8) [92, 137, 138] were carried out. Figure 3.8 shows that cal-

culations using optB88-vdW and PBE+MBD are entirely consistent suggesting a gen-

erality of the underlying physics associated with the sliding process. The numerical

differences between the two methods are evident; however, this is due to the accuracy

and methodology employed in each approach.

3.3 Discussion

The work presented in this chapter has clarified the identification of mono- and few-

layer hBN through Raman spectroscopy in addition to the change in the hBN lattice

upon heating. Both of which are vital for the application of hBN into electronic devices

as the number of layers needs to be known exactly in addition to the effect of heating

on the device structure. Moreover, the high value of the Young’s modulus allows for

the application of hBN in flexible electronic devices as a substrate to enhance mobili-

ties of several other materials such as graphene and MoS2, both of which have found

themselves applied to such devices. Additionally, the measurements on the thermal ex-

pansion of multilayer hBN are the first of their kind and allow for precise knowledge of

the systems behaviour while being heated. This is vital for realising hBN as a substrate
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in electronic devices where heating of the material is inevitable.

3.4 Additional Details on Methods

Theoretical calculations were performed using the Vienna ab initio simulation package

VASP [139–141]. For the calculation of phonon frequencies, PHONON [95, 142] and

Phonopy [143] were utilised with a 2x2x1 supercell along with the vdWs corrected

optB88-vdW [116, 117] and hybrid HSE06 [75, 76] functionals. The calculation of

the thermal expansion coefficients and Grüneisen parameters were completed using

Phonopy and optB88-vdW. The thermal expansion coefficients were calculated under

the quasi-harmonic approximation (QHA). The calculation of the Raman intensity was

carried out using PHONON. To measure the Raman cross section, the dielectric constant

was calculated by measuring the response of the system to a finite electric field and is

given by:

ε∞ij = δij +
4π

ε0

∂Pi
∂Ej

(3.5)

where P is the macroscopic polarisation and E is the finite electric field. To determine

the groundstate of the system under the application of a finite electric field, the electric

enthalpy functional:

E[{φ(E)}, E ] = E0[{φ(E)}]− ΩE ·P[{φ(E)}] (3.6)

is minimised. Here, Ω is the cell volume and {φ(E)} are the field-polarised Bloch func-

tions. The final term in the right-hand side of Equation 3.6 gives rise to an additional

term in the Hamiltonian:

H
∣∣∣φ(E)
nk

〉
= H0

∣∣∣φ(E)
nk

〉
− ΩE · δP[{φ(E)}]

δ
〈
φ

(E)
nk

∣∣∣ (3.7)

where H0 is the unperturbed Hamiltonian. In the PEAD method [144], the change in

polarisation with respect to to field-polarised Bloch functions is calculated by a finite
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difference scheme:

δP[{φ(E)}]

δ
〈
φ

(E)
nk

∣∣∣ = − ie

2∆k

N∑
m=1

[ ∣∣∣u(E)
mkj+1

〉
S−1
mn(kj ,kj+1)−

∣∣∣u(E)
mkj−1

〉
S−1
mn(kj ,kj−1)

]
(3.8)

where
∣∣∣u(E)
mkj−1

〉
is the cell-periodic function and Snm(kj ,kj+1) is the overlap matrix.

This method was used over density functional perturbation theory as this has not been

implemented for hybrid functionals in VASP.



Chapter 4

C60 vdW Heterostructures

This chapter presents results on the energetic and electronic properties of C60/hBN

and C60/WSe2 vdWs heterostructures. The work in the chapter was carried out in

collaboration with Professor Zhenan Bao of Stanford University and Professor Qing

Hua Wang of Arizona State University and can be found in references [145, 146].

The intense research efforts that were devoted to the study of 2D materials follow-

ing the isolation of graphene has expanded into the study of vdW heterostructures.

As discussed in Section 1.2.2.3, vdWs heterostructures are combinations of disparate

materials held together by weak vdWs forces between the layers. The resulting het-

erostructure is endowed with the properties of its constituent parts, in addition to

newly emergent behaviour caused by the interaction between the layers. vdWs het-

erostructures based on 2D materials have found applications in several areas, such

as FETs [147] and solar cells [148]. In addition, 2D systems can also be combined

with materials of a different dimensionality, such as organic crystals, to form vdWs

heterostructures [149].

Organic field-effect transistors (OFETs) based on C60 molecules have been studied their

potential use in low-cost, large-area, flexible electronics [150, 151]; however, efficient

charge mobilities are needed to realise these devices. Grain boundaries and trap sites

at the semiconductor-dielectric interface have an undesirable effect on charge trans-
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port. Therefore, it is imperative to reduce the number of grain boundaries through

improving the growth process of the organic layer, and to lower interfacial trap density

by optimising the dielectric material used in the OFET.

To obtain large-area samples, significant efforts have been made to increase the grain

size of the organic films. For vapour-deposited organic materials, increasing the sub-

strate temperature during deposition has been shown to increase grain sizes. However,

temperatures >150 K are needed during fabrication which limits the use of plastic ma-

terials required for applications in flexible electronics. Therefore, a method to enlarge

grain sizes for temperature <150 K is highly desirable.

2D materials have recently been investigated as growth templates of organic films.

The atomic flatness and lack of dangling bonds at the surface of 2D materials such as

graphene, hBN, and the transition metal dichalcogenides (TMDCs) allows the forma-

tion of non-covalent bonds between the surface and a wide range of materials without

the need for lattice matching. Moreover, the vdW interactions with organic molecules

allows for epitaxial growth of organic films, increasing grain sizes, enhancing structural

order, and improving charge transport [147, 149, 152, 153].

However, there is a need to develop a fundamental understanding of how molecu-

lar processes at the beginning of crystallisation drive the system to specific epitaxial

relationships. The control of the 2D self-assembly of molecules on layered materials

can result in emergent behaviour and exciting new physics. Therefore, it is essential to

achieve an understanding of the basic physical and chemical phenomena that dominate

highly crystalline materials involving organic molecules and 2D materials in potential

device platforms.

The chapter is divided as follows: Section 4.1 presents the experimental character-

isation of C60 molecules on hBN through selected area electron diffraction (SAED)

and high-resolution transmission electron microscopy (TEM). A comprehensive study

revealed twelve orientations of the C60 molecules relative to the hBN surface. Density

functional theory calculations reveal a significant change in the energy landscape when

vdWs interactions are included. The calculated binding energies increase by a factor

of ∼5-7 showing that vdWs forces play a significant role in stabilising the system. Us-

ing the most stable geometry, rotational energy barriers are calculated with excellent
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agreement being found between calculations and experimentally observed preferential

orientation of the C60 molecules on hBN.

In Section 4.2, scanning tunnelling microscopy (STM) measurements on C60/WSe2

reveal a 2×2 superstructure in the C60 lattice. The positive sample bias used in the

measurements lowers the Fermi level of the sample with respect to the STM tip. This

allows for the sampling of conduction states. Reversing the sample bias would allow

for the measurement of valence states. To identify the orientation of C60 molecules

relative to the WSe2 surface, a comprehensive study of sixteen geometries employing

density functional theory is carried out with the binding energies calculated for each

system. Similarly to the case of C60/hBN, the binding energy of the systems was found

to increase by a factor of ∼5 with the inclusion of vdWs interactions. For each of

the sixteen geometries, simulated STM measurements are carried out using the local

density of states from the bottom of the conduction band - the states sampled by the

STM probe. 2-, 3-, and 5-fold symmetry is found in the C60 orbitals with the 2- and

3-fold symmetries showing similarities to the STM measurements.

In Section 4.3, the rotational energy barrier for the most stable geometry is calculated.

It was found that electron-rich regions of the C60 molecule preferentially orientate to-

wards electron-poor regions of neighbouring molecules due to the Coulombic inter-

action similar to the measurements on C60/hBN. This is confirmed through ab initio

molecular dynamics simulations using a 2×2 supercell populated by the four most sta-

ble geometries found through the screening in Section 4.2. Following equilibration, a

coupling between neighbouring C60 molecules is observed with electron rich 6:6 bonds

in one C60 molecule facing an electron-poor pentagonal face of another confirming the

measurements on the rotational energy barriers. The final geometry of the molecular

dynamics simulation was used to plot the seven lowest unoccupied molecular orbitals.

Each orbital has a unique real-space configuration and diffuse character which presents

a qualitatively similar picture to the STM measurements.
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4.1 Characterisation of C60 Molecules on hBN

Figures 4.1c,d show SAED measurements of a C60 film on hBN carried out by Professor

Bao’s group. The plot highlights the single crystal-like structure of C60 and confirming

the grain size is>100 nm - the electron beam size. This is larger than C60 on amorphous

carbon [145], likely caused by the atomically flat nature of hBN. The SAED measure-

ments allow for the study of the epitaxial alignment of C60 molecules on hBN. Here, Θ

is defined as the angle between the first order diffraction peaks between hBN and C60

in reciprocal space. Θ is also the angle between the hBN zigzag direction and the C60

crystal facet in real space (Figure 4.1b). The histogram of rotation angles (Figure 4.1f)

shows two strong signals at 10 ± 4◦ and 26◦ which suggests there is a mild rotational

alignment between C60 molecules on hBN. This is confirmed through high-resolution

TEM images (Figure 4.1e) which reveal highly ordered local molecular assembly.

To improve our understanding of the interfacial alignment between C60 molecules and

the hBN layer, ab initio calculations employing the PBE [154] and vdWs corrected

DRSLL [116, 155] functionals we undertaken. We carried out a comprehensive study

of the relative orientations of C60 molecules to the hBN surface and calculated the

adsorption energy for each system. C60 coverage on the hBN sheet was chosen to

reproduce the experimental setup. We considered the apex, pentagonal, hexagonal,

and dimer positions of the C60 molecule relative to boron and nitrogen atoms of the

surface. The geometries of each system are shown in Figure 4.2.

Figure 4.3 reveals the adsorption energies for the twelve systems considered at PBE and

DRSLL level (w/o vdWs and w vdWs, respectively). It can be seen that there is a notable

difference when vdW forces are accounted for, with the binding energy increasing by a

factor of ∼5-7. There is also a change in the energy landscape with dimer/bridge being

the most stable system at PBE level and hexagon/bridge being the most stable using

DRSLL. This indicates that vdW interactions play an essential role in the stabilisation of

C60 molecules on the hBN surface. The hexagon/bridge configuration was also found

the be the most stable for C60/graphene heterostructures [149].

Considering the most stable orientation of the C60 molecule relative to the hBN surface,

the adhesion energy as a function of Θ was calculated for Θ in the range 0 to 30◦.
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Figure 4.1: Experimental measurements on the orientational alignment of C60

crystals on a CVD hBN membrane and theoretical calculations on rotational en-
ergy barriers. (a) Schematic side view of a C60 film on a hBN membrane. (b) Top view
of a C60 crystal on hBN. The relative angle Θ between the hBN zigzag lattice direction
and the C60 crystal facet is used to label epitaxial alignment. (c and d) Selected area
electron diffraction of a C60 film on hBN. The single-crystal-like C60 diffractions are
observed. (e) High-resolution TEM image of a C60 crystal prepared on hBN. The yel-
low circle indicates the size and location of the C60 molecule. The scale bar is 3.5 nm.
(f) Histogram of the observed relative rotational angles of a C60 crystal on hBN. (g)
Calculated orientation-dependent adhesion energy (sign is opposite of that of binding
energies) of C60 on hBN. Coloured regions indicate stable configurations with locally
maximal adhesion energy. Reproduced from [145].

The vdW calculations show that for Θ equal to 0-2◦, 9-12◦, and 21-25◦, the system is

most stable (Figure 4.1g). This is strikingly similar to the scene presented in Figure

4.1f, where a higher proportion of C60 are orientated ∼10◦ and 26◦. This shows a

strong interaction between C60 molecules at these angles. However, the preferential

orientation along the zigzag direction (Θ ∼ 0◦) is not observed experimentally.
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Figure 4.2: Ball and stick models representing the different orientations of C60

molecules on top of the hBN surface. Carbon atoms are in orange, nitrogen atoms
blue, and boron grey. Adapted from [145].

4.2 2×2 C60 Superstructure in C60/WSe2 Heterostructures

To further our knowledge of C60 vdW heterostructures, we turn our attention to C60

on the TMDC WSe2. Unlike hBN, WSe2 is not atomically flat. As described in Section

1.2.2, TMDCs are a layer of metal atoms sandwiched between two layers of chalcogen

atoms (Figure 1.6). The disparate geometry of WSe2 compared to hBN, as well as the

vastly different electronic properties such as large spin-orbit coupling and a bandgap

of ∼1.7 eV [156], could allow for distinct interfacial properties compared to C60/hBN

heterostructures.

Professor Wang’s group isolated the WSe2 substrate using mechanical exfoliation. Fig-

ures 4.4a,b show the atomic structure of the WSe2, with the triangular symmetry cre-

ated by the selenium atoms on the surface clearly visible. Two point defects and rip-

pling of the surface can be observed in Figures 4.4a and b, respectively. C60 molecules

were thermally evaporated in situ onto the WSe2 surface at 355K (Figure 4.4c). The

sample was then cooled to 55 K for scanning tunnelling microscopy (STM). The cool-

ing allowed for C60 molecules to self-assemble into a close-packed hexagonal layer

on WSe2 with the height of the C60 layer being measured as ∼1 nm (Figure 4.4d). A

2×2 supercell (Figure 4.5a,b(i)) is observed with the four unique orbital configurations
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Figure 4.3: Theoretical calculations on the binding energy, EB, of C60 on hBN at (a)
PBE level and (b) DRSLL. Binding energies were calculated using EB=ET-EhBN-EC60

where ET is the total energy of the system, EhBN is the energy of the hBN monolayer
and EC60 is the energy of the C60 monolayer. Adapted from [149].
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Figure 4.4: Experimental measurements on the self-assembly of C60 molecules on
WSe2. (a, b) Scanning tunnelling microscopy (STM) images of mechanically exfoliated
WSe2. The atomic lattice is visible in both images, along with two point defects in
(a) and some local height variations in (b). Imaging conditions for (a) and (b): 0.6 V
sample bias, 1 nA tunnelling current setpoint, 355 K sample temperature. (c) Schematic
illustration of monolayer of C60 deposited by thermal evaporation and self-assembled
on WSe2 surface. (d) STM image of C60 self-assembled monolayer island on WSe2.
Below: Line profile along dashed line 1, showing the height of C60 molecules is 1 nm,
and 2D FFT of the C60 molecular arrangement, showing the points corresponding to a
hexagonal pattern. Imaging conditions for (d): 2.5 V sample bias, 0.1 nA tunnelling
current setpoint, 55 K sample temperature. Reproduced from [146].

highlighted by circles in panels i-iv. The states correspond to the lowest unoccupied

molecular orbital (LUMO) due to the sample bias of +2.0 V.

To further understand the superstructure of C60 molecules on WSe2 we again employ

density functional theory including vdW forces and carry out a comprehensive study

on the orientations of C60 molecules relative to the WSe2 surface. In total, sixteen ge-

ometries (Figure 4.6) were considered, and the binding energies of each configuration

was calculated (Figure 4.7). C60 coverage on the WSe2 sheet was chosen to reproduce

the experimental setup. It was found that the hexagon/top Se system was the most
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(b)(a)

Figure 4.5: Experimental STM measurements of the C60 superlattice on WSe2. Sam-
ple bias is set to +2.0 V with a tunnelling current of 0.2 nA. Measurements taken at 55
K. Due to the sample bias, the states being measured are most likely conduction states.
(a) Scanning tunnelling microscopy (STM) image of monolayer C60 with submolecu-
lar resolution showing the shapes of orbitals. Four different orbital appearances are
highlighted i to iv. (b) STM image of panel (a) repeated with each of the four orbital
appearances highlighted. These form a 2×2 superlattice which is highlighted in panel
i. Reproduced from [146].

stable. Similarly to C60/hBN, with the inclusion of vdW forces the binding energy is

enhanced by a factor of ∼5, showing that vdWs interactions improve the stability of the

C60/WSe2 system. The total energy difference between the most stable pentagonal and

hexagonal configurations when vdWs interactions are taken into account is 55 meV.

At 55K, each C60 molecule would have 2.4 meV per degree of freedom. Considering

the C60 layer as a molecular crystal, there are a total of 180 degrees of freedom [157],

giving a total energy of 432 meV which is larger than the energy range of the systems

considered (288 meV). This would give the impression that, at 55K, the C60 molecules

should not be fixed in a 2×2 supercell and are free to change orientation; however, the

experimental STM measurements shown in Figure 4.5 show that this is not the case.

This difference in observations could be attributed to the DRSLL functional obtaining

the wrong binding energies for the systems considered, that 0K DFT energy calculations

perform poorly for this system, or a combination of both.

Having considered the binding energies of our 16 configurations, the orbital charac-

teristics are examined using simulated STM imaging. Figure 4.8 shows the simulated

STM images of the four most stable geometries found through 0K binding energy cal-
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Figure 4.6: Ball and stick models representing the different orientations of C60

molecules on top of the WSe2 surface. Carbon atoms are in orange, tungsten in blue
and selenium in grey. Reproduced from [146].

culations. To generate the simulated STM images, the local density of states (LDOS)

of the conduction band corresponding to the C60 molecules are used. The orbitals are

characterised by the rotational symmetry of the lobes, i.e. 2-, 3-, and 5-fold; with each

of the 16 geometries following these relations (Figure A.1). The orbitals in Figure 4.5

are assigned to our simulated STM images in Figure 4.8 with an overall good agree-

ment being found by considering the 2- and 3-fold symmetry of the four most stable

geometries. It is apparent that none of the lobes seen in Figure 4.5 shows a 5-fold

symmetry, which was observed in some of our geometries.

4.3 Role of C60-C60 Coupling in C60/WSe2 Heterostructures

When physisorbed on weakly interacting surfaces, C60 molecules will preferentially ori-

entate along some direction which is dependent on the C60-C60 and C60-surface inter-

actions in addition to the temperature of the system [158–161]. To address the nature
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Figure 4.7: Theoretical calculations on the binding energy, EB, of C60 on WSe2

at (a) PBE and (b) DRSLL level. Binding energies were calculated using EB=ET-
EWSe2-EC60 where ET is the total energy of the system, EWSe2 is the energy of the WSe2

monolayer and EC60 is the energy of the C60 monolayer. Reproduced from [146].
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Figure 4.8: Enlarged view of the experimental measurements on the four distinct
orbital configurations seen in Figure 4.5 and simulated STM images both in 2D and
3D of the four most stable configurations. 2- and 3-fold symmetry of the orbitals is
highlighted in green. Simulated STM images were plotted using the local density of
states (LDOS) just above the Fermi level. Reproduced from [146].

of the 2×2 superlattice, we carry out ab initio molecular dynamics (MD) simulations

(Movie M1-4, CD attached) using the dimer/hole and hexagon/top Se configurations

in addition to a 2×2 supercell with each C60 molecule representing one of the four

most stable geometries seen in Figure 4.7. The MD simulations were carried out for a

total of 10.5 ps with a 1 fs timestep.

The initial and final configurations of the 2×2 superstructure are found in Figure 4.9a

with the relative positions of each molecule highlighted (blue for hexagonal and yellow

for pentagonal rings). Initially, the molecules perform small rotations in the first 1.0

ps. Following the equilibration, the C60 molecules appear to be coupled to their near-

est neighbour. The electron-rich bond joining two hexagonal faces in the C60 molecule

(6:6) tend to orientate toward the electron-poor bonds joining pentagonal and hexag-

onal faces (6:5) in the adjacent molecule.

This trend is corroborated by 0K energy calculations measuring the change in energy of

the C60/WSe2 system upon rotation of the C60 molecule for the most stable geometry

(Figure 4.9b,c). The energy difference is relative to the 6:6 bond facing a pentagonal

face (θ=0◦). The 6:5/6:5 (θ=10◦) orientation shows an increase in energy of 125 meV

whereas the 6:6/6:6 (θ=30◦) system has an even larger increase of 334 meV with some

metastable states being found at θ=15 and 45◦. Such preferential orientation of C60

molecules on a substrate was also found for the C60/hBN heterostructures (Figure
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Figure 4.9: Theoretical calculations on the molecular coupling of neighbouring C60

molecules. (a) Ab initio MD simulations including vdW interactions for C60 molecules
on WSe2. Atoms highlighted in blue (involving hexagons) and yellow (involving pen-
tagons) tracked down the evolution of the molecules during the MD where most of
the interactions between the molecules happen. The system is set at 55 K, and prop-
agated for 10.5 ps. (b) Rotational barriers for the most stable configuration of Figure
4.7. (c) Schematic of the unit-cell and the definition of the rotational angle θ utilised
in (b). Different angles correspond to distinct relative orientations between the C60’s:
θ= 0◦ (pentagon/6:6 configuration), θ=10◦ (6:5/6:5 configuration), θ=30◦ (6:6/6:6
configuration). (d and e) Cross section of |ψnk,c|2 corresponding to the bottom of the
conduction band φcn,k at θ = 0◦ and θ = 30◦, respectively. Values of the isosurface are
shown in the colour gradient map at the right of each panel. C atoms are shown in
dark grey. Adapted from [146].
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4.1f,g). The high charge density of the 6:6 bond overlapping with the electron-poor

pentagonal faces results in a reduction of the Coulomb repulsion thus lowering the

overall energy of the system [162].

To separate the contributions from C60-WSe2 and C60-C60 interactions in the rotational

energy barrier calculations, a 2×2 supercell of hexagon/top Se systems was created

and a single C60 molecule was rotated from 0 to 60◦ while the other C60 molecules are

held fixed. Similar to Figure 4.9b, the barrier is a maximum at 30◦ but has a magnitude

of 151 meV. This shows that the largest contribution to the energy barrier comes from

the C60-C60 interactions.

The orbital characteristics of the conduction band at θ=0, 30◦ show extremely different

characteristics (Figures 4.9d,e, respectively). For the most stable orientation (θ=0◦)

the orbitals are more localised compared to the diffuse wavefunction of the θ=30◦

orientation. θ=30◦ corresponds to two electron-rich 6:6 bonds facing one another

which raises the energy due to the strong Coulomb repulsion.

The resulting electronic structure of the C60/WSe2 system following 10.5 ps is given in

Figure 4.10a where the resulting bandgap is ∼0.5 eV. The bandgap of the C60 molecule

alone is smaller than FCC C60 and the isolated molecule [163] but similar for C60

in a double barrier junction [164] suggesting that WSe2 causes a modification of the

states close to the Fermi energy. Plotting Re[φn
k,c] for n= 4, 7 (Figures 4.10b,c), it

can be seen that the wavefunction is delocalised over the system with a remarkable

interaction occurring between C60 wavefunctions. The molecular orbitals connect one

C60 molecule to the next which is reminiscent of the orbital pattern seen in the STM

measurements of Figure 4.5. The first seven eigenvalues of the conduction band, which

correspond to C60 states, are plotted in Figure A.2. It can be seen that the spatial

characteristics of the wavefunction change for each eigenvalue. Plotting a simulated

STM image using the LDOS from this region (Figure 4.10d) reveals features which are

characteristic of those observed in the experimental measurements.
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Figure 4.10: Theoretical calculations on the electronic structure of C60/WSe2 het-
erostructure. (a) Density of states (DOS) of the C60/WSe2 heterostructure (grey) and
C60 monolayer (pink) for the optimised geometry at 355 K using ab initio MD simula-
tions. The states at the bottom of the conduction band are shown individually through
vertical bars with φn

k,c where n = 1-19. Fermi level is set to zero. (b and c) Isosurfaces
(±0.001 e−/Bohr3) for the real part of the wave functions corresponding to the fourth
and seventh eigenvalues, φn=4,7

k,c of the DOS represented in panel (a). These eigen-
values are arbitrarily chosen to be representative ones from the full set of states at the
conduction band. Most of the wavefunctions show similar interacting patterns between
the molecules with slight variations between different φn

k,c. Positive and negative parts
of φn

k,c are shown in blue and red, respectively. Se, W and C atoms are shown in silver,
pink, and orange, respectively. (d) Simulated STM image using the integration of all
energy levels marked as φn

k,c (n = 1-19) in (a). The periodicity of the 2×2 superlat-
tice is highlighted for a particular C60 configuration in the supercell. Reproduced from
[146].

4.4 Discussion

The work carried out in this chapter has revealed the role of C60-C60 interactions and

C60-substrate interactions in C60 vdWs heterostructures. The results have shown that

vdWs forces are critical for stabilising the system. Fundamental knowledge of how

these interactions effect the system is vital for their application to devices. OFETs

based on C60/hBN have been developed [145]; however, C60/WSe2 OFETs have not
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been realised. The work presented in Sections 4.2 and 4.3 should drive the interest in

fabricating such a device and testing its characteristics. Owing to the large surface area

to volume ratio and low cost, such devices based on C60 vdWs heterostructures could

be applied to the field of flexible electronics and sensors.

4.5 Additional Details on Methods

Calculations were carried out using the SIESTA method [165]. Simulated STM images

were created with the WSXM code [166]. Ab initio molecular dynamics simulations

using Nosé-Hoover thermostat were performed at 355 and 55 K taking into account

vdW interaction forces. A time-step of 1.0 fs was utilised and the system was allowed

to propagate for 10.5 ps. The initial velocities are assigned according to the equilibrium

Maxwell-Boltzmann distribution.



Chapter 5

Large Uniaxial Strain Applied to

Monolayer TMDCs

The following chapter presents the change in vibrational properties of TMDCs 2H-WS2

and 2H-WSe2 under uniaxial, tensile strain. The following work was carried out in

collaboration with the group of Professor Abhay Pasupathy of Columbia University and

can be found in reference [167].

As discussed in Section 1.2.2.2, transition metal dichalcogenides (TMDCs) are a class of

materials with general formula MX2, where M is a transition metal and X is a chalcogen.

The system is arranged such that the metal atoms are sandwiched between two layers

of chalcogen atoms (Figure 1.6). TMDCs have moderate Young’s modulus compared to

that of graphene and hBN. Values of 270±10 GPa have been reported for MoS2, with

breaking of the sheet occurring between 6-10% strain [168]. Application of modest

strain to TMDCs is known to alter the phonon frequencies [169, 170], bandgap [171,

172], and carrier effective masses [173]. Application of higher strains can induce phase

transitions at finite temperature [174].

In Section 5.1 an innovative experimental method to apply large magnitudes of uniax-

ial strain to two-dimensional (2D) materials is developed and applied to two TMDCs:

WS2 and WSe2. Optical measurements on triangular flakes of WS2 and WSe2 allow for
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direct measurement of the strain applied to the lattice with strains as large as 6.5% be-

ing found. Unpolarised and polarised Raman measurements on the vibrational modes

allow for indirect measurement of the applied strain in the system. For WSe2, three Ra-

man active modes, namely: A′, E′ and 2LA(M) are measured, with the 2LA(M) mode

being a double resonance process involving two phonons from the LA branch at the

M -point of the Brillouin zone. WS2 shows a more complex Raman spectra, with ad-

ditional peaks labelled P1, P2, and 2LA2 also being measured. Application of strain

causes a decrease in all phonon frequencies with the in-plane modes experiencing a

larger downshift than out-of-plane modes. In both systems, application of strain causes

a split in the doubly degenerate E′ mode. For WSe2, increasing the strain on the system

leads to a decrease in the Raman intensity. Conversely for WS2, an increase in the in-

tensity is observed. Under cross-polarisation, the out-of-plane A′ mode is suppressed;

however, with the application of 2.85% strain, the mode becomes active again. In WS2,

the P1 peak is also suppressed under cross-polarisation; however, it does not become

active again after application of large strain.

In Section 5.2, theoretical calculations employing the PBE [154] functional on the

phonon spectra and Raman intensities of WS2 and WSe2 under strain confirms the

variation in the frequency of the modes including the doubly degenerate E′ mode at

the Γ-point with applied strain. In all instances the frequency of the Raman active

modes decreases with the exception of the A′ and 2LA(M) modes in WSe2. The fre-

quency of 2LA(M) mode is approximated by doubling the frequency of the LA mode at

the M -point of the Brillouin zone. For WS2, an increase in strain leads to an increase

in the Raman intensity of the modes whereas for WSe2 a decrease is observed. In ad-

dition, calculations allow for the assignment of the P1 and P2 modes as excitations of

the transverse optical branches of the E′ and E′′ modes at the M -point of the Brillouin

zone based on the phonon frequencies. In addition, calculations on the Grüneisen pa-

rameter of the degenerate E′ mode at the Γ-point also show excellent agreement with

experimental measurements based on the splitting of the mode.
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Figure 5.1: Experimental setup for the application of uniaxial strain. (a) Polymer
encapsulated monolayer TMDCs. (b) Strain apparatus. (c) Encapsulated WSe2 mono-
layers. (d) Overlaid edge-detected images of strained (green) and unstrained (purple)
monolayer edges for 4.2% and 6.5% calculated strains. (e) Incident light (Y, θ = 0)
and strain (X) directions with respect to crystal lattice. (f) Raman spectrometer setup.
Reproduced from [167].

5.1 Applying Large Uniaxial Strain to WS2 and WSe2

Monolayer WS2 and WSe2 was grown by Professor Pasupathy’s group using chemical

vapour deposition (CVD) on SiO2/Si substrate and then transferred onto a polycarbon-

ate substrate. The two polymers are then bonded to produce encapsulated monolayers

of WS2 and WSe2. The polymers are fully flexible as shown in Figure 5.1a. Beyond

7% applied strain the polymers enter into the plastic regime. Up to 7%, all strain is

transferred to the TMDCs. A schematic of the device setup can be seen in Figure 5.1b.

Figure 5.1c shows an optical image of encapsulated WSe2 flakes. Due to the significant

amount of the applied strain, the magnitude can be directly measured from optical

images. This is shown in Figure 5.1d, where optical images of the TMDCs at 0% strain

have been overlaid with the systems at 4.2 and 6.5% strain. In each image, the outline

of the triangular flakes has been coloured, and the apex of the two flakes have been

lined up.

Graphene sheets deposited on substrates pre-strained by 200-400% have been shown

to develop ripples and delaminated buckles when the substrate is allowed to relax

uniaxially [175]. It is thought that similar ripples will not form here as the substrate
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Figure 5.2: Experimental measurements on the Raman spectra of WSe2 under
strain. (a) Unpolarised (black), parallel-polarised (blue), and cross-polarised (red)
Raman spectra of monolayer WSe2 under various strains. The spectra are normalised
to their peak intensities and shifted along the y-axis for clarity. Inset: real intensities
of measured spectra without normalisation. (b, c, d) Positions of phonon modes, full-
width half-maximum (FWHM) and relative intensity changes vs tensile strain. ±α
denotes the amount of change per % tensile strain. Reproduced from [167].

is not pre-strained and the strain applied to the substrate during measurements is less

than 7%; much less than that applied in Reference [175].

Raman spectroscopy is employed by Professor Pasupathy’s group to measure the ef-

fect of large uniaxial strain on the vibrational properties of WS2 and WSe2. Strain was

applied in both the armchair and zigzag directions (Y and X axes in Figure 5.1e, respec-

tively). The Raman measurements were carried out with a 532 nm wavelength while

controlling the incident light’s polarisation (Ei) direction (θ in Figure 5.1e). For each

value of strain, Raman spectra were collected in both the parallel (Es ‖ Ei) and cross-

polarised (Es ⊥ Ei) setups. At zero strain there is no dependence of the Raman spectra

on θ. Therefore, θ is fixed to the Y direction, and unpolarised, parallel-polarised, and

cross-polarised Raman spectra are measured for each value of strain applied along the

X direction. The standard notation Z(YY)Z̄ and Z(YX)Z̄ for parallel- and cross-polarised
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A' E'
Figure 5.3: Schematic of the Raman active A′ and E′ modes in MX2. M atom in red,
X atom in blue.

Raman measurements is adopted.

Figure 5.2a shows the Raman spectra for WSe2 with strain in the range 0-2.85%. Three

Raman active modes namely A′, E′ and 2LA were identified which is corroborated by

previous Raman measurements on WSe2 [176, 177]. As seen in Figure 5.3, the A′

mode is an out-of-plane vibration in which the chalcogen atoms vibrate in opposing

directions, while E′ is an in-plane vibration where the metal atoms vibrate out-of-phase

with the chalcogen atoms. The 2LA mode is the result of a double resonance process

involving two phonons from the LA branch. Although the E′ and A′ modes differ by only

2 cm−1 at 0% strain, they can be distinguished using parallel- and cross-polarisation.

Under cross-polarisation, the symmetric, out-of-plane A′ mode is suppressed leaving

only the E′ mode. Thus the spectra in the cross-polarisation case can be modelled as

the sum of two Lorentzian peaks corresponding to the E′ and 2LA modes. Information

of the E′ mode can be used to fit the spectra in the parallel-polarisation case and extract

the position of the nearly degenerate A′ mode.

Upon application of uniaxial strain, a broadening of the E′ mode is observed. It is

expected that the application of strain will lead to a split in the doubly degenerate E′

mode at the Γ-point into the E′+ and E′− modes labelled in Figure 5.2. The eigenvector

of the E′+ mode is orthogonal to the direction of strain, while it is parallel for the

E′− mode. This behaviour has previously been observed in graphene and MoS2 [107,

178, 179]. Although a complete split in the E′ mode cannot be observed, the line

shape can be fitted to two Lorentzians, and the evolution of the peaks with strain

can be measured. At 0% strain, the position of the E′ peak is 253.5 cm−1. After the
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Figure 5.4: Experimental measurements on the Raman spectra of WS2 under
strain. (a) Unpolarised (black), parallel-polarised (blue), and cross-polarised (red)
Raman spectra of monolayer WS2 under various strains. The spectra are normalised to
their peak intensities and shifted along y-axis for clarity. Inset: real intensities of mea-
sured spectra without normalisation. (b, c, d) Positions of phonon modes, full width at
half-maximum and relative intensity changes vs tensile strain. ±α denotes the amount
of change per percent tensile strain. Reproduced from [167].

application of 2.8% uniaxial strain, the E′+ mode is 254.4 cm−1, and the E′− mode is

at 250.0 cm−1 representing a change of 0.4 and -1.03% respectively with no change in

the full width half maximum (FWHM, Figure 5.2c,d). The split in the E′ mode can be

understood through the shear deformation potential, β, which has a value of 0.10 for

WSe2. Additionally, the mode Grüneisen parameter is calculated as 0.38 which show

good agreement with theoretically calculated values (Figure 5.6c). For the A′ mode,

we see a small downshift of 1.1 cm−1. This is expected as the mode is an out-of-plane

excitation and as such should not be greatly effected by an in-plane strain. For the 2LA

mode, we also see a downshift of 1.4 cm−1. For the A′ and 2LA modes, an increase in

the FWHM is observed in addition to a decrease in intensity for all three Raman active

modes.

Figure 5.4a shows the Raman spectra from WS2 where additional features can be ob-
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served. Two additional peaks, P1 and P2, are observed, and the 2LA and E′ mode are

almost degenerate. Similar peaks in the Raman spectra of WS2 have been reported

previously [180]. Two Lorentzians are not sufficient to reproduce the complex line

shape at zero strain, and a minimum of three are needed. One of the peaks is related

to the E′ mode with the other two being associated with the 2 phonon process from the

LA branch labelled 2LA1 and 2LA2. Such complex line shapes are indicative of double-

resonance processes where the phonon density of states and electron-phonon coupling

has to be correctly taken into account.

Similar to WSe2, a splitting of the E′ mode is seen with the application of strain, the A′

mode shows little variation due to its out-of-plane nature, and the FWHM increases for

all modes except E′. The mode Grüneisen parameter and shear deformation potential

were found to be 0.54 and 0.14, respectively with the value of the mode Grüneisen

parameter showing excellent agreement with the theoretically calculated values (Fig-

ure 5.6d). The difference in accuracy obtained for WS2 and WSe2 could be explained

through the lack of spin-orbit coupling included in the calculation. Spin-orbit coupling

would have a larger effect in WSe2 than WS2 and as such, neglecting it could worsen

agreement between experimentally measured and theoretically calculated values.

Differing from WSe2, all modes increase in intensity with applied strain (Figure 5.4d).

Interestingly, upon application of strain, the A′ mode which was once fully suppressed

under cross-polarisation now appears when the strain is >2.85%. The P1 mode which

is also suppressed at 0% strain continues to be so even at higher values of strain.

5.2 Change in Phonon Spectra and Grüneisen Parameter Un-

der Uniaxial Strain

To further our understanding of the vibrational properties of monolayer WS2 and WSe2,

ab initio density functional theory calculations are carried out. To ensure the Γ-point

frequencies were converged with respect to supercell size, we also carried out calcula-

tions on 1×1 and 3×3 supercells and found no variation in the calculated values which

is consistent with the theory given in Section 2.3. Figure 5.5a,b shows the phonon dis-

persion of WS2 and WSe2, respectively at 0% and 3% strain. The vibrational modes are
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Figure 5.5: Theoretical calculations on the vibrational properties of WS2 and WSe2

under strain. (a, b) Phonon dispersion curves. The blue and orange curves indicate
unstrained (0%) and strained (3%) systems, respectively, with the strain applied along
the armchair direction. Similar results have been obtained for zigzag directions. (c, d)
Variation in mode frequencies with applied strain. In (c), P1 and P2 are defined at the
M-point; and 2LA1 and 2LA2 are the M-point and K-point, respectively, and E′ and A′

are at the Γ-point. In (d), 2LA is defined as the M-point, and A′ and E′ at the Γ-point. α
shows curve slopes. Polarisations for WS2 and WSe2 are parallel-polarised for A′; and
cross-polarised for E′. (e, f) Relative intensity change of the Raman active modes at the
Γ-point. Reproduced from [167].
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labelled according to their symmetry at the Γ-point. It can be seen that there are three

acoustic (LA, TA, ZA) and six optical (2E′′, 2E′, A1
′, A2

′) modes which is consistent

with the D3h space group symmetry of 2H-WS2 and 2H-WSe2. The observed phonon

dispersion is also consistent with previous theoretical studies [169, 172, 181–185].

The variation in frequency with applied strain is plotted in Figures 5.5c,d. To approx-

imate the frequency of the 2LA modes, the frequency of the LA mode at the M - and

K-points is multiplied by a factor of 2, as this is a two-phonon process. With the ap-

plication of uniaxial strain, the doubly degenerate E′ mode splits as observed in the

experimental results. The frequencies of the P1 and P2 peaks were found to be con-

sistent with the transverse optical (TO) E′′ and E′ modes at the M -point. All modes

downshift with applied strain with the exception of the A′ and 2LA(M) modes in WSe2

which show an increase of 0.03 and 0.04 cm−1 per percent strain, respectively.

WS2 has phonon frequencies which are larger by a factor of ∼1.5 compared to WSe2.

This is to be expected due to the lighter chalcogen atom. However, the experimental

results found in Figures 5.2d and 5.4d show that the change in polarisation with applied

strain of WS2 is several times that of WSe2 and opposite in sign. This can be explained

by the different ionic behaviour of the W-S and W-Se bonds. Bader analysis shows

that the charge transfer at 0% strain to the chalcogen atoms is -0.80 electrons/unit-cell

and -0.18 electrons/unit-cell for W-S and W-Se bonds, respectively. The magnitudes

increase by 3.5% and 16.07% after the application of 3% strain. The difference in ionic

character and its evolution with strain for the two types of bonds provides a simple

picture for the evolution of Raman spectra in these systems with strain.

An intriguing finding in the Raman spectra is the presence of the A′ mode in the cross-

polarisation geometry at high strain shown in Figure 5.2. From the symmetry perspec-

tive, the A′ mode is not cross-polarised Raman active at 0% strain when the unit cell

is hexagonal. However, upon the application of strain, the symmetry is lowered from

hexagonal to monoclinic (for a general strain direction), making the A′ mode observ-

able in the Raman spectrum. At zero strain, the A′ mode is found to be completely

suppressed under cross-polarisation. At a strain of 3%, a nonzero intensity for the A′

mode is observed, though its intensity is 99% lower under cross-polarisation when com-

pared to the parallel-polarisation case. These results point to the role of large strains
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Figure 5.6: Theoretical calculations on the phonon dispersion and Grüneisen pa-
rameter of WS2 and WSe2. (a,b) Phonon dispersion branches for optical modes (A2

′′,
A1
′, E′, E′′) and their respective (c,d) mode Grüneisen parameters γi calculated along

of Γ-M-K-Γ path for monolayer WSe2 and WS2. Modes are labelled according to their
symmetries at Γ-point (filled dots) in a and b. The different colours correspond to
different phonon branches, which follow the same labelling for γ. At Γ-point, the cal-
culated values of the Grüneisen parameters are γ=0.45 and γ=0.54 for WSe2 and WS2,
respectively. This is in remarkable agreement with the experimental results γExp.=0.38
(WSe2) and γExp.=0.54 (WS2). Reproduced from [167].

in modifying the symmetry of the lattice and thus changing selection rules.

5.3 Discussion

Having shown that the technique developed by Professor Pasupathy’s group can indeed

apply large values of uniaxial strain to 2D materials, with experimental results being

qualitatively reproduced by ab initio calculations, the question then arises of how to

utilise the concept in device applications. Application of strain is the driving force in

piezoelectric devices. Odd-numbered layers of 2D TMDCs have shown a piezoelectric
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response which is not present in the bulk material due to the non-centrosymmetric

nature of the system [186–188]. Therefore, the polymer encapsulation technique could

be used in piezotronic applications to apply large, reproducible strain to 2D layers.

5.4 Additional Details on Methods

Theoretical calculations were performed using the Vienna ab initio simulation package

VASP [139–141]. Calculations of phonon modes and Raman intensities were carried

out using PHONON [95, 142]. To measure the Raman intensity, the PEAD method was

utilised.



Chapter 6

Electronic Polarisability as the

Fundamental Variable in the

Description of Dielectric Properties

of Two-dimensional Materials

The work in the following chapter can be found in reference [189] and was carried

out in collaboration with Professor Chih-Jen Shih at ETH Zürich. The work is currently

under review for publication.

The dielectric constant, ε, is a fundamental property in solid-state physics and describes

a materials ability to screen an electric field. The dielectric constant plays a critical role

in describing the fundamental properties of a material, such as the bandgap [190,

191], optical absorption [192], and conductivities [193]. The dielectric constant is a

powerful descriptor for materials and as such, its accurate determination is crucial to

realise a systems application in devices. The determination of ε is well established for

bulk materials, both theoretically and experimentally. However, since the discovery of

graphene and the avalanche of research carried out on 2D materials, the applicability

of the current methods to determine the dielectric constants of 2D materials has been
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called into question [194]. Such controversy over the determination of the dielectric

properties of 2D systems must be addressed in order to assess this set of materials

applicability to newly emerging devices.

In the following chapter, it is shown that increasing the length of the supercell along the

non-periodic direction, L, to 60 Å does not lead to convergence in the calculated dielec-

tric constants due to the 1/volume dependence. Instead, the electronic polarisability of

the sheet, which is L independent, should be used. High-throughput ab initio density

functional theory calculations are employed on a set of 55 two-dimensional materials

utilising the PBE [154] and hybrid HSE06 [75, 76] functionals with spin-orbit coupling

included. We consider the TMDCs (MX2 where M is a metal in group 4, 6, 10 and X=O,

S, Se, Te) with phases P6m2 and P3m1, metal monochalcogenides (Ga2S2, Ga2Se2), cad-

mium halides (CdX2, X=Cl, I), hexagonal boron nitride (BN), fluorographene (C2F2)

graphane (C2H2) phosphorene (P4) and the perovskite MAPbBr3 in our calculations on

the dielectric constants of 2D materials.

In Section 6.1 it is shown that increasing the length, L, of the supercell along the non-

periodic direction beyond sensible values does not lead to a convergence in the value of

the dielectric constant due to a 1/volume dependence in the calculation. Instead, it is

proposed in Section 6.2 that the polarisability of the sheet should be the fundamental

variable of interest due to it being independent of L. In Section 6.3, an R2 analysis

shows there is a strong correlation between the in-plane polarisability and the mini-

mum electronic bandgap. In addition we also show there is a significant correlation

between the out-of-plane polarisability and the effective thickness of the layer. We also

apply our analysis to the C2DB [63] dataset of over 210 materials at PBE level to show

there is no dependence on the set of systems we have chosen for our analysis. Finally,

in Section 6.4, the 2D polarisability is related back to the bulk dielectric constants using

a simple model.

6.1 The Problem With Dielectric Constants and 2D Materials

From the theoretical point-of-view, the simulation is set up such that the material is

a set of periodically repeating images of the unit cell. In the case of thin films, the
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material will replicate in the xy-plane, and a vacuum spacing along the z-direction is

needed to limit any spurious interactions between periodic images. From the super-

lattice (SL) description, the static macroscopic dielectric tensor, εpq
SL, can be calculated

by measuring the response of the polarisation density, Pp, under a small perturbative

external field, Eq, where p and q are the directions of polarisation and electric field

respectively [193]:

εpq = κpq +
1

ε0

∂Pp

∂Eq
(6.1)

Pp =
up

Ω
=

∫
SL n(r)rpd3r

AL
(6.2)

where κpq is the dielectric tensor of the environment, u is the total dipole moment

within the SL, n(r) is the charge density, Ω = AL is the volume of the cell, A is the area

of the xy-plane and ε0 is the vacuum permittivity. Here, we have neglected the ionic

contribution to the dielectric tensor.

Equation 6.2 is well-defined for isolated systems since the electronic density, n(r), van-

ishes outside the system. However, in a system employing periodic boundary condi-

tions, the factor r causes serious difficulty. Depending on how we define our simula-

tion cell, there could be a surface charge density that remains in the infinite system

limit [82]. Breakthroughs by King-Smith and Vanderbilt [195], in addition to Resta

[196], have allowed for the calculation of the polarisation in crystalline insulators by

considering the adiabatic change of the polarisation with respect to some parameter, λ:

∆P =

∫ 1

0
dλ
∂P

∂λ
(6.3)

This is known as the modern theory of polarisation. In the models presented in this

chapter, we make no assumptions on the shape of the simulation cell and simply use

Equation 6.2 as a starting point for our derivations.

If we consider the 2D material to be placed in a vacuum such that κpp = 1 and κpq = 0

then we can distinguish two components of ε namely the in-plane (ε||SL) and out-of-

plane (ε⊥SL) contributions, with ε||SL = (εxxSL + εyySL)/2 and ε⊥SL = εzz
SL.

Although the integral of n(r) in Equation 6.2 is over all space, we see from Figure 6.1

that the charge density difference, ∆n = n(E) − n(E = 0), decays quickly along the
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Figure 6.1: 2D polarisability as the correct descriptor of the dielectric nature of 2D
materials. a. 3D illustration of the spatial distribution of the charge density change
∆n(z) along the z-direction for monolayer 2H-MoS2 in a periodic superlattice under an
external electric field of 0.01 V/Å. The green and red regions represent negative and
positive induced charges, respectively. The macroscopic ε‖SL and ε⊥SL are influenced by
the lattice size L, while the 2D polarisabilities α‖2D and α⊥2D are invariant with lattice
size b. ε‖SL (top) and α

‖
2D (bottom) as functions of L for the 2H TMDCs. c. ε⊥SL (top)

and α⊥2D (bottom) as functions of L for the 2H TMDCs. The polarisabilities in b and
c are constant when L >15 Å, compared with the L-dependence of εSL. d and e:
modelled ε‖SL and ε⊥SL corresponding with b and c, from Eqs. 6.7 and 6.8, respectively.
Reproduced from [189].
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Figure 6.2: Dependence of in-plane dielectric properties on L for monolayer BN
calculated using PBE method: a Real part of ε‖SL, b Real part of α‖2D, c Imaginary
part of ε‖SL, d Imaginary part of α‖2D. The same k-sampling is used in all simulations
with the only variable quantity being L. Clearly, the L-dependency of the superlattice
dielectric function is removed using 2D polarisabilities. Reproduced from [189].

non-periodic direction and reaches a value of zero at ∼5-6 Å from the slab. From the

denominator in Equation 6.2, we observe a dependence on the vacuum spacing present

in the cell and, as such, there is also a dependence on vacuum spacing in Equation 6.1.

Thus, any calculation of ε||SL and ε⊥SL will depend on L. Such a dependence has no

physical meaning.

Figures 6.1b,c show the convergence of the in-plane and out-of-plane dielectric con-

stant for transition metal dichalcogenides, MX2, with M=Mo, W and X=S, Se, Te, as a

function of L. It is clear that in the range L=10-60 Å, the static dielectric constants for

the six considered systems has not converged. We also considered the frequency de-

pendent dielectric constant in the case of hBN (Figures 6.2a,c and 6.3a,c) at PBE level

and found similar characteristics. Thus the L dependence of the dielectric constant

remains, regardless of the method utilised. The results indicate that any quantity that

would depend on ε||SL and ε⊥SL will also depend on L such as the optical absorption.
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Figure 6.3: Dependence of out-of-plane dielectric properties on L for monolayer
BN calculated using PBE method: a Real part of ε⊥SL, b Real part of α⊥2D, c Imaginary
part of ε⊥SL, d Imaginary part of α⊥2D. The same k-sampling is used in all simulations
with the only variable quantity being L. Clearly, the L-dependency of the superlattice
dielectric function is removed using 2D polarisabilities. Reproduced from [189].

6.2 Electronic Polarisability is the Fundamental Descriptor

To address this issue, we need to find a measurable quantity which is independent of L

as an alternative to εSL. Considering Equation 6.2, if we multiply by a factor of L we

arrive at the sheet polarisation density, µ2D, i.e. µp
2D = up/A which is independent of

L. µ2D is related to the polarisation, α2D, through:

µp
2D =

∑
q

αpq
2DE

q
loc (6.4)

which is similar to the molecular polarisability [197] with Eloc being the local electric

field. Using electrostatic boundary conditions, the continuity of the in-plane and out-

of-plane components of the local electric field are given by [198–200]:

E
||
loc = E|| (6.5)

E⊥loc = E⊥loc + µ⊥2D/L (6.6)
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Combining Equations 6.5 and 6.6 with 6.1 and 6.2 we can relate the in-plane and

out-of-plane components of the dielectric constant with the polarisability:

ε
||
SL = 1 +

α
||
2D

ε0L
(6.7)

ε⊥SL =

(
1−

α⊥2D

ε0L

)−1

(6.8)

The bottom panels of Figure 6.1b,c show α
||
2D and α⊥2D for the selected set of transition

metal dichalcogenides (TMDCs) as a function of L calculated using Equations 6.7 and

6.8. It can be seen that convergence is reached and within 10 to 15 Å which is compa-

rable to the spread of ∆n(r) into the vacuum region seen in Figure 6.1a. Using Equa-

tions 6.7 and 6.8, it is possible to reproduce the trend found from the calculations in

panel b and c (Figure 6.1d,e), showing that the formalism is internally self-consistent.

Furthermore, we can remove the L dependence on the frequency dependent dielec-

tric constants namely: ε||SL(ω) and ε⊥SL(ω) via α||2D(ω) and α⊥2D(ω), respectively (Figures

6.2b,d and 6.3b,d). These results show that α2D is independent of L and as such,

should be the microscopic quantity of interest when probing the atomic interactions in

two-dimensional systems.

6.3 Relation to the Electronic Gap and Effective Thickness

Using the random phase approximation (RPA) [201] within the k ·p formalism [192],

it is possible to relate the minimum electronic bandgap and effective thickness of a 2D

material to the polarisability through:

α
||
2D = C||E−1

g (6.9)

α⊥2D = C⊥δcov (6.10)

Here, Eg is the minimum electronic bandgap, δ is the effective thickness of the material

(Figure 6.1a), C|| = Ne2

2π [202], where N corresponds to the degeneracy of the bands

associated with Eg, and C⊥ = ε0.
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Figure 6.4: The universal scaling relation of the dielectric nature of 2D materials.
a. The structures of the 2D materials investigated in this study. b. α‖2D, α⊥2D (bar plots)
and Eg (blue dots) for all the 2D materials studied. α‖2D is observed to descend with
increasing Eg, while no apparent relation between α⊥2D and Eg is observed. HSE06
functional is used to obtain the data. c. (4πε0)/α

‖
2D (in Å−1) as a function of Eg,

showing a linear correlation between each other. The energy range of visible light is
shown in the background. d. α⊥2D/(4πε0) (in Å) as a function of δcov (definition is
schematically shown in the inset), showing a perfect linear relation with slope very
close to 1/4π (i.e. α⊥2D ≈ ε0δcov ). The universal scaling relation is also revealed using
the data from [63] (squares), as superimposed on c and d. Reproduced from [189].
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To validate Equations 6.9 and 6.10, we carry out a high-throughput screening of 55

two-dimensional materials of differing structure (Figure 6.4a). All results from calcu-

lations can be found in Table B. Figure 6.4b shows the variation of α2D/4πε0 (units Å)

with Eg. For α||2D it can be seen that there is a general decrease in the polarisability with

increasing bandgap; however, for α⊥2D there is no apparent trend relating α⊥2D to Eg. To

measure the correlation between bandgap and polarisability, we carry out an R2 anal-

ysis by plotting (4πε0)/α
||
2D (units Å−1) against Eg (Figure 6.4c). A linear regression

coefficient of R2 = 0.84 was found indicating a strong relation between polarisability

and bandgap as indicated by Equation 6.9.

To examine the relation between polarisability and the effective thickness of the ma-

terial we consider the covalent thickness, δcov (Figure 6.4d, inset), of a 2D material

which is defined as:

δcov = max(|zi − zj |+ ricov + rjcov) (6.11)

where i, j are the atomic indices, zi and zj are the positions of the ith and jth atoms

respectively along z, ricov and rjcov are the covalent radii of the ith and jth atoms re-

spectively. Due to periodic boundary conditions, Equation 6.11 is not translational

invariant. However, in practice, the material is placed in the centre of the simulation

cell to avoid any issues with the zi − zj term.

An excellent linear correlation with α⊥2D/(4πε0) is found with and R2 value of 0.98

(Figure 6.4d). The results indicate that α⊥2D has a strong physical meaning related to

the geometry of the layer. The quantity α⊥2D/ε0 (Equation 6.10 with C⊥ = ε0) is related

to the electron cloud per unit area and thus is naturally proportional to the thickness

of the material. α⊥2D/ε0 is measurable through electronic and optical approaches [203–

208] and so, could be used to quantify the experimental thickness of 2D materials.

To rule out the possibility that our conclusions are limited to the number of materials

and functional used, we also extracted the dielectric properties of over 210 materials

at PBE level from the Computational 2D Materials Database (C2DB) [63] and super-

imposed these onto Figures 6.4c,d (faint squares). Although numerical differences in

the dielectric constants arise due to the change in functional, the same linear trend is

found between C2DB at PBE and our set of 55 materials at HSE06 level with similar R2

values (R2
C2DB = 0.91, R2

US = 0.84).
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Figure 6.5: Polarisability ellipsoid of a 2D material. The long and short axes are
equal to α‖2D/2ε0 and α⊥2D/2ε0, respectively. Reproduced from [189].

From the dimensional analysis, we see that α||2D and α⊥2D have dimensions of ε0 · [Length].

As such, they represent in- and out-of-plane capacitances, respectively. Considering the

in-plane screened electrostatic potential from a point-charge, V(r) [209, 210]:

V (r) = − e2

4α
||
2D

[
H0

(
2ε0r

α
||
2D

)
−Y0

(
2ε0r

α
||
2D

)]
(6.12)

where H0 is the Struve function and Y0 is a Bessel function of the second kind, and

r is the distance from the point-charge, V(r) is associated with the in-plane screening

radius, r||0 = α
||
2D/(2ε0). Combining this with our findings that α⊥2D/ε0 characterises

the effective thickness of a 2D material, a generalised picture of the dielectric nature

of 2D materials via the 2D polarisability is found: the dielectric screening of a point

charge in the centre of a 2D material can be viewed as an ellipsoid with the length

of the principle axes given as r||0 = α
||
2D/(2ε0) and r⊥0 = α⊥2D/(2ε0) (Figure 6.5). The

polarisability ellipsoid of a 2D material is, in general, very flat with r
||
0 � r⊥0 and r

||
0

generally being large for a small bandgap material which qualitatively explains the

relations between α
||
2D and Eg. Thus, we can establish a natural connection between

the polarisability of a 2D material and the screening properties of the layer.
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Figure 6.6: Transition of dielectric properties from 2D to 3D systems. a. Scheme
for the 2D-3D transition. α in the 2D material is essentially equivalent to ε in its bulk
counterpart. b ε‖bulk calculated from density functional theory (y-axis) compared with
the predicted value from 2D α

‖
2D (x-axis), showing good correlation. c ε⊥bulk calculated

from density functional theory (y-axis) compared with the predicted value from 2D α
‖
2D

(x-axis). The predicted value is in good agreement with the ab initio calculations when
Eg > 4 eV, due to minimal interlayer coupling. The comparisons in b and c are made
based on both HSE06 (circles) and PBE (squares) functionals. Reproduced from [189].

6.4 Back to the 3D

The link between the polarisability and the electronic bandgap allows us to bridge the

divide between the dielectric properties of 2D materials and their 3D bulk counterparts.

If we consider a bulk material with equilibrium interlayer distance, LBulk, then we

define the polarisability of an individual layer as α2D(L = LBulk) as αBulk. Thus we can
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reconstruct the bulk dielectric constants using this relation and Equations 6.7 and 6.8:

ε
||
Bulk = 1 +

α
||
Bulk

ε0LBulk
≈ 1 +

α
||
2D

ε0LBulk
(6.13)

ε⊥Bulk =

(
1−

α⊥Bulk

ε0LBulk

)−1

≈

(
1−

α⊥2D

ε0LBulk

)−1

(6.14)

Figure 6.6b,c shows the ab initio calculated values for ε||Bulk and ε⊥Bulk compared to

those predicted by Equations 6.13 and 6.14. It can be seen that for ε||Bulk, the dielectric

constants calculated by Equations 6.13 and 6.14 are in excellent agreement with the

theoretically calculated values, giving an R2 value of 0.97. The model predicted values

of ε⊥Bulk show a weaker correlation with the calculated values with an R2 value of 0.812.

This result shows that, generally, α||Bulk can be approximated from the 2D counterpart

and vice-versus. The poorer agreement for ε⊥Bulk is most likely due to the introduction of

interlayer interactions which are absent in the monolayer case [211, 212]. Additionally,

several of the materials studied such as fluorinated graphene and MAPbBr3 contain

polar bonds. The charge separation in the polar bonds would result in a non-physical

dipole-dipole interaction along the non-periodic direction of the cell due to periodic

boundary conditions. To combat this, a dipole correction could be used to correct the

total energy; however, this was found to significantly worsen electronic convergence

and would make the high-throughput screening infeasible.

6.5 Discusssion

A simple relation equating α2D to the 3D dielectric constants is given. The out-of-plane

α⊥2D showed a strong relation to ε⊥Bulk with an R2 value of 0.812 being calculated. For

α
||
2D it was found that ε||Bulk was reproduced extremely well by the model, having an

R2 value of 0.97. The weaker correlation for α⊥2D is attributed to the lack of interlayer

interactions included in the model. Such a relation means that, having knowledge of

LBulk and ε
||
Bulk, which are both accessible through experimental measurement, α||2D

can be evaluated with a high degree of accuracy. This allows for an estimation of

the minimum energy gap using the relation in Equation 6.9, and the determination of
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a 2D materials suitability for a given application before it is experimentally isolated

and measured. Such a result has profound implications for 2D materials in device

applications and should drive forward research into the isolation and characterisation

of layered materials.

6.6 Additional Details on Methods

In this section, we show in detail the polarisability-based theoretical framework that

leads relations proposed in Section 6.3. Here, we make use of the separation of the

wavefunction into the in-plane and out-of-plane components and solutions to a particle

in a well found in Reference [213]. We also make use of the derivation of α2D using a

two band k ·p model found in Reference [202].

Due to its highly anisotropic nature, the wave function of an isolated 2D material φ(r)

can be separated into the in- and out-of-plane components (φ‖(ρ) and φ⊥(z)) similar

to the treatment of quantum wells [213], such that φ = φ‖φ⊥, where ρ = (x, y) is the

in-plane coordinate. Using Bloch’s theorem [79], the periodic φ‖(ρ) can be further ex-

pressed as φ‖(ρ) = eik ·ρu(ρ), where k is the in-plane wave vector and u(ρ) is periodic

function in the xy-plane. According to RPA [201], εSL is the q→ 0 and ω → 0 limits of

the non-interacting dielectric function ε(q, ω), where q is the momentum transfer and

ω is the frequency:

εSL = lim
q→0

1− 2e2

ε0|q|2Ω

∑
k,c,v

| < φv(k)|e−iq · r|φc(k + q) > |2

Ec(k + q)− Ev(k)
[f(φc)− f(φv)] (6.15)

where e is the unit charge, c, v are the conduction and valence bands, E is the eigenen-

ergy of individual bands, and f is the Fermi-Dirac distribution function. Taking the

limit that L → ∞, when ε⊥SL ≈ 1, we have 1 − 1/ε⊥SL ≈ (ε⊥SL − 1). Therefore α‖2D and

α⊥2D at 0 K can be unified by the same equation:

α =
2e2

|q|2A
∑
k,c,v

| < φv(k)|e−iq · r|φc(k + q) > |2

Ec(k + q)− Ev(k)
(6.16)

where the direction is determined by q. Next we will show that the different behaviour

of φ‖ and φ⊥ give rise to the main text Equations 6.9 and 6.10.
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Derivation of Equation 6.9

In this section, we show how Equation 6.9 is derived from Equation 6.16. For the in-

plane component, α‖2D, e−iq · r is independent of z. Therefore |< φv(k)|e−iq · r|φc(k + q) >|2

becomes independent of φ⊥, due to the orthogonality and normality. The Bloch-wave

form of φ‖ ensures that only the cell-function u(k) contributes to the final result of α‖2D

[213], such that:

α
‖
2D =

2e2

(2π)2

∫
d2k

∑
c,v

| < uc(k)|∇|uv(k) > |2

Ec(k)− Ev(k)
(6.17)

Following the method of k ·p theory from [202], the matrix element in the numerator

of Equation 6.17 is approximated by:

| < uc(k)|∇|uv(k) > |2 ≈ ~2

2m∗
1

Eg + ~2k2
2m∗

(6.18)

where Eg is the minimum electronic gap and m∗ is the reduced mass. Substituting

Equation 6.18 into Equation 6.17 and integrating from |k| = 0 to |k| = kBZ, where kBZ

is the wavevector at the boundary of the 2D Brillouin Zone, we obtain Equation 6.9:

α
‖
2D = N · − e2

2π

1

Eg + β

∣∣∣∣∣
β=(~kBZ)2/2m∗

β=0

≈ Ne2/(2πEg) = C‖E−1
g

(6.19)

where N is degeneracy of bands associated with Eg. The approximation in Equation

6.19 is due to the fact that (~kBZ)2/2m∗ � Eg.

The coefficient of C‖ adapted from [202] C‖ = Ne2/(2π) predicts linear correlation

between α‖2D and E−1
g .

Derivation of Equation 6.10

For Equation 6.10, treating the in-plane wave functions as plane wave with form

φ‖(ρ) ∝ eikρ, the matrix element of < φv(k)|e−iq · r|φc(k + q) >, when q = (0, 0, qz),
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becomes [214]:

< φv(k)|e−iq · r|φc(k + q) >=< φ⊥v (k)|e−iqzz|φ⊥c (k + q) > (6.20)

Note that the states perpendicular to the surface are bound. As such, the equation

is meaningful only when k = k + q [213]. By performing the Taylor expansion of

e−iq · r ≈ 1− iq · r, we obtain:

< φ⊥v (k)|e−iqzz|φ⊥c (k) > ≈< φ⊥v (k)|φ⊥c (k) > −iqz < φ⊥v (k)|z|φ⊥c (k) >

= −iqz < φ⊥v (k)|z|φ⊥c (k) >
(6.21)

Substituting Equation 6.21 into Equation 6.16 and express the summation over kx and

ky in a continuous form within the Brillouin Zone, we arrive at:

α⊥2D =
2e2

(2π)2

∫
d2k

∑
c,v

| < φv(k)|z|φc(k) > |2

Ec(k)− Ev(k)
(6.22)

The out-of-plane wave function φ⊥(z) is the solution to the Schrödinger equation

with Hamiltonian H = −∇2/2 + V (z), where V (z) is the confined Coulomb poten-

tial along the z-direction created by the nuclei [213, 215]. Although the exact form

for φ⊥ depends on the distribution of V (z), without loss of generality we can as-

sume the electrons are confined in a potential well of width δ, which is the typi-

cal treatment for semiconductor QWs [215–217]. The allowed bound states inside

the confined region generally have wave vector kz ∝ nπ/δ. With the total energy

En(k) = ~2(k2
x + k2

y)/2m
‖ + (~nπ)2/2m⊥δ2, where m‖ and m⊥ are the effective masses

parallel and perpendicular to the 2D plane. Therefore, the denominator of Equation

6.22 becomes independent of k, that Ec(k) − Ev(k) = (n2
c − n2

v)(~π)2/2m⊥δ2. On

the other hand, the numerator < φ⊥v (k)|z|φ⊥c (k) > is proportional to the confinement

length δ which can be seen using the particle-in-box solution [213].

Calculations on the macroscopic ion-clamped dielectric tensor used an electric field

strength of 0.001 eV/Å. 2D materials from [63] used for comparison were chosen with

a G0W0 quasiparticle bandgap larger than 0.5 eV.
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Summary and Outlook

This thesis has focused on the study of the mechanical, vibrational, thermal, and elec-

tronic properties of a host of two-dimensional materials including atomically flat hBN,

transition metal dichalcogenides WS2 and WSe2, as well as vdWs heterostructures of

C60/hBN and C60/WSe2. The central aim of the thesis was to examine each material

for future device applications. The hope is that the family of 2D materials could im-

prove the efficiency of our current devices and lower the environmental impact of our

immense energy consumption.

In Chapter 2, the many-body problem was introduced and the Hartree-Fock approx-

imations presented. Kohn-Sham density functional theory was also outlined and the

Hohenberg-Kohn theorems that underpin the theory were given. Approximations to

the exchange-correlation potential and the practical methods of solving the Kohn-Sham

equations were discussed. Corrections to the theory in the form of spin-orbit coupling

and inclusion of vdWs interactions is also provided. In addition, the methods of ab

initio molecular dynamics and the calculation of phonon properties of crystalline ma-

terials were described.

Chapter 3 was carried out in collaboration with Professor Luhua Li of Deakin University

and Professor Dong Qian at the University of Texas. Here, the mechanical, vibrational,

and thermal properties of multilayer hBN were examined. The main results of Chapter
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3 can be summarised as follows:

• Professor Li’s group showed the Raman active G band in hBN is not sensitive to

a change in the number of layers for suspended samples. However, for substrate

bound hBN, there is an appreciable decrease in the phonon frequency with in-

creasing number of layers. The difference in characteristics is attributed to the

strain induced by the corrugated Si/SiO2 substrate on the hBN layer.

• Using the van der Waals corrected optB88-vdW and hybrid HSE06 functionals,

the experimental trend is captured. An underestimation of the frequency for

the Raman active G band at the Γ-point is observed for both functionals. By

increasing the value of Hartree-Fock exchange in the HSE06 functional to ∼0.4,

the experimental Raman frequencies were reproduced.

• Calculation of the Grüneisen parameter showed HSE06 predicted smaller values

compared to optB88-vdW due to the increment in calculated phonon frequen-

cies. Calculations on the Grüneisen parameter also revealed a negative branch

corresponding to the ZA phonon mode. Such a result would hint at anharmonic

phonon effects which is corroborated by a negative thermal expansion for 1-3

layer hBN in the range ∼0-600 K calculated using the quasi-harmonic approxi-

mation. The thermal expansion also increased with increasing layer number. The

trend was confirmed by experimental measurements on the thermal expansion of

multilayer hBN in the range 293-423K.

• Experimental nanoindentation measurements on the Young’s modulus of mono-

layer hBN and graphene were 1.026±0.022 and 0.865±.073 TPa, respectively.

With increasing layer number, multilayer graphene showed a notable decrease in

the Young’s modulus; however, for hBN only a slight decrease was observed.

• Professor Qian’s group carried out finite element calculations to measure the

strain and pressure in bilayer graphene and hBN close to, and far away from

the indenter tip.

• Using the finite element results, ab initio calculations were carried out on the in-

terlayer interaction energies in bilayer graphene and hBN under strain and pres-

sure. It was found that close to the indenter tip the interaction energy in bilayer
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graphene becomes negative, indicating the layers are no longer stable in the AB

stacking configuration. Conversely for hBN, the energy increased meaning the

layers would stay in their equilibrium AA′ stacking configuration.

• Calculations were carried out at optB88-vdW and using a many-body dispersion

correction to PBE with both sets of results being qualitatively equivalent showing

a generality to the observed trends.

In collaboration with Professor Zhenan Bao of Stanford University and Professor Qing

Hua Wang of Arizona State University, Chapter 4 presents a study on the energetics and

electronic properties of C60/hBN and C60/WSe2 vdW heterostructures. In Chapter 4:

• High-resolution transmission electron microscopy and selective area electron diffrac-

tion measurements reveal highly ordered C60 molecules on the hBN surface.

• A comprehensive study considering the relative orientation of C60 molecules to

the hBN surface reveals twelve geometries of C60/hBN heterostructures. The

binding energy of each system is calculated at PBE and DRSLL levels of theory. It

is found that the hexagon/bridge configuration is the most stable. Stark differ-

ences in the energy landscape are observed when vdWs interactions are included

with the binding energy increasing by a factor of ∼5-7 showing the critical role

these interactions play in stabilising the system.

• Calculations on the rotational energy barrier of C60 on hBN found preferential ori-

entations at Θ=0-2, 9-12, and 21-25◦ where Θ is relative to the zigzag direction

of the hBN layer. The results show striking similarity to experiment measure-

ments on the alignment of C60 molecules highlighting that C60-C60 interactions

also play a crucial role in stabilising the system.

• A study of C60/WSe2 heterostructures is also carried out and sixteen geometries

are considered with the the hexagon/top Se configuration being the most stable.

Calculations on the rotational energy barriers also reveal preferential orientation

which correspond to the electron-rich 6:6 bond in one C60 molecule facing the

electron-poor pentagonal face of another. In the most stable rotational configura-

tion, the pz orbitals are extremely localised on the carbon atoms whereas for the

least stable system, the orbitals are more diffuse.
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• STM measurements carried out by Professor Wang’s group reveal a 2×2 C60 su-

perlattice which repeats periodically throughout the system with each C60 molecule

in the superlattice exhibiting distinct orbital characteristics.

• Simulated STM measurements generated using the local density of states from

the lowest unoccupied molecular orbitals for all sixteen geometries reveal 2-, 3-,

and 5-fold symmetry in the orbitals of the C60 molecules. The orbital character is

compared to the experimental STM measurements and reasonable agreement is

found considering 2- and 3-fold symmetry in the lobes.

• A 2×2 supercell containing the four most stable configurations found through ab

initio binding energy calculations was generated and ab initio molecular dynam-

ics simulations were carried out which reveal a coupling between neighbouring

C60 molecules based on the relative orientation of electron-rich and electron-poor

regions.

• The seven lowest unoccupied orbitals, corresponding to C60 states, are plotted

and it is seen that the orbitals are extremely diffuse with each orbital having

unique spatial characteristics.

• A final simulated STM image based on the final configuration of C60 molecules

following MD simulations reveal characteristics similar to those of the Professor

Wang’s STM measurements.

Chapter 5 is a study on the change in the vibrational properties of WS2 and WSe2

with the application of uniaxial strain. Chapter 5 was carried out in collaboration with

Professor Abhay Pasupathy of Columbia University. A novel experimental technique

able to apply high values of uniaxial tensile strain to 2D materials was developed. In

Chapter 5:

• Optical measurements carried out by Professor Pasupathy’s group confirm large

strains of ∼6.5% are applied to triangular flakes of TMDCs. Unpolarised and

polarised Raman measurements on the vibrational properties of WS2 and WSe2

under uniaxial strain are carried out.
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• For WSe2, three Raman actives modes, namely, E′, A′, and 2LA modes are mea-

sured. With the application of strain each mode decreases in both frequency and

intensity with in-plane modes decreasing at a faster rate than out-of-plane modes.

• The E′ mode is doubly degenerate at the Γ-point and splits into the E′+ and E′−

modes upon the application of strain.

• The experimental Raman spectra for WS2 shows more intricate character with

additional peaks labelled P1, P2, and 2LA1. Each mode experiences a decrease

in frequency with applied strain; however, conversely to WSe2 the intensity in-

creases with strain.

• Under cross-polarisation the A′ mode is suppressed. With the application of strain

the mode becomes active.

• Theoretical calculations on the phonon spectra and Raman intensities confirm

the split in the E′ mode with applied strain in both systems. The 2LA mode is

approximated by multiplying the frequency of the LA branch at the M -point of

the Brillouin zone by a factor of 2. In all instances the frequency of the mode

decreases with applied strain with the exception of the A′ and 2LA modes. The

discrepancy in the 2LA mode is attributed to the approximate nature in which it

was calculated.

• Ab initio calculations allow for the assignment of the P1 and P2 modes. Based

on the phonon frequencies these are assigned to the transverse optical E′ and

E′′ modes at the M -point of the Brillouin zone. In addition, the 2LA1 and 2LA2

modes are approximated by doubling the phonon frequency of the LA branch at

the M - and K-points of the Brillouin zone.

• The disparate nature of the change in Raman intensity of WS2 and WSe2 under

strain is explained through the different ionicity of the W-S and W-Se bonds under

strain.

• Theoretical calculations on the Raman intensity also show that under cross-polarisation

the A′ is suppressed but becomes active after 3% strain; however, the measured

intensity is 99% lower than that of the parallel-polarised case.
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In Chapter 6, the calculation of the dielectric properties of 2D materials is examined

in collaboration with Professor Chih-Jen Shih of ETH Zürich. In Chapter 6 it is shown

that:

• Increasing the length of the simulation cell along the non-periodic direction, L,

causes a decrease in the calculated dielectric constant which is completely un-

physical. The decrease is due to the 1/volume dependence in the calculation. It

is shown that increasing L to non-sensical values of 60 Å does not converge the

dielectric constant.

• The value of the 2D polarisability converges within 10-15 Å, with the relationship

holding for both the static and frequency dependence dielectric constant.

• A high-throughput screening of 55 two-dimensional materials is carried out at

HSE06 level including spin-orbit coupling to validify the relations. An R2 anal-

ysis is carried out and values of 0.84 and 0.98 relating the polarisability to the

bandgap and covalent thickness, respectively, are found. This shows a strong

correlation between the two quantities.

• To ensure the result isn’t an artefact of the dataset chosen, the same analysis is

applied to the C2DB database of over 230 materials at PBE level with the same

trends being found.

• A natural connection between the 2D polarisability and the screening in a layer is

developed by observing that the dimension of the 2D polarisability is ε0 · [Length]

and as such represent a characteristic capacitance. The dielectric screening in a

2D material can be thought of as an ellipsoid with dimensions r|| = α||/2ε0 and

r⊥ = α⊥/2ε0.

• A model to relate the 2D polarisability back to the 3D dielectric constants cal-

culated using density functional theory is carried out with excellent agreement

between the model predicted and theoretically calculated dielectric constants be-

ing found for the in-plane component (R2 = 0.97). A less accurate relation for

the out-of-plane components was found (R2 = 0.81) most likely due to interlayer

interaction not being considered in the model.
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7.1 Outlook

From this point, there are several interesting avenues of research that could be fol-

lowed. For the work on the thermal expansion of hBN, knowing the thermal properties

of a material is critical to examine its effectiveness in a device. In addition to the ther-

mal expansion, the thermal conductivity of multilayer hBN should also be examined as

this is another crucial metric which must be known, especially in thermal management

situations. In addition, the study on the differing interlayer interactions in bilayer hBN

and graphene raises the question of whether the slippage during nanoindentation is

specific to graphene or do other materials experience similar behaviour. As such, simi-

lar measurements on the Young’s modulus and calculations on the interlayer interaction

energies should be carried out.

The study on C60 vdWs heterostructures revealed the essential role vdWs interactions

played in stabilising the system in addition to the Coulombic interaction between neigh-

bouring C60 molecules. It is hoped that these systems could be realised as organic

field-effect transistors with their mobilities and on/off ratios tested to determine their

suitability as candidates for flexible electronic devices. In addition, with the library

of air-stable 2D materials growing, C60 devices should be developed and tested using

these new materials as substrates with theoretical calculations guiding experimental-

ists. Moreover, C60 is only one member of a large family of organic molecules that

could find themselves being used in organic field-effects transistors. The sheer volume

of combinations between organic molecules and 2D materials is immense and creates

a playground for theorists and experimentalists.

The research carried out on the application of large uniaxial strain to TMDCs is of great

excitement due to the potential device applications. The vibrational properties were

measured here, but it would be interesting to see the effect on related quantities such

as the thermal conductivity. Furthermore, the electronic and optical properties of the

material should be examined to see the effect, if any, uniaxial strain has. Uniaxial strain

measurements have been carried out on TMDCs previously, but none have reached

the levels of strain presented here. These high values could reveal newly emergent

behaviour in the high-strain regime which could further increase the applicability of

TMDCs to the field of optoelectronics. Moreover, the unique technique could easily find
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its way into device applications where large, tunable, reproducible strain is desired.

Finally, the reformulation of the dielectric constant in terms of the 2D polarisability, and

the subsequent relations that were found, allows for the prediction of a 2D material’s

properties knowing only the bulk dielectric constant and lattice vector, both of which

are easily accessible through experimental measurements. This has huge implications

as the minimum electronic gap of a 2D material could be known, to a good approxi-

mation, before it is experimentally isolated. This would allow for the fast and efficient

screening of bulk layered materials to examine their suitability for a given role based

on the electronic bandgap.

In summary, two-dimensional materials show a diverse set of properties that make them

extremely promising for use in the next generation of electronics. However, given the

large number of 2D systems already isolated, the ability to create heterostructures with

other substances, and new layers being found regularly, immense research efforts have

to be undertaken to realise these material’s full potential.
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Figure A.1: Simulated STM images using ab initio vdW methods for all calculated
configurations between C60 and WSe2. The first and second rows at each configu-
ration correspond to 2D and 3D views, respectively. The energy range of the LDOS
corresponds to the bottom of the conduction band of C60/WSe2 which are C60 states,
only. The scale bar in each panel is set to 4 Å. Reproduced from [146]
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Figure A.2: Theoretical calculations on the electronic structure of C60/WSe2 fol-
lowing molecular dynamics simulations. (a) Calculated density of states (DOS) for
C60/WSe2 heterostructures after time-evolved for 10.5 ps at 355 K using ab initio molec-
ular dynamics. Four C60 molecules are used in the supercell. This allows observation of
any symmetry breaking in the molecular configuration induced either by the WSe2 sur-
face or the C60-C60 intermolecular interactions. DOS projected on C60 states are shown
in faint red, and corresponding states at the bottom of the conduction band in vertical
bars marked as φn

k,c. Fermi level is set to zero. (b)-(h) Isosurfaces for Re[φn
k,c] with n =

1-7. The order of the states follows their energy relative to the Fermi level as displayed
in (a). Reproduced from [146]
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Table B shows the parameters and results from calculations on the 2D materials studied
in Chapter 6. The 2D screening lengths r‖0 and r⊥0 can be obtained by multiplying 2π to
the columns α‖2D/a and α⊥2D/a, respectively. Here, a = 4πε0.

Table B.1: Raw data for the materials considered in Chapter 6.

Material L (Å) HSE06

Emin
g

(eV)

PBE

Emin
g

(eV)

PBE

Edirect
g

(eV)

εxxSL εyySL εzzSL α
‖
2D/a

(Å)

α⊥2D/a

(Å)

1T-TiO2 26.668 4.010 3.096 2.467 1.887 1.887 1.123 1.882 0.232

2H-TiO2 27.648 2.520 1.808 1.103 1.852 1.852 1.133 1.875 0.258

1T-TiSe2 33.049 1.360 1.372 0.505 3.029 3.029 1.190 5.336 0.420

1T-ZrO2 26.561 6.320 5.039 4.431 1.569 1.569 1.117 1.203 0.221
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1T-ZrS2 32.622 2.010 1.643 1.180 2.329 2.329 1.159 3.450 0.356

1T-ZrSe2 34.056 0.890 0.961 0.371 2.794 2.794 1.172 4.862 0.398

2H-ZrO2 28.188 3.130 2.264 1.690 1.619 1.619 1.121 1.389 0.242

2H-ZrSe2 33.692 1.500 1.382 0.738 2.448 2.448 1.190 3.882 0.428

2H-ZrTe2 35.904 0.900 1.216 0.284 3.171 3.171 1.207 6.203 0.490

1T-HfO2 26.636 6.580 5.471 4.830 1.521 1.521 1.117 1.104 0.222

1T-HfS2 32.558 2.010 1.949 1.224 2.250 2.250 1.204 3.239 0.439

1T-HfSe2 33.916 1.070 1.215 0.435 2.702 2.702 1.180 4.594 0.412

2H-HfO2 28.167 3.400 2.552 1.948 1.555 1.555 1.124 1.244 0.247

2H-HfS2 32.678 1.890 1.831 1.068 2.087 2.087 1.177 2.827 0.391

2H-HfSe2 33.419 1.530 1.754 0.819 2.390 2.390 1.191 3.697 0.426

2H-HfTe2 35.629 0.700 1.251 0.121 3.072 3.072 1.208 5.875 0.488

1T-GeO2 26.526 5.740 6.118 3.466 1.453 1.453 1.115 0.956 0.218

1T-GeS2 31.883 1.580 2.697 0.726 2.302 2.302 1.169 3.303 0.367

1T-GeO2 27.908 2.990 4.643 1.335 1.570 1.570 1.127 1.266 0.250

1T-SnO2 27.147 4.570 5.840 2.649 1.449 1.449 1.114 0.970 0.221

1T-SnS2 32.793 2.530 2.859 1.574 2.059 2.059 1.166 2.764 0.372

1T-SnSe2 34.077 1.490 1.466 0.751 2.437 2.437 1.169 3.897 0.392

2H-SnO2 28.938 1.960 4.661 0.647 1.590 1.590 1.124 1.359 0.254

2H-SnS2 32.873 1.590 1.072 0.750 2.164 2.164 1.180 3.045 0.399

1T-PbO2 27.862 2.600 3.578 1.330 1.709 1.709 1.121 1.572 0.239

BN 29.995 5.640 5.688 5.592 1.366 1.366 1.072 0.874 0.160

C2F2 31.998 5.000 3.173 3.173 1.318 1.348 1.123 0.810 0.279

P4 27.097 1.600 0.888 0.895 2.894 3.115 1.196 4.084 0.353

C2H2 31.015 4.360 3.468 3.468 1.288 1.288 1.094 0.711 0.212

1T-NiO2 26.112 3.170 1.828 1.198 2.763 2.763 1.129 3.663 0.237

1T-PdO2 26.712 3.210 2.475 1.397 2.368 2.368 1.116 2.908 0.221

1T-PdS2 30.361 1.800 2.487 1.178 3.888 3.888 1.169 6.978 0.349

1T-PtO2 26.316 3.540 2.602 1.691 2.114 2.114 1.116 2.333 0.218

1T-PtS2 30.239 2.700 2.022 1.714 3.086 3.086 1.163 5.020 0.337

1T-PdSe2 31.080 0.970 1.917 0.534 4.958 4.958 1.178 9.789 0.374

1T-NiS2 29.616 0.980 1.797 0.523 4.691 4.691 1.173 8.699 0.348

1T-PtSe2 31.058 1.210 2.710 1.180 3.643 3.643 1.175 6.532 0.368

Ga2Se2 30.000 2.810 2.657 1.764 2.640 2.640 1.281 3.915 0.524

Ga2S2 30.000 3.250 3.351 2.358 2.329 2.329 1.256 3.173 0.487

CdCl2 31.085 4.480 3.172 3.172 1.48 1.48 1.157 1.187 0.336

CdI2 35.281 3.150 1.706 1.528 1.804 1.804 1.192 2.257 0.452

2H-MoS2 32.296 2.240 1.594 1.594 3.475 3.475 1.183 6.361 0.398

2H-MoSe2 40.854 1.752 1.449 1.449 3.231 3.231 1.154 7.253 0.433

2H-WS2 32.271 2.280 1.540 1.540 3.214 3.214 1.180 5.686 0.392
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2H-WSe2 32.965 1.930 1.253 1.253 3.485 3.485 1.197 6.519 0.432

2H-WO2 29.183 2.000 1.693 1.359 2.519 2.519 1.123 3.528 0.254

2H-MoO2 29.231 1.560 1.648 0.952 2.918 2.918 1.129 4.462 0.266

2H-MoTe2 34.061 1.440 0.946 0.946 4.412 4.412 1.220 9.248 0.489

2H-WTe2 33.883 1.300 0.731 0.731 4.158 4.158 1.230 8.515 0.504

2H-CrS2 31.759 1.400 0.902 0.902 4.647 4.647 1.183 9.217 0.391

2H-CrSe2 32.446 1.150 0.704 0.704 5.364 5.364 1.201 11.268 0.432

2H-CrO2 28.027 0.990 1.596 0.424 3.961 3.961 1.134 6.604 0.264

2H-TiS2 32.199 1.610 1.284 0.692 2.634 2.634 1.184 4.187 0.398

1T-PtTe2 32.005 0.490 1.809 0.366 4.726 4.726 1.200 9.490 0.424

MAPbBr3 23.018 3.163 2.444 2.444 1.608 1.778 1.527 1.265 0.632
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